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Alterations in gene expression precede sarcopenia and
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Abstract

weeks of immobilization.

Objectives: To investigate alteration of bone and muscle gene expression at different time points during 3 weeks of bot-
ulinum toxin (BTX) induced immobilization and how this correlate with conventional analysis of bone and muscle. Methods:
Thirty-five 16-week-old female C57BL/6-mice were investigated; 15 were injected with BTX, 15 served as age-matched
controls, and 5 as baseline. 5 BTX-injected and 5 control mice were euthanized after 1, 2, and 3 weeks. Analysis included
RT-gPCR, dynamic bone histomorphometry, DEXA, uCT, mechanical testing, and muscle cell cross-sectional-area (CSA).
Results: Genes related to osteoblasts were expressed at a lower level after 1 week, but not after 2 and 3 weeks of disuse.
Moreover, genes related to osteoclasts were expressed at a higher level after 1 and 2 weeks of disuse, whereafter they
approached the level of the controls. Genes related to muscle atrophy were upregulated 1 and 2 weeks after the BTX-
injection, but not after 3 weeks. In contrast, deterioration of bone microstructure and strength, and reduction in muscle
cell CSA were most evident after 3 weeks of disuse. Conclusions: Gene expression should be investigated during the first
two weeks of immobilization, whereas changes in bone microstructure and muscle cell CSA are most prominent after 3
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Introduction

Several animal models have been used to study the im-
pact of immobilization on bone homeostasis e.qg. plaster
casting, elastic bandaging, surgical denervation, hind limb
suspension or, as in the present study, injection of botuli-
num toxin (BTX)'“. The BTX model of immobilization has
repeatedly been shown, by us and others, to induce a rapid
and severe bone loss in rodents*''. In mice, the maximum
bone loss is seen 3-4 weeks after injection with BTX'213,
However, it is unknown how expression of relevant genes
correlates with conventional methods of bone analysis like
dynamic histomorphometry, DEXA, uCT, and mechanical
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testing. The ideal time point to analyze gene expression
may not be when major changes are seen at tissue level, as
disuse induced alterations in gene expression most likely
to take place prior to deterioration of bone microarchitec-
ture and bone strength.

In bone, Bglap (osteocalcin) and Collal (collagen, type
1, alpha 1) are expressed by osteoblasts and are closely
related to bone formation'*. The transcription of Runx2
(runt-related transcription factor 2) is important for os-
teoblastic differentiation'®. Sost (sclerostin) is expressed
by osteocytes, and its product sclerostin is an inhibitor of
bone formation as an antagonist of the Wnt signaling path-
way'é. Moreover, the expression of Sost has been linked
to mechanical unloading'"'8, Ctsk (cathepsin K) and Acp5
(tartrate-resistant acid phosphatase type 5), and their
products, are closely related to the function of osteoclasts
and bone resorption'>2°, The ratio between Rankl (recep-
tor activator of nuclear k-B ligand) and Opg (osteoprote-
gerin), and their products, are important in orchestrat-
ing bone resorption?'. Investigating the expression of the
above mentioned genes will provide an overview of the cel-
lular mechanisms and activities occurring during immobi-
lization induced bone loss.
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Likewise, it is unknown how gene expression in muscles
injected with BTX correlates with muscle atrophy and bone
loss. The expression of Murf1 (tripartite motif-containing 63)
and Atrogin1 (F-box protein 32) increase during muscle at-
rophy and are therefore ideal for this investigation. The func-
tion of the translated products of Murf1 and Atrogini are to
bind specific substrates within muscle cells and mark these
substrates for proteasome degradation?2.

The aim of the present study was to investigate alteration
of bone and muscle gene expression at different time points
during the first 3 weeks of botulinum toxin (BTX) induced
immobilization and how these alterations correlate with the
subsequent changes in conventional bone parameters as ob-
tained by dynamic bone histomorphometry, DEXA, uCT, me-
chanical testing as well as muscle parameters such as mus-
cle weight and muscle cell cross-sectional-area compared to
control animals.

Materials and methods

Animals

Thirty-five 16-week-old female C57BL/6 mice (Tacon-
ic) with a mean body weight of 23.4+1.1 g were housed
at 20°C with a 12/12 h light/dark cycle. The animals had
free access to standard mice chow (1324, Altromin) and
tap water.

At the age of 15 weeks, one week prior to study start, the
animals were randomized according to their body weight (BW)
into seven groups with 5 mice in each group: one Baseline
(Base), three Control (Ctrl), and three BTX groups. At study
start, the mice in the BTX groups were injected i.m. with 2
IU/100 g BW BTX (Botox, Allergan), distributed equally into
the quadriceps muscle and calf muscles of the right hind limb®.
The Ctrl groups were injected with saline using the same regi-
men as for the BTX injections. The mice were injected i.p. with
alizarin (20 mg/kg) 6 and 2 days before euthanasia.

The mice were euthanized by anesthesia (IsoFlo Vet,
Orion Pharma Animal Health) and removal of the heart.
No mice died prematurely. The Base group was euthanized
at study start and served as baseline. Then one Ctrl and
BTX group was euthanized after 7, 14, and 21 days of im-
mobilization.

Immediately after euthanasia, the tibiae were quickly
isolated, cleaned from soft tissue, divided into a proximal
and distal part, and snap frozen at -80°C. In addition, the
rectus femoris muscles were isolated, and the wet weight
determined. Then, the rectus femoris muscle was cut in
two, and either snap frozen at -80°C or immersion-fixed in
0.1 M sodium phosphate buffered formaldehyde (4% for-
maldehyde, pH 7.0). The femora were isolated, carefully
cleaned from soft connective tissue, and stored in Ringer’s
solution at -20°C. The experiment complied with the EU
Directive 2010/63/EU for animal experiment, and all pro-
cedures were approved by the Danish Animal Experiments
Inspectorate.

http://www.ismni.org

Dual energy x-ray absorptiometry (DEXA)

The length of the femora was measured with a digital
sliding caliper, and the femora were then placed in a DEXA
scanner (Sabre XL, Norland Stratec), and scanned with an
isotropic pixel size of 0.1 mm. Bone mineral content (BMC)
and areal bone mineral density (aBMD) were determined
for the whole femur. Quality assurance was performed by
scans of the two solid-state phantoms provided with the
scanner.

Micro computed tomography (UCT)

The mid-femoral diaphysis and distal femur were scanned
in a desktop UCT scanner (Scanco pCT 35, Scanco Medical
AG). The mid-femoral diaphysis was scanned with an isotrop-
ic voxel size of 7 pm, a X-ray tube voltage of 55 kV and cur-
rent of 145 pA, and an integration time of 300 ms, while the
distal femur was scanned with an isotropic voxel size of 3.5
pum, a X-ray tube voltage of 55 kV and current of 145 pA, and
an integration time of 800 ms.

The femoral mid-diaphysis was analyzed by semi automat-
ically drawing an 819-um-high volume of interest (VOI) in-
cluding cortical bone only with the software provided with the
MCT scanner (version 6.5, Scanco Medical AG). The 3D data
sets were low-pass filtered using a Gaussian filter (0=0.8,
support=1) and segmented with a fixed threshold filter
(556.4 mg HA/cm?3). The analysis included: bone area, tis-
sue area, marrow area, polar moment of inertia (pMOI), and
bone material density (p). The areas were found as volumes
divided by the height of the VOI.

The distal femoral metaphyses were analyzed by semi
manually drawing a 1-mm-high VOI including trabecular
bone, but excluding cortical bone, placed 0.2 mm proximal
to the growth plate. The 3D data sets were low-pass filtered
using a Gaussian filter (c=1, support=2) and segmented with
a fixed threshold filter (447.6 mg HA/cm?). The distal femo-
ral epiphysis was analyzed by semi manually drawing a VOI
placed distal to the growth plate, including trabecular bone
only, until the protrusion of the condyles. The 3D data sets
were low-pass filtered using a Gaussian filter (o=1, sup-
port=2) and segmented with a fixed threshold filter (537.9
mg HA/cm?3). The analysis included: bone volume fraction
(BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), trabecular separation (Tb.Sp), connectivity density
(CD), structure model index (SMI) as previously described in
detail?4, as well as bone material density (p). For each skel-
etal site the minimum point between the marrow and the
bone peak in the attenuation histogram was automatically
determined using IPL (version 5.11, Scanco Medical AG) and
the median of these thresholds was used as threshold for all
bones at the respective skeletal site.

The bone analyzes were conducted in compliance with the
current guidelines?3. Quality assurance was performed by
weekly (density) and monthly (geometry) scans of the solid-
state calibration phantom provided with the scanner.
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Figure 1. Screenshot of the stereology system newCAST (Ver-
sion 4.6.3.857, Visiopharm) showing the line grid used during
live acquisition of dynamic bone histomorphometry data at a
magnification of x1170.

S /

Mechanical testing

The fracture strength of the femoral mid-diaphysis was de-
termined with a three-point bending test. The femora were
placed on a custom made testing jig, supporting the proximal
and distal part of the shaft. The distance between the two sup-
porting rods was 7.1 mm. Load was applied at the midpoint
of the femur at a constant deflection rate of 2 mm/min until
fracture using a materials testing machine (5566, Instron).

Subsequently, the proximal half of the femur was placed in
another custom made fixation jig supporting the shaft under
the neck. Load was applied to the top of the femoral head with
a constant deflection rate of 2 mm/min until fracture of the
femoral neck.

Dynamic bone histomorphometry

After mechanical testing, the distal femoral metaphysis
were immersion-fixed in 0.1 M sodium phosphate buffered
formaldehyde (4% formaldehyde, pH 7.0) for 48 h, dehydrat-
ed in ethanol, embedded undecailcified in methylmetacrylate,
and 7-pym-thick sections were cut using a hard tissue mi-
crotome (Leica RM 2065). The sections were mounted un-
stained on microscope slides and placed in a microscope
(Nikon Eclipse 80i) equipped for fluorescence microscopy.
The stereology system newCAST (Version 4.6.3.857, Visi-
opharm) was then used to count intersections with fluoro-
chrome labels.

Briefly, a region of interest (ROI), excluding cortical bone,
was drawn semi-automatically at the distal femoral epiphy-
sis. Furthermore, a 1000-uym-high ROI, excluding cortical
bone and primary spongiosa, was placed 200 pm proximal
to the distal femoral growth plate covering the distal femoral

http://www.ismni.org

Table 1.

Final bodyweight | Rectus femoris

Femur length

()] muscleweight (mm)
(mg)

Day O
Base 24.1+£19 73.7+4.4 15.6+0.2
Day 7
Ctrl 23.8+1.3 69.0+8.9 15.9+£0.2
BTX 21.7+0.6 ** 52.7+2.6 %" 15.6+0.1°
Day 14
Ctrl 23.9+1.0 69.4+4.9 15.7£0.2
BTX 21.7+0.7 * 35.9+2.4 20 15.7+£0.2
Day 21
Ctrl 24.1+1.0 69.3+6.7 15.8+0.2
BTX 21.9+£0.7 @* 33.1£2.52 15.5+0.2
9 denotes a significant difference from Base and ° denotes
a significant difference from the respective Ctrl group. n=5.
Mean=SD.

Table 2.
| BMC (mg) aBMD (mg/cm?)
Day O
Base ‘ 0.016+0.001 ‘ 0.047+0.002
Day 7
Ctrl 0.017+0.001 0.050+0.003
BTX 0.014+0.001 &P 0.044+0.004°
Day 14
Ctrl 0.017+0.001 0.049+0.002
BTX 0.013+0.001 2 0.040+0.002 2*
Day 21
Ctrl 0.017+0.001 0.049+0.001
BTX 0.012+0.001 =* 0.040+0.002 2*
DXA data of the whole femur. ° denotes a significant difference
from Base and® denotes a significant difference from the
respective Ctrl group. n=5. Mean=+SD.

metaphysis. At a magnification of x1170, a line grid was su-
perimposed onto fields of view that covered 50% of the ROI.
The line grid was used to count intersections and distances
between the fluorochrome labels (Figure 1). The counting
was performed in a randomized and blinded manner. Mineral-
izing surfaces (MS/BS), mineral apposition rate (MAR), and
bone formation rate (BFR/BS) were determined.
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Table 3.
| Bone area (mm?) | Tissue area (mm?) | Marrow area (mm?) | pMOI (mm*) | p (mg/cm?3)
Day O
Base ‘ 0.77+0.05 1.75+£0.09 0.97+0.05 0.36+0.04 1133+11
Day 7
Ctrl 0.77+0.04 1.76+0.10 0.99+0.06 0.36+0.04 11457
BTX 0.74+0.03 1.76+0.04 1.02+0.03 0.35+0.02 1143+11
Day 14
Ctrl 0.79+0.04 1.76+0.05 0.97+0.05 0.37+0.02 115447 @
BTX 0.73+0.01° 1.77+0.03 1.04+0.03 2P 0.35+0.01 114517
Day 21
Ctrl 0.82+0.05 1.80+0.05 0.98+0.02 0.39+0.03 1158+10°
BTX 0.70+0.03 &P 1.78+0.06 1.07+0.03 3* 0.34+0.03° 1150£17
UCT data of cortical bone obtained from the femoral mid-diaphysis. ° denotes a significant difference from Base and® denotes a significant
difference from the respective Ctrl group. n=5. Mean=SD.

e )
7 days 14 days
Ctrl y Ctrl y Ctrl21 days
Base
BTX BTX BTX
1 mm
Figure 2. Representative illustrations of the femoral mid-diaphysis acquired from the uCT scans.
- J
RT-gPCR lated transcription factor 2), Sost (sclerostin), Ctsk (cathepsin

The distal part the tibia was ground in a 1.5 ml microcen-
trifuge tube with a micropestle (VWR) at -80°C. Lysis buffer
from a PureLink RNA Mini kit (Ambion, LifeTechnologies) was
added, and the pulverized bone was homogenized with rotor/
stator homogenizer (VDI 12, VWR). RNA was isolated and pu-
rified with the PureLink RNA Mini kit. RNA quality was checked
by running 1 pg total RNA on an agarose gel. 1 pug total RNA
was transcribed into cDNA using gScript cDNA SuperMix
(Quanta Biosciences). gPCR was carried out on a LightCycler
480 (Ver. 1.5, Roche) using TagMan Gene Expression Assays
(LifeTechnologies). cDNA was diluted 1:5 with DEPC-treated
water, and 2 pl diluted cDNA was used in each reaction. Per-
feCTa gPCR FastMix Il (Quanta Biosciences) was used with the
following amplification protocol; hot start 95°C for 30 s fol-
lowed by 40 cycles of amplification and quantification at 95°C
for 3 s and 60°C for 30 s. The studied genes were Bglap (os-
teocalcin), Collal (collagen, type 1, alpha 1), Runx2 (runt-re-

http://www.ismni.org

K), Acp5 (tartrate resistant acid phosphatase type 5), Rankl
(receptor activator of nuclear kappa-B ligand), and Opg (oste-
oprotegerin). Each sample was investigated in triplicates, and
normalized to the reference genes B2m (beta-2 microglobu-
lin) and Gapdh (glyceraldehyde-3-phosphate dehydrogenase).
Furthermore, the ratio between the expression of Rankl and
Opg was calculated i.e. the Rankl/Opg-ratio. Relative gene ex-
pression was quantified using the AACT method?®.

The frozen rectus femoris muscle specimen was homog-
enized in lysis buffer from the PureLink RNA Mini kit with a
Bullet Blender (BBY24M, Next Advance). RNA was isolated
and purified with the PureLink RNA Mini kit. O.1 pg total RNA
was transcribed into cDNA using the gqScript cDNA SuperMix.
gPCR was carried out on the LightCycler using TagMan Gene
Expression Assays. cDNA was diluted 1:2 with DEPC-treated
water, and 3 pl diluted cDNA was used in each reaction. Per-
feCTa gPCR FastMix Il was used with the following amplifica-
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Table 4.
| BWTVO® | Tothm | ToNG/mm) | To.spwm) | o (1/mmd | p(mg/em?)
Distal femoral metaphysis
Day O
Base ‘ 6.4+1.2 35.5+3.5 3.6+0.3 ‘ 277+22 ‘ 198+31 2.2+0.1 ‘ 863+23
Day 7
Ctrl 6.6+1.1 36.7+4.6 3.5+0.1 289+7 178+24 2.2+0.1 858+20
BTX 5.1+1.0° 28.0+1.972 3.3+0.2 300+19 181+41 2.1+0.1 836+21
Day 14
Ctrl 6.0+1.3 37.7+2.4 3.4+0.1 298+4.4 16134 2.3+0.2 8716
BTX 4.0+0.5 20 25.3+1.72° 3.3+0.2 30317 159+12° 2.1+0.1 826+20
Day 21
Ctrl 5.4+1.0 36.2+4.3 3.3+x0.3 307+23 142+36° 2.3+0.2 869+26
BTX 3.4+0.52 25.8+2.0 3.2+0.1° 313%15° 135+12° 2.3+0.1 824+14 2
Distal femoral epiphysis
Day O
Base 21.8+1.7 52.2+19 5.2+0.5 210+14 292+45 0.3+0.1 966+20
Day 7
Ctrl 22.0+1.1 54.9+2.2 5.0+0.3 22111 265+90 0.3+0.1 969+11
BTX 14.8+1.9 20 39.7+5.6 ** 4.5+0.2 20 236+15° 316+46 0.6+0.1 2° 950+21
Day 14
Ctrl 23.1£1.0 58.8+1.8° 5.1+0.3 217+12 251+33 0.2+0.3 978+8
BTX 9.6+1.6 2P 31.7+£2.0 2" 4.1+0.3 2P 25417 2P 329+51° 1.1£0.2 2 921+183F
Day 21
Ctrl 21.3+1.0 54.9+1.7° 4.7+0.5 233+19 229+61 0.3+0.1 977+10
BTX 8.1£0.9 a* 31.8+2.22° 4.1+0.2°° 254+12° 315+60 1.3+0.1 20 911£9 2
UCT data of trabecular bone obtained from the distal femoral metaphysis and distal femoral epiphysis. ° denotes a significant difference
from Base and ® denotes a significant difference from the respective Ctrl group. n=5. Mean+SD.

tion protocol: hot start 95°C for 30 s followed by 40 cycles
of amplification and quantification at 95°C for 3 s and 60°C
for 30 s. Each specimen was investigated in triplicates, and
the studied genes were Murf! (tripartite motif-containing
63) and Atrogin1 (F-box protein 32) normalized to the refer-
ence gene Tbp (TATA-binding protein) according to Nakao et
al.?%, Relative gene expression was quantified using the AACT
method?s.

CSA of rectus femoris muscle cells

The formaldehyde fixed rectus femoris muscle specimens
were dehydrated in ethanol, embedded in paraffin, and cut
into 4-um-thick sections with a microtome (Leica RM 2165).
The sections were stained with hematoxylin and eosin, placed
in the Nikon microscope, and the cross sectional area (CSA)
of the muscle cells was estimated with the newCAST stereol-
ogy system as earlier described?®.

http://www.ismni.org

Statistics

Differences between the Base, BTX, and the respective Ctrl
groups were analyzed by an independent samples Student’s
t-test, whenever normal distribution was met or else by a
non-parametric Mann-Whitney rank sum test. Results were
defined as statistically significant, if the two-tailed p<0.05.
The statistical analyses and graphical work were performed
using SigmaPlot (version 13.0, Systat Software). The data is
given as mean=SD.

Results

Animals
The BW of the BTX-injected mice was significantly lower
than the BW of the animals in the respective Ctrl groups

(Table 1). The rectus femoris muscle mass was significantly
lower in the BTX-injected animals compared to the respective
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Figure 3. a: BV/TV of the distal femoral metaphysis. b: Tb.Th of the distal femoral metaphysis. c: BV/TV of the distal femoral epiphysis.
d: Tb.Th of the distal femoral epiphysis. ® denotes a significant difference from the Base group and ° denotes a significant difference from
the respective Ctrl group. n=5. Mean£SD.
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Figure 4. Representative 3D illustrations of the distal femoral epiphyses acquired from the uCT scans.
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Figure 5. a: Maximum strength of the femoral mid-diaphysis. b: Maximum stiffness of the femoral mid-diaphysis. c: Maximum strength
of the femoral neck. d: Maximum stiffness of the femoral neck. ® denotes a significant difference from the Base group and ° denotes a
significant difference from the respective Ctrl group. n=5. Mean+SD.
_ J
Table 5.

‘ Maximum strength (N)

Maximum stiffness

Maximum strength

Maximum stiffness

(N/mm) (N) (N/mm)

Femoral mid-diaphysis Femoral neck

Day O Day O

Base | 14.2 0.6 | 12147 Base 11.8£1.5 7728
Day 7 Day 7

Ctrl 15.0+1.4 12 12 Ctrl 8.9 +1.3 68 £25
BTX 14.4 1.1 109 %12 BTX 69+2.1° 62 £33
Day 14 Day 14

Ctrl 158 +1.1° 121 £12 Ctrl 11.3 +0.7 81 £15
BTX 14.2 1.1 103 £52b BTX 6.7 +1.3 3P 55 +20
Day 21 Day 21

Ctrl 16.2+1.2° 111 +7 Ctrl 11.6 1.5 88 +23
BTX 12.3+£19° 87 +162° BTX 49 +0.82° 43 £20°°
Mechanical testing of the femoral mid-diaphysis and femoral neck. ° denotes a significant difference from Base and ® denotes a significant
difference from the respective Ctrl group. n=5. Mean+SD.
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Figure 6. a: MS/BS of the distal femoral metaphysis. b: MAR at the distal femoral metaphysis. c: BFR/BS at the distal femoral metaphy-
sis. d: MS/BS at the distal femoral epiphysis. e: MAR at the distal femoral epiphysis. f: BFR/BS at the distal femoral epiphysis. ® denotes
a significant difference from the respective Ctrl group. n=5. Mean+SD.

J

Ctrl groups (Table 1). The femur of the BTX-injected animals
was significantly shorter after one week of disuse compared
to the Ctrl group, but not significantly shorter than the Base
group. The femur length was not affected after 14 and 21
days of disuse compared to both the Base and the respective
Ctrl groups (Table 1).

Dual energy x-ray absorptiometry (DEXA)

The BTX-injected mice had significantly lower femoral BMC
and aBMD compared to the respective Ctrl groups (Table 2).

http://www.ismni.org

Micro computed tomography (UCT)

The femoral mid-diaphysis bone area was significantly
smaller after 14 and 21 days of disuse compared to the re-
spective Ctrl groups and this was due to an expansion of the
marrow area (Figure 2). See Table 3 for absolute values and
values for tissue area, pMOI, and p.

The BV/TV at the distal femoral metaphysis was signifi-
cantly lower after 14 and 21 days of immobilization compared
to the respective Ctrl groups (Figure 3a). Moreover, the tra-
beculae at the distal femoral metaphysis were significantly
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Table 6.

Distal femoral metaphysis Distal femoral epiphysis
Day 7 Day 7
Ctrl 0.56 +0.06 2.44 +0.47 1.35+0.22 Ctrl 0.61 £0.06 1.37 £0.14 0.84 +0.03
BTX 0.42 +0.02b 2.68 +0.41 1.12 £0.17 BTX 0.36 £0.06b | 1.69 +0.11 b 0.60+0.12b
Day 14 Day 14
Ctrl 0.64 +0.05 2.38+0.13 1.52 +0.14 Ctrl 0.60+0.13 1.19 £0.24 0.74 +0.31
BTX 0.42+0.04b | 2.95+0.34b 1.22 +0.16 BTX 0.42 +0.06b | 1.49 +£0.20 0.63 +0.10
Day 21 Day 21
Ctrl 0.50 +0.08 2.42 +0.21 1.21 £0.18 Ctrl 0.57 +0.09 1.18 £0.20 0.68 +0.20
BTX 0.47 £0.03 2.88+0.30b 1.36 £0.19 BTX 0.60 +0.04 1.75+0.03 b 1.05+0.05b
Dynamic bone histomorphometry obtained at the distal femoral metaphysis and distal femoral epiphysis. ® denotes a significant difference
from the respective Ctrl group. n=5. Mean=SD.

Table 7.
| ACt Bglap | ACt Collal | ACt Runx2 | ACt Sost | ACt Ctsk | ACt Acp5 | ACt Rankl | ACt Opg
Day O
Base | -0.1820.34 | -1.732040 | 5612018 | 571:0.38 | 3582038 | 3.23:0.35 | 8.69:0.20 | 876036
Day 7
Ctrl -0.94 +0.82 -2.32+0.84 5.62 +0.21 5.64 +0.51 3.99 +0.58 3.48 +0.52 8.62 +0.65 | 8.93 +0.74
BTX 1.33+0.44°° | -0.66 +0.32%* | 5.67 +0.16 | 5.73+0.30 | 1.78 £0.22°%" | 1.59 +0.08*" | 8.43 +0.47 | 8.85+0.19
Day 14
Ctrl -1.32+0.50° | -2.60+0.49° | 5.68+0.23 | 5.19+0.42 | 4.55+0.55° | 3.77 £0.29° | 8.96 +0.57 | 8.35+0.37
BTX | -0.10+0.58" | -2.06 +0.38 5.58 +0.16 | 591 +0.48" | 2.06+0.452" | 1.75x0.42°%" | 8.57+0.46 | 8.80+0.35
Day 21
Ctrl -0.27 +0.54 -1.96 +0.52 5.61 +0.10 | 5.87 +0.60 | 3.85+0.40 3.45+0.33 9.17 £+0.23 | 8.68 +0.46
BTX |-0.98+0.212"| -2.58+0.31° | 5.69+0.12 | 6.23+0.49 | 3.21 +0.38" | 2.92+0.33" | 897 +0.40 | 9.08 +0.71
ACt values from RT-pPCR calculations obtained from the distal half of the tibia. The reference genes are B2m and Gapdh. ° denotes a
significant difference from Base and® denotes a significant difference from the respective Ctrl group. n=5. Mean+SD.

thinner after 7, 14, and 21 days of disuse compared to the
respective Ctrl groups (Figure 3b). The p at the distal femoral
metaphysis was significantly lower after 14 and 21 days of
disuse compared to the respective Ctrl groups. See Table 4
for absolute values and values for Th.N, Tbh.Sp, CD, and SMI.
Both the BV/TV and Tb.Th at the distal femoral epiphysis
were significantly lower after 7, 14, and 21 days of disuse
than the respective Ctrl groups (Figures 3c, 3d, and 4). The
p at the distal femoral epiphysis was significantly lower af-
ter 14 and 21 days of disuse compared to the respective Ctrl
groups. Throughout the immobilization period the trabeculae
at the distal femoral epiphysis became more rod-like com-
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pared to the non-immobilized trabeculae, as indicated by a
higher SMI. See Table 4 for absolute values and values for
Tb.N, Tb.Sp, and CD.

Mechanical testing

The maximum strength of the femoral mid-diaphysis was
significantly lower after 21 days of immobilization compared
to the Ctrl group (Figure 5a). The maximum stiffness of the
femoral mid-diaphysis was significantly lower after 14 and
21 days of immobilization compared to the respective Ctrl
groups (Figure 5b).
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Figure 7. a: Expression of Bglap (osteocalcin) in the distal half of tibia. b: Expression of Col7al (collagen, type 1, alpha 1) in the distal half
of tibia. c¢: Expression of Sost (sclerostin) in the distal half of tibia. d: Expression of Ctsk (cathepsin K) in the distal half of tibia. e: Expres-
sion of Acp5 (acid phosphatase 5, tartrate resistant) in the distal half of tibia. f: The ratio between the expression of Rank! (receptor
activator of nuclear kappa-B ligand) and Opg (osteoprotegerin) i.e. the Rankl/Opg-ratio in the distal half of tibia. @ denotes a significant
difference from the Base group and ® denotes a significant difference from the respective Ctrl group. n=5. Mean+SD.

The maximum strength of the femoral neck was sig-
nificantly lower after 14 and 21 days of immobilization
compared to the respective Ctrl groups (Figure 5c). The
maximum stiffness of the femoral neck was significantly
lower after 21 days of immobilization compared to the Ctrl
group (Figure 5d). See Table 5 for absolute values for me-
chanical testing.
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Dynamic bone histomorphometry

The MS/BS at the distal femoral metaphysis was signifi-
cantly lower after 7 and 14 days of immobilization compared
to the respective Ctrl groups (Figure 6a). The MAR was sig-
nificantly higher after 14 and 21 days of immobilization com-
pared to the respective Ctrl groups (Figure 6b). In contrast,
the BFR/BS was not influenced by immobilization (Figure 6c).

364



J.B. Vegger et al.: Gene expression in BTX disuse osteopenia

Q

—e— ctrl
| —o—BTX

Fold change from Base {(Murf1)

Base 7 days 14 days 21 days
b .
—eo— Ctrl
= —o— BTX
S 44
>
S
< 37
©
@
@ 2
5
&= 1 2 ab
> .
2
g 04
=
o
hel
o° -11
w
-2
Base 7 days 14 days 21 days

S

(9]

Cross sectional area (umz)

3000

2500 -

2000 A

1500 A

1000 4

500

—e— Ctrl
—0— BTX

Base 7 days

14 days

Figure 8. a: Expression of Murf1 (tripartite motif-containing 63) in the rectus femoris muscle. b: Expression of Atrogin1 (F-box protein
32) in the rectus femoris muscle. c: CSA of the rectus femoris muscle cells. @ denotes a significant difference from the Base group and ®
denotes a significant difference from the respective Ctrl group. n=5. Mean=SD.

21 days

The MS/BS at the distal femoral epiphysis was signifi-
cantly lower after 7 and 14 days of disuse compared to the
respective Ctrl groups (Figure 6d). The MAR was significantly
higher after 7 and 21 days of immobilization compared to
the respective Ctrl groups (Figure 6e). The BFR/BS was sig-
nificantly lower after 7 days and significantly higher after
21 days of immobilization compared to the respective Ctrl
groups (Figure 6f). See Table 6 for absolute values for dy-
namic bone histomorphometry.

RT-gPCR

Bglap was significantly lower after 7 and 14 days, where-
as it was significantly higher after 21 days of immobilization
compared to the respective Ctrl groups (Figure 7a). Collal
was significantly lower after 7 days of disuse compared to
the respective Ctrl group (Figure 7b). Sost was significantly
lower after 14 days of immobilization compared to the Ctrl
group (Figure 7c). Both Ctsk and Acp5 were significantly
higher after 7, 14, and 21 days of immobilization compared
to the respective Ctrl groups (Figures 7d and 7e). The Rankl/
Opg-ratio was significantly higher after 14 and 21 days of
immobilization compared to the respective Ctrl groups (Fig-
ure 7f). See Table 7 for ACt values.
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Table 8.
| actmursi | ActAtrogini | CSA(um?)

Day O
Base ‘ -5.29+0.16 ‘ -5.73 +0.32 ‘ 2147 £+204
Day 7
Ctrl -5.28+0.20 -5.46 +0.32 2257 £333
BTX -7.29+0.22 2° -6.71 £0.24 2 1590 +38 *
Day 14
Ctrl -4.92+0.16 ° -5.58 +0.40 1906 £350
BTX -6.66 +0.38 2" -6.49 +0.39 @b 1001 +852°
Day 21
Ctrl -5.08 +0.41 -5.68 +0.43 2164 +235
BTX -5.72+0.25° -5.28 +0.45 994 +1102°
ACt values from RT-pPCR calculations and muscle cell cross
sectional area (CSA) obtained from the rectus femoris muscle.
The reference gene is Tbp. ° denotes a significant difference from
Base and ® denotes a significant difference from the respective
Ctrl group. n=5. Mean+SD.
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Figure 9. Representative pictures of the rectus femoris muscle cross sections acquired in the light microscope at a magnification
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Murf1 and Atrogin1 were significantly higher after 7 and
14 days of disuse compared to the respective Ctrl groups
(Figures 8a and 8b). See Table 8 for ACt values.

CSA of rectus femoris muscle cells

The CSA of the rectus femoris muscle cells was significant-
ly lower 7, 14, and 21 days after the BTX-injection compared
to the respective Ctrl groups (Figures 8c and 9). See Table 8
for absolute values.

Discussion

In general, the present study showed that changes in ex-
pression of genes related to bone formation and resorption,
and muscle atrophy were seen during the first two weeks of
immobilization. This was accompanied by changes in bone
architecture, bone strength and muscle size, which, however,
was most pronounced after three weeks of immobilization.

The deterioration in microstructure at both the distal
femoral metaphysis and epiphysis was most evident after
21 days of immobilization, where the BTX-induced loss of
BV/TV and Tb.Th was most pronounced at the distal femoral
epiphysis. Likewise, in the BTX-injected mice, the reduction
in bone area at the femoral mid-diaphysis was most notable
after 21 days of disuse. The immobilization-induced bone
loss was followed by a reduction in bone strength at both
the femoral mid-diaphysis and neck. Taken together these
findings suggest that bone microstructure and strength
should be investigated 21 days after the BTX-injection.

Expression of Bglap was lower in the BTX-injected animals
than in the control animals after 7 days of disuse. However,
after 21 days of immobilization the expression of Bglap in-
creased to a level that was significantly higher than for both
baseline and control animals. This indicates a BTX-induced
suppressed production of osteocalcin and bone formation
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during the initial phases of the immobilization and a recov-
ered bone formation in the later stages of the immobilization.
A similar, but not as pronounced pattern was observed for
Collal. In accordance, Marchand-Libouban et al. found that
the expression of Alp (alkaline phosphatase) in BTX immo-
bilized femora was significantly lower after 7 and 14 days
compared to the contralateral non-injected femora?’. The ex-
pression of Bglap and Collal correlates with dynamic bone
histomorphometry, where MS/BS was significantly lower af-
ter 7 and 14 days of disuse and not different from controls
after 21 days. In agreement, BFR/BS at the distal femoral
epiphysis was significantly lower after 7 days of immobiliza-
tion, but significantly higher after 21 days compared to non-
immobilized mice.

Ctsk and Acp5 were notably and significantly more highly
expressed in the immobilized mice after both 7 and 14 days,
but approached the expression of control mice after 21 days
of disuse. The elevated expression of Ctsk and Acp5 indicates
a higher production of cathepsin K and TRAP and hence bone
resorption during the first two weeks of the immobilization.
This is consistent with the notion that the rate of bone loss
seems to reduce between 2 and 3 weeks of immobilization.
Counterintuitively, the Rankl/Opg-ratio, which favors osteo-
clast differentiation and activity?' was significantly higher af-
ter 14 and 21 days of disuse compared to controls, although
both bone loss and expression of Ctsk and Acp5 leveled out
after 21 days. We were not able to detect any significant dif-
ferences in the expression of Sost, Runx2, Rankl, and Opg
between the BTX-injected and control animals. This might be
due to a missed detection window if changes in the expression
of these genes happened between day O to 7 of immobiliza-
tion, insensitivity of the RT-gPCR method and assay, or the
tissue preparation as earlier suggested?2. In fact, after the in-
jection of BTX in rats, Macias et al. found that the expression
of Sost during the early phase of bone loss was upregulated
in diaphyseal bone, but downregulated in metaphyseal bone
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suggesting complicated and paradoxical bone site specific
gene expression patterns?°. This might explain why we were
not able to detect substantial changes in the expression of
Sost, as we used the distal half of tibia for RT-gPCR, which
includes both diaphyseal and metaphyseal bone.

In the present study we have shown that in mice, changes
in bone cell related gene expression take place during the
first two weeks of immobilization, whereas the deteriora-
tion of microarchitecture and bone strength is most evident
after three weeks of immobilization. Thus, analyzing gene
expression after three weeks of disuse is fruitless as expres-
sion levels are similar in the BTX-injected animals and the
control animals. In a worst case scenario, genes related to
osteoclasts are similar in BTX-injected and control animals,
whereas osteoblast related genes might be higher expressed
in BTX-injected mice after 3 weeks of disuse. This suggests
that it is not optimal to investigate both gene expression and
bone structure at the same time-point. Therefore, when de-
signing an interventional unloading study, a subpopulation
for RT-gPCR should be included and investigated to an earlier
time-point.

In the rectus femoris muscle, the expression of Murf1 and
Atroginl was higher after 7 and 14 days of disuse, but was
not different from control animals after 21 days of disuse. In
contrast, the muscle weight and muscle cell CSA were most
affected 21 days after the BTX-injections. This is consistent
with the relationship between bone cell related gene expres-
sion and bone loss during immobilization. Therefore, the op-
timal time-point for analysis of these parameters depends on
whether molecular or structural investigations are of interest
in BTX-induced muscle atrophy.

In conclusion, gene expression and dynamic bone histo-
morphometry alterations precede deterioration in param-
eters obtained by DEXA, puCT, and mechanical testing. There-
fore, the best time-point for investigating gene expression
patterns in BTX-induced bone loss is during the first two
weeks of immobilization, whereas DEXA, uCT, and mechanical
testing should be performed after three weeks of immobiliza-
tion. This is also the case when investigating atrophy related
gene expression in BTX-induced muscle atrophy, where gene
expression is affected in the first two weeks after the BTX-
injection, whereas muscle weight and muscle cell CSA dete-
rioration is most evident after three weeks of immobilization.
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