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Abstract

A huge number of inbred mouse strains with different bone properties have become available for musculoskeletal research. C57Bl/6J and
C3H/HeOud mice show a significant difference in their bone characteristics. Nevertheless, there is a lack of knowledge on the molecular basis
of these strain differences. The aim of this study is to determine the gene expression of selected regulators expressed in the bone marrow
as well as bone microstructure of C57BI/6J and C3H/HeOuJ mice. Bone properties were investigated in 20-week-old female C57BI/6J and
C3H/HeOud mice. Total RNA was extracted from the bone marrow of the tibia and gene expression of the following genes was determined by
quantitative real-time PCR: SOST, DKK1, OPN, FGF23, RANKL, IL6, TNF, IL17a, and OPG. The femur and third lumbar vertebral body (L3) were
investigated by uCT. Bone histomorphometric evaluations were performed in tartrate-resistant acid phosphatase/toluidine blue stained fourth
lumbar vertebral bodies (L4). C57BI/6J and C3H/HeOuJ mice showed significant differences in the gene expression of DKK1, FGF23, IL:6, TNF,
and OPG. When compared with C57BI/6J mice, C3H/HeOuJ mice had a stronger cortical and trabecular bone microstructure at the femur. In
contrast, at L3 bone volumef/total volume (BV/TV) and trabecular number were significantly higher in C57BI/6J than in C3H/HeOuJ mice. Bone
histomorphometry of L4 revealed significantly higher BV/TV, trabecular number, and thickness in C57BI/6J mice. Furthermore, the number of
osteoblasts and the number of osteoclasts/bone perimeter were higher in the C57BI/6J mice. This study shows that C57BI/6J and C3H/HeOuJ
mice exhibit a differential expression of cytokines present in the bone marrow. Bone properties differ not only between both strains but also in
relation to the investigated bone region.
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Lay Summary

Over the last decades, a huge number of different mouse strains have become available for bone research. C57BI/6J and C3H/HeOuJ mice
are two well-known examples of such strains. Until the present day, it is not known how they differ on the molecular basis. Due to this, we
investigated the gene expression of selected regulators, which are responsible for bone formation and/or resorption. For this, we extracted bone
marrow from the tibia of female C57BI/6J and C3H/HeOuJ mice and isolated RNA to see how the different regulators vary between these mice.
Additionally, we performed microCT and bone histomorphometry of the femur and vertebral bodies to see how their bone properties relate
with the gene expression. With our investigations, we saw significant differences in the gene expression of the bone regulators between both
strains. Moreover, we saw that the bone properties differ not only between the strains but also in relation to the investigated bone region.

C3H/HeOu] mice, it is described that C57Bl/6] mice develop
stiffer, stronger, and tougher bones with aging, whereas
aging C3H/HeOu] mice also showed stiffer but more brittle
femora.* Looking at the femur density, the C3H/HeOu] strain
has 53% denser femur than that in the CS7Bl/6] mice.’

Mice reach peak bone density at around 16-24 weeks of
age, which can vary between different mouse strains. The

Introduction

Over the last years, a lot of different inbred mouse strains
have become available for biomedical research and gained
importance in the field of bone research. It is crucial to know
that different mouse strains differ in regards to bone mass and
biomechanical bone properties.! C57Bl/6] and C3H/HeOu]

mice are two examples, which show a significant difference
in their BMD. Overall, C57Bl/6] exhibit a low bone mass
phenotype, whereas C3H/HeOu] mice are characterized
by high BMD.?>*> Comparing the femora of C57Bl/6] and

lower the peak bone density, the higher are the chances to
develop osteopenia. Comparing C57Bl/6] and C3H/HeOuJ
mice, C3H/HeOu] mice are described to have a higher peak
bone density.” Moreover, C3H/HeOu] reach their maximal
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skeletal biomechanical properties before 16 wk of age, which
is not applicable for C57Bl/6] mice.* Comparing serum osteo-
calcin (OC) levels, which is a marker for bone formation,
CS57Bl/6] mice showed higher values. Serum alkaline phos-
phatase (ALP), another marker for osteoblast activity, is signif-
icantly higher in C3H/HeOuJ mice.® In general, it is described
that C3H/HeOu] mice have a greater bone formation and
lower bone resorption, in comparison with the C57Bl/6]
strain.%” The higher bone density present in C3H/HeOu]
mice is due to a higher bone formation rate, which is associ-
ated with an increased osteoblast activity and lower apoptosis
levels.®

C57Bl/6] and C3H/HeOu] mice also differ in relation
to intestinal calcium absorption and activity of calcium-
regulating hormones, as the absorption is described to be
higher in C3H/HeOu] mice during the period of rapid
bone acquisition. Moreover, C3H/HeOu]J mice absorb more
calcium than the C57BI/6] strain.”

Looking at mechanical loading, exercises lead to stronger
bones in C57Bl/6] mice, but not in C3H/HeOuJ.” Immobi-
lization or disuse of the limb lead to a higher amount of bone
loss in C57Bl/6] mice in comparison with C3H/HeOuJ mice.'”
Furthermore, it leads to greater cortical and trabecular bone
loss in C57Bl/6] compared with C3H/HeOu]J mice.!!

Based on our current knowledge, we hypothesized that the
bone parameters of C57Bl/6] and C3H/HeOuJ mice not only
differ in terms of the strains but also in relation to the bone
region examined. We assumed that in mice the expression of
regulators of bone metabolism is strain dependent. Specifi-
cally, we expected that in the mouse strain with advantageous
bone properties, regulators that favor osteoblasts are higher
and those that inhibit osteoclasts are lower than in a strain
with inferior bone properties. The aim of this study was to
determine the gene expression of selected regulators expressed
in the bone marrow of female C57Bl/6] and C3H/HeOu]
mice. Furthermore, we evaluated the trabecular and cortical
bone microstructure in different bone regions in more detail
as well as the levels of bone turnover markers.

Materials and methods

Animals

Ten female C57Bl/6] and ten C3H/HeOu]J mice were obtained
from Charles River, Sulzfeld, Germany and “Abteilung fur
Labortierkunde und Genetik”, Zentrum fiir Biomedizinische
Forschung, Medizinische Universitit Wien (MUW) at the age
of 10 weeks. At our animal facility (Department of Patho-
physiology and Allergy Research, MUW), animals were main-
tained in groups of 2-6 mice per cage under a standard 12h
light-dark cycle and had unlimited access to drinking water
and food (ssniff R/M-H autoklavierbar, ssniff Spezialdiiten
GmbH). At the age of 20 weeks mice were euthanized by
carbon dioxide asphyxiation and afterwards the femur, tibia,
vertebral bodies (L3 and L4), and spleen were collected. One
mouse per group was used for additional preliminary experi-
ments that did not work out properly, therefore all the men-
tioned experiments, accept ELISA, were performed only with
nine mice per group. All procedures were performed in accor-
dance with the national and institutional laws and regulations.

RNA isolation, reverse transcription, and
quantitative real-time RT-PCR

Total RNA was extracted with peqGOLD Trifast (VWR)
from the bone marrow isolated from the tibia using
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ReliaPrep RNA Tissue Miniprep System (Promega GmbH)
according to the manufacturer’s protocol. RNA was reverse
transcribed into ¢cDNA using High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) and used for
quantitative PCR. Real time RT-PCR was performed for
Sost (Mm00470479_m1), Dkk1 (Mm00438422 m1), Spp1/
Opn  (Mm00436767 m1), Fgf23 (Mm01183126_m1),
Tufsfl11/RANKL (Mm00441906 m1), /6 (Mm00446190
m1), Tnf (Mm00443258 m1), Il17a (Mm00439618 m1),
and Tnfrsfl116/OPG (Mm00435454_m1) using TagMan
Gene Expression Assay (Invitrogen, Thermo Fisher Scientific)
following the manufacturer’s instructions. The results were
normalized to an invariant endogenous control (Gapdh,
Mm99999915_g1) and calculated applying the AACT
method.!> They are presented as fold increase relative to
Gapdh expression. RNA from a single mouse spleen was
isolated and used as a calibrator.

Bone microCT

The trabecular and cortical compartments of the femur and
3/ Jumbar vertebral body (L3) were assessed by micro-
computed tomography (microCT) (uCT35, Scanco Medical)
according to the American Society for Bone and Mineral
Research (ASBMR) guidelines.!3 The measurements and eval-
uations were performed as described previously.'*-1°

Paraffin embedding

For paraffin  embedding, the formaldehyde-fixated
4™ lymbar vertebral body (L4) was decalcified with trisamino
methane-ethylendiaminetetraacetic acid overnight at room
temperature (RT) and afterwards dehydrated with increasing
alcohol concentrations (70, 80, 96, and 100%) at RT for 1 hr
each. Before embedding, samples were transferred to xylol for
30 min at RT. Afterwards, the samples were infiltrated with
paraffin and embedded as described previously.'® Sectioning
was performed with the Microtome Microm HM355S
(Thermo Fisher Scientific), using specific knives for hard
materials like bone.

Tartrate-resistant acid phosphatase/toluidine blue
staining

To visualize the present osteoclasts, osteoblasts, cortical, and
trabecular structures of the L4, tartrate-resistant acid phos-
phatase (TRAP) (Sigma-Adrich/Serva)/toluidine blue (Fluka
Analytical, Sigma-Aldrich) staining was performed on paraf-
fin sections according to the manufacturer’s protocol. For

toluidine blue counterstaining, 1% toluidine blue solution
(pH 4.5) was 1:50 diluted and applied for 2 min.

Bone histomorphometry

Histomorphometric analysis was performed using the
Osteomeasure ™ system (OsteoMetrics). The standardized
nomenclature of the ASBMR Histomorphometry Nomen-
clature Committee was applied.!” For determination of
trabecular, osteoblastic, and osteoclastic parameters the
above-mentioned TRAP/toluidine blue stained L4 were used
and manually evaluated. For the evaluation of the trabecular
bone in lumbar vertebrae of mice, it is recommended
to use 250 um distance from the cranial and caudal
growth plate. Cancellous bone within 250 pum from the
endocortical bone surface should be excluded to be sure that
no endocortical bone remodeling activity is included.'® Due
to these recommendations, we set the measuring area of the
trabecular compartment at 250 um from the intervertebral



JBMR Plus, 2025, Volume 9 Issue 3

disc. As cutting bone is tricky due to brittleness, we were only
able to analyze seven L4 by bone histomorphometry.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples were obtained by cardiac puncture immedi-
ately after euthanasia and centrifuged at 2500 x g for 10 min
and stored at —70 °C until analysis for bone turnover mark-
ers. The C-terminal telopeptide of type I procollagen (CTX;
RatLaps, Immunodiagnostic Systems IDS), a marker of bone
resorption and procollagen type 1 ami-no-terminal propeptide
(PINP; RatLaps, Immunodiagnostic Systems IDS) a marker
indicative of bone formation, were assessed with ELISAs
according to the manufacturer’s protocol.

Statistical evaluation

Statistical evaluation was performed using GraphPad Prism
(GraphPad Software). Unless stated differentially, data are
either presented as box plots (median, quartiles, maximum,
and minimum) or dot plots (including the mean values).
For statistical evaluations, the data were checked for normal
distribution and either a Student #-test or Mann—Whitney U-
test was used. p-values <.05 were considered as statistically
significant.

Results

Body weight of mice

The measured body weights of both strains showed a sig-
nificant difference between C57Bl/6] and C3H/HeOu] mice
(24.24+1.2gvs35.94+2.2g,**p <.0001). The data is shown
in the supplementary material (Figure S1).

Bone microCT of 3" lumbar vertebral body (L3)

Figure 1 shows the 3D reconstruction of the uCT measure-
ment of one L3 performed in both mouse strains. Further-
more, it shows the trabecular bone microstructure of L3 mea-
sured by uCT. We saw significant differences in all measured
parameters between both strains. C57Bl/6] mice revealed a
higher trabecular number, with lower thickness and separa-
tion. Moreover, C57Bl/6] mice showed higher BV and BV/TV
values, compared with the C3H/HeOu]J mice. Looking at the
bone surface and specific bone surface, C57Bl/6] mice had
significantly higher values compared with C3H/HeOuJ mice
(Figure S2).

TRAP/toluidine blue staining and bone
histomorphometry

Figures 2 and 3 show TRAP/toluidine blue staining of L4
and the bone histomorphometric evaluation investigated in
the L4 of both mouse strains. In the trabecular parameters
we saw significantly higher values in BV/TV, trabecular thick-
ness, and number in the C57Bl/6] mice. Moreover, C57Bl/6]
mice showed significantly higher numbers of osteoclasts/bone
perimeter and had a higher osteoclast surface. Looking at the
bone area, C57Bl/6] mice showed significantly higher values.

Bone microCT of femur

Figures 4 and 5 show the 3D reconstruction of the uCT
measurement of one femur performed in both mouse strains
and the strain related differences in the trabecular and cortical
bone microstructure measured in the femur by yCT. Looking

at the cortical parameters, C3H/HeOu] mice showed signif-
icantly higher values. The evaluation of the trabecular bone
microstructure showed a significantly higher trabecular num-
ber and thickness and a lower separation in the C3H/HeOu]J
strain. Furthermore, C3H/HeOuJ mice showed a significantly
higher BV and BV/TV, in comparison with C57BI/6] mice.
The bone surface was significantly higher in C3H/HeOu]
mice compared with C57Bl/6] mice. In contrast to that, spe-
cific bone surface was significantly higher in C57Bl/6] mice
(Figure S3).

Real-time PCR

Figure 6 shows the gene expression measured by RT-PCR
from the bone marrow isolated from the tibia of C57Bl/6]
and C3H/HeOu] female mice. We could obtain significant
differences in the expression of DKK1, FGF23, IL-6, TNF,
and OPG between both mouse strains. C3H/HeOuJ mice had
significantly higher DKK1, IL-6, TNE, and OPG expressions,
whereas C57Bl/6] showed higher FGF23 expression in the
bone marrow.

Enzyme-linked immunosorbent assay (ELISA)

The performed CTX and P1NP ELISA showed no significant
difference between both strains (CTX: 14.7+2.4 ng/mL
vs 13.0+2.0 ng/mL and PINP: 2.2 +0.3 ng/mL vs 2.1+
0.3 ng/mL). C57Bl/6] mice showed slightly higher CTX
values, which is in line with the higher osteoclast number
detected by bone histomorphometry. The data are shown in
the supplementary material (Figure S4).

Discussion

With the aim to investigate further strain specific differ-
ences between C57Bl/6] and C3H/HeOu] mice, especially
at the molecular level, we performed quantitative real-time
PCR to determine the gene expression of selected bone reg-
ulators expressed in the bone marrow of female CS57Bl/6]
and C3H/HeOuJ mice. Furthermore, we evaluated trabecular
and cortical bone characteristics in different bone regions in
more detail by ©CT and bone histomorphometry. The bone
turnover markers CTX and PINP of these two strains were
evaluated by ELISA.

With regard to the gene expression evaluated from the
bone marrow, we expected to see in C3H/HeOu] mice, with
advantageous bone properties, higher regulators that favor
osteoblasts and lower regulators that inhibit osteoclasts in
comparison with a mouse strain with inferior bone properties,
like C57Bl/6]. Our investigations showed unexpected results
as IL-6 and TNF, known osteoclastogenic cytokines, were
higher in C3H/HeOu] mice. Moreover, DKK1 expression,
a bone formation inhibitor, was also higher expressed in
C3H/HeOu]J mice. In comparison with that, the increased
OPG expression in C3H/HeOu]J mice is consistent with our
hypothesis. FGF23, which is important for osteoblast differen-
tiation, was higher expressed in C57BI/6] mice (see Figure 6).
Comparing our results with previous publications, Gana-
pamo et al.'” described that after an infection with Borrelia
burgdorferi C3H/HeOu] mice produced significant more IL-
6, compared with C57Bl/6]. Similar results were presented
by Gautam et al.,”’ where C3H/HeN mice showed higher
IL-6 and TNFa« levels after an infection with B. burgdorferi,
compared with C57BI/6] mice. Zhang et al.’! described the
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Figure 1. 3D reconstruction of the uCT measurement of one L3: (A) C3H/HeOuJ and (B) C57BI/6 mouse and uCT measurement of L3:tissue mineral
density (TMD) **p <.0001, BMD ***p <.0001, total volume (TV) ***p =.0002, bone volume (BV) ***p =.0003, bone volume/total volume (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb Sp.) **p <.0001 (n=9 per group).
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Figure 2. TRAP/toluidine blue staining of L4 of (A) C3H/HeOuJ mice and (B) C57BI/6J mice. The arrows indicate multinucleated osteoclasts. Original
magnification 40x and 400x and bone histomorphometry L4: bone volume/total volume (BV/TV) **p =.0085, trabecular thickness (Th.Th) **p =.0075,
trabecular number (Tb.N) *p =.0335 and trabecular separation (Tb.Sp) (n=7 per group).
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Figure 3. Bone histomorphometry L4: number of osteoblasts/bone perimeter (N.Ob.B.Pm), osteoblast surface (Ob.S/BS), number of osteoclasts/bone
perimeter (N.Oc/B.Pm) **p =.0012, osteoclast surface (Oc.S/BS) **p <.0006, number of osteocytes/bone area (N.Ot/B.Ar) and bone area (B.Ar)

***p <.0001 (n=7 per group).

plasma cytokine levels in C57Bl/6 and C3H/HeN mice, show-
ing higher IL-6 and TNF« levels in C3H/HeN mice, similar
to our findings. Matsutani et al.?2 compared the cytokine
production in two different mouse strains (C57BL/6 and
C3H/HeN) and showed that C3H/HeN mice had a higher
TNFa expression, similar to our findings. A possible explana-
tion of how higher TNFa expression may be associated with
stronger bone properties is presented by Balga et al.,>> who
described that at relatively low concentrations, this cytokine
may exert an inhibitory effect on osteoclastogenesis.
Although the bone turnover markers did not show any
significant differences, a trend toward higher CTX values
in the C57Bl/6] strain was detectable (see Figure S4). This
is consistent with the higher number of osteoclasts present
in the L4. Contrasting the findings of the bone turnover
markers and bone histomorphometry (see Figures 2 and 3)
the latter method was far more sensitive revealing differ-
ences in the two investigated strains. Kim et al.>* investigated
CTX and PINP serum values in C57/BL6 and C3H/HeNHsd
mice and revealed different results, as both parameters were
higher in C3H mice. In the femur, however, we hypothesize
that C57Bl/6] mice may have lower osteoblast numbers, as
DKK1 expression measured from the bone marrow of the
tibia is higher in C3H/HeOuJ mice. The tibia and femur
are both long bones, and therefore we assume similar bone
properties. The low osteocyte number present in the L4 is
consistent with the higher expression of DKK1 in C3H/HeOu]
mice, as DKK1 inhibits osteoblasts from which osteocytes
develop. The higher OPG expression detected in the same
mice is compatible with the bone histomorphometric evidence
of lower bone turnover in the C3H/HeOu] strain. Akhter
et al.2® described the bone histomorphometric differences
found in LS of C3H/HeJ and C57BL/6]. Similarities to our

findings included a higher BV/TV and trabecular number
in C57BL/6]. Trabecular separation was higher in C3H/He]
mice. In contrast to our findings, trabecular thickness was
higher in C3H/He]J. Looking at the biomechanical strength
properties, no significant differences between the two strains
were detected.

Our uCT findings (see Figures 1,4, and 5) were consis-
tent with previously published studies. Papageorgiou et al.l®
described that the L4 in C57Bl/6] mice had higher BV/TV,
trabecular number, and spacing, which is comparable with
our findings. Only the trabecular thickness differed from our
results. Looking at the femur, C3H/] mice showed higher
cortical and trabecular thickness, similar to our findings.
BV/TV values revealed similarities between 16-week-old C3H
mice and our described results. The tibia of C3H/] mice
had higher cortical and trabecular thickness values. Foger-
Samwald et al.2® showed that trabecular parameters, such
as BV/TV, trabecular number, and thickness were higher in
the femur of C3H/HeOu] mice, which is consistent with our
results. Furthermore they showed a higher cortical thickness
but a smaller trabecular distance, in comparison with the
CS7Bl/6] strain. Bouxsein et al.>” described higher BA/TA in
the femur and higher BV/TV and trabecular thickness in the
tibia of C3H mice. Looking at mechanical strength, Kodama
et al.” described that the femur of C57Bl/6] mice breaks with
less forces, compared with C3H mice. In the study of Turner
et al.? similar results were described. The LS exhibited higher
BV/TV and trabecular number in C57BI/6] mice. In contrast
to that, C3H/HeOuJ mice had a higher trabecular density and
spacing, which is similar to our results. Buie et al.?% showed
similar results, as the BV/TV and trabecular number were
higher and trabecular thickness and separation lower, in L3
in C57Bl/6] mice compared with C3H/HeN mice. The tibia
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Figure 5. ©CT measurement of femur: trabecular number (Th.N) ***p <.0001, trabecular separation (Tb.Sp) ***p =.0001, trabecular thickness (Tb.Th)
***p <.0001, TV *p =.0109, bone volume (BV) **p =.0002, bone volume/total volume (BV/TV) **p < .0001 and tissue mineral density (TMD) *p =.0213

(n=9 per group).
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of C3H/HeN mice had higher BV/TV, cortical and trabecular
thickness, and trabecular number, compared with C57Bl/6]
mice. Only trabecular separation was higher in C57Bl/6] mice.
Analyzing the uCT results of L3 in contrast to the femur,
we saw surprising differences between both bone regions.
We expected to see in both regions higher BV densities in
C3H/HeOu] mice, but in L3 this was not the case. Neverthe-
less, specific bone surface (BS/BV) was significantly higher in
C57Bl/6] mice at both investigated sites, indicating a generally
higher structural complexity in comparison with C3H/HeOu]
mice (see Figures S2 and S3). Looking at the tibia and L3
in both strains, Buie et al.?® had similarities with our results
in the C57Bl/6] and C3H strains. BV/TV and trabecular
thickness was higher in L3 and trabecular separation in the
femur of C57Bl/6] mice. C3H mice only showed similarities
in the BV/TV measured in the femur. A possible reason for
these unexpected differences between L3 and femur might
be mechanical loading, as the loading pattern between the
vertebral column and long bones can be different in rodents. It
was described previously that there are significant differences
in bone formation responses to mechanical loading between
the two mouse strains with C3H/He] showing a very low
response to mechanical loading.”»2? Furthermore, C57Bl/6]
mice seem to have a higher cage activity, which might impose
a higher mechanical stress on their vertebral column.’%:3!
Another reason might be the lower number of osteoblasts
present in C3H/HeOuJ mice, which could be associated with
the low response to mechanical loading. It is described that
mechanical unloading leads to less responsiveness of osteo-
progenitors and osteoblasts to IGF-1 and PTH,3032,33

Comparing our uCT and bone histomorphometric evalua-
tions, we saw between L3 and L4 similarities in all parameters,
except trabecular thickness. Nevertheless, it should be taken
into consideration that uCT is a 3D evaluation tool, whereas
bone histomorphometry only is a 2-dimensional evaluation of
tissue. We therefore consider the 3D evaluation of trabecular
structures by uCT as more robust than the 2D evaluation by
histomorphometry.

In summary, bone properties differ not only between both
strains but also in relation to the investigated bone region.

Conclusion

This study shows that C57Bl/6] and C3H/HeOuJ mice exhibit
a differential expression of cytokines present in the bone
marrow. This is partly consistent with the known differences
present in the bone properties of these two strains. A limita-
tion of this study might be missing protein analysis from the
bone marrow, which would give us a broader insight in the dif-
ferences on the protein level in both strains. Another limitation
we want to mention is the fact that we only investigated female
mice with the same age. It is known that female and male and
young and old mice differ in their bone properties. Moreover,
it would have been interesting to perform uCT not only on
L3 and the femur but also at the tibia. Nevertheless, our
results expand the knowledge of different mouse strains and
are highly relevant for the design of future preclinical studies.
Looking at the gene expression levels found in the bone
marrow of both strains, cytokine expression was higher in
C3H/HeOu]J and FGF23 expression higher in C57Bl/6] mice.
These novel findings can influence the choice of the specific
mouse strain in future studies, depending on the study aim.
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