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Abstract

We have previously shown that transient paralysis of murine hindlimb muscles causes profound
degradation of both trabecular and cortical bone in the adjacent skeleton within 3 weeks.
Morphologically, the acute loss of bone tissue appeared to arise primarily due to osteoclastic bone
resorption. Given that the loss of muscle function in this model is transient, we speculated that the
stimulus for osteoclastic activation would be rapid and morphologic evidence of bone resorption
would appear before 21 d. We therefore utilized high-resolution in vivo serial micro-CT to assess
longitudinal alterations in lower hindlimb muscle volume, proximal tibia trabecular and tibia
middiaphysis cortical bone morphology in 16 wk old female C57 mice following transient calf
paralysis from a single injection of botulinum toxin A (BtA; 2U/100g body weight). In an acute
study, we evaluated muscle and bone alterations at d 0, 3, 5 and 12 following transient calf paralysis.
In a chronic study, following d 0 imaging, we assessed the recovery of these tissues following the
maximum observed trabecular degradation (d 12) through d 84 post-paralysis. The time course and
degree of recovery of muscle, trabecular and cortical bone varied substantially. Significant atrophy
of lower limb muscle was evident by d 5 of paralysis, maximal at d 28 (—34.1 = 0.9%) and partially
recovered by d 84. Trabecular degradation within the proximal tibia metaphysis occurred more
rapidly, with significant reduction in BV/TV by d 3, maximal loss at d 12 (—=76.8 £ 2.9%) with only
limited recovery by d 84 (—51.7 £ 5.1% vs. d 0). Significant cortical bone volume degradation at the
tibia mid-diaphysis was first identified at d 12, was maximal at d 28 (—9.6 + 1.2%), but completely
recovered by d 84. The timing, magnitude and morphology of the observed bone erosion induced by
transient muscle paralysis was consistent with a rapid recruitment and prolific activation of
osteoclastic resorption. In a broader context, understanding how brief paralysis of a single muscle
group can precipitate such rapid and profound bone resorption in an adjacent bone is likely to provide
new insight into how normal muscle function modulates bone homeostasis.
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Introduction

Although it is well recognized that impaired loading of the skeleton results in focal bone loss,
the mechanisms underlying how disuse alters bone cell function remain unknown. The severity
of bone loss due to immaobilization can approach post-menopausal bone loss [1]. In spinal cord
injury patients, for example, 40 to 50% of sub-lesion bone is lost within 2 to 8 years, depending
uponassay and site [2,3]. Itis therefore clear that some physiologic benefit is derived by skeletal
loading achieved by muscular contraction [4].

A variety of small and large animal models have been used to explore disuse induced bone
loss, which include but are not limited to tenetomy [5], limb casting [6], hindlimb suspension
[7-11], and nerve disruption [12,13]. The complexity of local and systemic interactions
underlying the skeletal response to disuse is reflected in the different processes by which bone
morphology alterations are achieved in these models. For example, bone loss following
hindlimb suspension arises due to decreased osteoblast function coupled with an increase in
osteoclast function, but the more acute and profound bone loss observed following sciatic
neurectomy arises primarily due to osteoclastic activation [14]. Importantly, one common
finding in each of these models is that muscle atrophy is concomitant with the observed bone
loss [8,9,13,15-18].

Recently, we developed a minimally invasive model of muscle dysfunction in which botulinum
toxin A (BtA) is used to transiently paralyze murine hindlimb muscles. We observed a 54.3%
reduction in trabecular BV/TV in the proximal tibia metaphysis and a 13.1% expansion of
endocortical volume in the tibia mid-diaphysis compared to saline control mice within just 21
d [19]. A study that preceded ours had explored the effect of using BtA to paralyze the
quadriceps of growing rats using measures of BMC and radiographic texture analysis, but only
BMC was significantly diminished [20]. It is likely that the lower resolution assay (compared
to high-resolution micro computed tomography (micro-CT)) and the growing animals
contributed to the minimal response observed as compared to our initial study. Subsequent to
our report, several studies (in both mice and rats) have reported varying degrees of bone
degradation following BtA-induced muscle paralysis [21-23]. As might be expected, the
quantity of bone loss following muscle paralysis has varied with dose of BtA, muscles
paralyzed, evaluation time points, experimental design (e.g., comparison with contralateral
bones or separate age matched animals) and resolution of the technique used to assess bone
morphology changes.

In arecent preliminary study inducing only calf muscle paralysis, we observed trabecular bone
degradation within the proximal tibia metaphysis that occurred within 5 days of paralysis
[24]. Given the implications for understanding the cellular signaling driving this response, we
hypothesized that transient muscle paralysis would cause rapid and extensive degradation of
trabecular bone and that morphological evidence of that degradation would be apparent before
21 d. We therefore sought to define the time course of lower limb muscle atrophy and trabecular
and cortical bone loss following transient paralysis of the calf muscles. We achieved this goal
by using high-resolution serial micro-CT imaging to quantify alterations in lower limb soft
tissue volume, trabecular bone morphology, and cortical bone morphology in an acute study
(d0tod 12) and a chronic study (d 0 to d 84). We observed profound and significant trabecular
bone loss within a week and found that this trabecular morphology was only partially restored
by d 84, but that maximal cortical bone loss observed 28 d following induced muscle paralysis
was completely recovered by d 84.

Bone. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Poliachik et al.

Page 3

Materials and Methods

In vivo transient muscle paralysis model

Under isoflurane anesthesia on d 0 each mouse (16 wk old female C57B6) was weighed and
given one IM injection of botulinum toxin A (Botox®, Allergan; 2 U/100g, 20 ul final volume)
into the right calf muscle group (consisting of the gastrocnemius, soleus and plantaris muscles).
For 4 d following the injection of BtA, each mouse received a subcutaneous injection of saline
(800 pl). This procedure differs from our initial protocol [19], but mitigates whole body weight
loss while retaining equivalent bone loss in the tibia (unpublished data). At 24 hr post injection,
all mice were visually examined for calf paralysis by assessing whether the mice could extend
their toes or demonstrate ankle plantarflexion during transient tail suspension. Mice were group
housed with free ambulation and received food and water ad libitum. The University of
Washington IACUC approved all procedures.

Experimental Design

Mice were weighed prior to each scan, with each set of scans lasted approximately 40 minutes.
In the acute experiment (n = 10), in vivo imaging was performed on d 0, 3, and 5 following
induction of paralysis, with a terminal scan on d 12. In the chronic study (n = 10), in vivo
imaging was performed on d 0, 12, 28, and 56 following induction of muscle paralysis, with
a final terminal scan on d 84. For each mouse, the d 0 data served as the baseline measurement.

Micro-CT Imaging and Analysis

Statistics

Using a custom alignment device, all in vivo imaging occurred with the mice anesthetized with
isoflurane. For each time point, an in vivo high-speed micro-CT scanner (Scanco vivaCT 40)
was used to perform three scans. The first, at 21 um voxel medium resolution, imaged from
the proximal tibia epiphysis to the tibia-fibular junction. The second and third scans were both
at high-resolution (10.5 um voxel) and encompassed the proximal tibia metaphysis and tibia
mid-diaphysis, respectively. The specific regions of analysis were: 1) distal edge of the tibia
growth plate to the tibiafibula junction (approximately 12.5 mm) of the first scan for assessment
of lower limb muscle volume, 2) a 0.8 mm thick section of the second scan, initiating at the
distal edge of the proximal tibia metaphysis for trabecular bone morphology, and 3) a 1.0 mm
thick section of the tibia mid-diaphysis (0.65 mm proximal to the tibia-fibula junction) for
cortical bone morphology. Standard image analysis procedures were used to determine
trabecular and cortical bone parameters, as we and others have done previously [10,15,19,
25-27]. User defined contour lines were drawn every 15 slices, and interim contour lines were
morphed along the entire analysis region using vendor supplied algorithms. Lower limb muscle
volume (M.V, mm?3) was assessed by drawing contour lines around the visible soft tissue and
subtracting bone volume. In our preliminary validation studies, we found a significant linear
correlation between alterations in micro-CT derived muscle volume at d 28 and diminished
calf muscle wet weight compared to the contralateral calf following a single calf injection of
BtA (n = 12, R2 = 0.77, p < 0.05; unpublished data). In the proximal tibia metaphysis we
determined trabecular fraction (BV/TV, %), trabecular number (Th.N, 1/mm), trabecular
thickness (Tb.Th, mm) and trabecular spacing (Tb.Sp, mm) for each mouse at each time point.
The tibia middiaphysis cortical bone morphology outcomes included periosteal volume (Ps.V,
mm?3), cortical volume (Ct.V, mm3) endocortical volume (Ec.V, mm?3), and cortical thickness
(Ct.Th, mm).

For each outcome measure, a repeated measures factorial ANOVA was used to assess the
statistical significance of the main effects and interactions of BtA treatment across observed
time points. When ANOVA indicated significance, a Dunnett's multiple comparison was used
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to evaluate significant treatment differences between the time point groups (p=0.05). Percent
differences, unless specifically noted, were determined by comparison with d 0 data.

Mice visibly demonstrated BtA-induced paralysis of the calf muscles within 24 hr (an inability
to extend their toes or demonstrate ankle plantarflexion while transiently suspended). One
mouse in the acute study did not show any signs of paralysis and was removed from the study.
Body weight was not significantly diminished compared to d O at any time point in the acute
study, with a maximum loss of 0.8% at d 5. In the chronic study, a significant decrease in body
weight was observed at d 12 (—3.7% vs. d 0, p < 0.05). By d 28 this transient decrease was
ameliorated (0.2% vs. d 0). All mice in both studies returned to normal ambulation within 3
wk, as determined by visual examination.

Lower limb muscle demonstrated significant atrophy within 5 d of induced calf paralysis (—13.2
+ 1.0%, p < 0.001 vs. d 0) with continued atrophy observed at d 12 (-28.3 + 1.5%, p < 0.001
vs. d 0; Figure 1). Trabecular bone loss, as assessed by BV/TV, was significantly diminished
by d 3 of the BtA injection (—25.5 + 3.8%, p < 0.05; Figure 1). Continued profound erosion of
trabecular bone was observed at d 5 (—51.5 £ 2.9%, p < 0.001) and d 12 (-76.8 £ 2.9%, p <
0.001). Descriptive parameters of trabecular morphology reflected this degradation, with
Th.Th significantly decreased at d 5 (—10.0 £ 2.1%, p < 0.05 vs. d 0), while Th.N (-20.8 +
4.2%, p <0.001 vs. d 0) and Th.Sp (+24.7 £ 5.9%, p < 0.001 vs. d 0) were significantly altered
by d 12 (Table 1). At the tibia middiaphysis, a significant decrease in Ct.V occurred at d 12
(=7.4 £1.3%, p < 0.05), due to increased Ec.V (=8.9 £ 2.2%, p = 0.12; Figure 2) as Ps.V was
unchanged. Significant Ct.Th degradation was also observed by d 12 (—7.5 £ 1.3%, p < 0.05;
Table 1).

Chronic Study

No significant differences were noted in the muscle volume, trabecular bone or cortical bone
outcome measures when comparing the last day of the acute study and first time point of the
chronic study (i.e., 12 d following transient muscle paralysis). Maximum lower limb muscle
atrophy was observed at d 28 following transient muscle paralysis (—34.1 + 0.9%, p < 0.001
vs. d 0), with significant but incomplete recovery through d 84 (—12.0 = 0.9%, p < 0.001 vs. d
0; +33.6 £ 1.3% vs. d 28, p < 0.001; Figure 3). Maximum trabecular degradation, as assessed
by BV/TV, was observed at d 12, with partial but statistically significant recovery observed
by d 84 (-51.7 £5.1% vs.d 0, p < 0.001; +138.8 + 29.1% vs. d 12, p = 0.001; Figure 3).

Recovery of Th.N was not observed through d 84, while those trabeculae that remained at d
12 demonstrated progressively increasing Th.Th that, at d 84, exceeded d 0 Th.Th by +34.6 +
3.2% (p < 0.001; Table 2). Th.Sp did not demonstrate a statistically significant recovery vs. d
12 alterations. As in the acute study, Ps.V at the tibia middiaphysis was unchanged by transient
muscle paralysis through the chronic study time course (Table 2). Diminished Ct.V was
maximal at d 28 (—9.6 + 1.2%, p < 0.001 vs. d 0), then progressively recovered such that the
Ct.V atd 84 did not differ from d 0. Ct.V loss was achieved via increased Ec.V, which followed
a temporally identical but inverse pattern of expansion (maximum at d 28; +11.8 £ 2.0%, p =
0.001 vs. d 0) and recovery such that the Ec.V at d 84 was equivalent to that of d 0 (Figure 4).
As aresult, Ct.Th was maximally diminished at d 28 (—11.7 £+ 1.2%) but recovered completely
by d 84 (Table 2).
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Discussion

The coupling of acute and chronic time course data conclusively demonstrate rapid, time-
dependent degradation of both tibia trabecular and cortical bone following transient paralysis
of calf muscles. The time course and degree of recovery of muscle, trabecular bone and cortical
bone outcome measures varied substantially. Significant atrophy of lower limb muscle was
evident within 5 d of paralysis, was maximal at d 28 and recovered to 88% of the initial volume
by d 84. Trabecular degradation was more rapid, with significant reduction in trabecular
fraction by d 3, maximal loss at d 12, and a recovery to only 50% of initial values at d 84.
Significant cortical bone degradation was first identified at d 12, was maximal at d 28 and
completely recovered by d 84. At the least, these data confirm the essential role that normal
muscle function plays in the homeostasis of an adjacent bone.

Before discussing the implications of these data, the primary limitations of the study should
be considered. As previous studies have shown that trabecular bone volume ratio in the
proximal tibia metaphysis of C57B6 female mice does change significantly through the age
range observed this study (16 to 28 wk; [26]), we did not include intact control mice in our
experimental design in order to minimize animal use. Unpublished data from our own
preliminary studies suggests a similar lack of variation in cortical bone and lower limb muscle
volume for this age range in this strain of female mice.

We split our study into separate acute and chronic components in part to limit radiation
exposure for each mouse. Given the exposure parameters and number of scans, we estimate
that the maximum cumulative exposure (in the chronic study) was half of the radiation exposure
previously determined to not influence bone morphology in normal rats, and only minimally
influence trabecular bone in mice [28,29]. Further, the rapid time course of trabecular bone
degradation following transient muscle paralysis is distinct from the much slower degradation
of trabecular bone due to much greater levels of radiation [30], yielding further confidence that
radiation exposure itself was not a determining factor in the bone degradation induced by
muscle paralysis.

We used serial in vivo imaging of lower hindlimb soft tissue atrophy as a surrogate for impaired
function of the calf muscle group. Given the relative size of the calf muscle group compared
to the lower hindlimb total tissue volume in the C57 female mouse, we observed a proportional
decrease in soft tissue volume compared to our previous end point assays of wet muscle weight
following BtA injection, but with the obvious advantages of using each mouse as an internal
control and multiple sampling time points. A limitation of this approach, however, is that the
observed atrophy of soft tissue in our study is likely to not coincide temporally with the
degradation of calf muscle function (e.g., as assessed by determining force generation via
muscle stimulation). Following transient muscle paralysis via BtA injection, muscle force
generation has been shown to begin to degrade within a few hours [31], with maximum muscle
force degradation occurring over a period of 3 to 10 days, depending on dose and age of the
animal [32]. The duration and extent of paralysis in our study visually (i.e., via subjective
assessment of gait function and activity) generally appeared to coincide with such a time course,
although more direct measures will be implemented in future studies to clarify this aspect of
the intervention.

The morphologic adaptation observed in the acute study is clearly suggestive of a process
driven by osteoclastic resorption, as we have previously asserted [19], and further studies will
clarify any potential contribution of diminished osteoblast activity to the observed response.
As is clear in Figure 1, trabecular bone degradation was rapidly achieved via erosion of
trabeculae, which requires a substantial shift in bone homeostasis towards bone resorption.
Cortical bone loss was achieved by expansion of the endocortical surface, which also requires
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an extensive increase in osteoclastic resorption. Finally, with our preliminary data indicating
that bone loss in this model is completely mitigated by treatment with rhOPG [33], these
observations build support for osteoclastogenesis as the initial bone cell response to transient
muscle paralysis, while not yet ruling out a concurrent alteration in osteoblast function. The
time required for osteoclastogenesis in vivo is 3 to 5 days [34], thus we infer that the signaling
pathway responsible for driving osteoclast activation in our model is likely to be up-regulated
(or down-regulated) within 24 hr of muscle paralysis.

One conclusion of the chronic study was that while acute cortical bone changes were eventually
recovered, trabecular bone morphology was not, at least through 84 d post paralysis. In both
compartments, morphologic adaptations reflect a transition from an osteoclastic dominated
response to an osteoblastic dominated response. For the proximal tibia metaphysis, this shift
occurred near d 12, while for cortical bone, the transition was near d 28 following BtA injection.
As reflected in Figure 3, once trabeculae were perforated, the subsequent osteoblastic response
was not able to reconnect trabecular morphology, but did result in the rebuilding of surviving
trabeculae. In this context, the restoration of endocortical volume, presumably by coupled
osteoblastic infilling of regions of resorption, is not surprising. Thus, the data of this
morphologic study provide specific endpoints to clarify the cellular dynamics responsible for
the observed degradation of trabecular and cortical bone via histomorphometry, while envelope
specific signaling pathways responsible for coupling the osteoblastic response to an initial
osteoclastic response (or the lack of coupling) may prove critical to understanding why cortical
bone appeared to be more resilient to the challenge of transient muscle paralysis. As with human
pathologies involving profound loss of trabecular bone, these data also emphasize that
successful interventions in conditions in which profound osteoclastic activity is provoked must
occur prior to structural degradation of trabeculae [35,36].

While this study has defined the acute and chronic morphologic consequences of transient
muscle paralysis, it is of obvious interest to understand why a transient alteration in muscle
function precipitates such a profound catabolic response in the adjacent bone. In our view,
there are three reasonable pathways that are likely candidates for this process. First, there is
little doubt that loss of calf muscle function precipitates diminished and altered locomotion in
mice. The lessoning of total mechanical input (or altered strain distributions due to impaired
gait) from transient paralysis, as induced in this study, is not known, but could be determined
viaa combination of in vivo strain gaging and activity assessment. Second, it has been suggested
that muscle atrophy itself (via release of factors with direct action on bone cells) may induce
the acute osteoclastic response noted here [37]. One challenge for this possibility is that it is
not clear how a factor released outside of the bone compartment would result in such profound
localized bone degradation rather than causing a systemic effect. Finally, muscle and bone
share common innervation and vascularization. It is clear that neuronal signaling, endothelial
signaling and smooth muscle cell signaling all have the ability to systemically and locally
modulate bone cell function [38-42].

In this context, our initial study with this model used twice the total body dose of Botox which
resulted in a transient, but statistically significant, decrease in body weight and a 17% loss of
muscle mass in the contralateral quadriceps and calf muscles of mice exposed to Botox injection
vs. saline control mice at 21 d [19]. Despite this systemic effect (which we avoided in the
current study by reducing the total body dose of Botox), we did not observe any statistical
differences in trabecular morphology of the proximal tibia (BV/TV, Th.N, Th.Th, Th.Sp) or
cortical morphology at the tibia mid-diaphysis (Ps.V, Ec.V, Ct.V) between contralateral tibiae
from Botox or saline injected mice in that study. Further, preliminary data indicate that for a
single 2 U/100 g Botox injection into the calf muscle group, there were no differences in
contralateral calf wet muscle weight for Botox or saline injected groups at 21 d (unpublished
data; n=8 per group). These data support the conclusion that at 21 d following induction of
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muscle paralysis, contralateral bone morphology effects were not present. However, it is
possible that a transient acute effect related to neuronal, endothelial or smooth muscle signaling
is evident in this model and we intend to clarify this issue in future studies. Ultimately, we
believe that site-specificity of the observed bone degradation in our model (or its lack thereof)
will prove critical in attempting to isolate signaling pathways amongst such integrated and
overlapping stimuli.

In summary, we note that transient paralysis of the calf muscle group, as achieved by a single
dose of BtA, precipitates rapid and significant degradation of trabecular and cortical bone in
the tibia of female C57 mice. The magnitude of acute trabecular bone loss observed in this
study was surprising, yet the timing and extent is similar to pathological bone resorption that
is induced by pharmacological doses of Vitamin D or PTH [43]. That such an apparently mild
intervention, particularly in its transient nature, provoked such a profound response
underscores the critical role of normal muscle function in maintaining bone homeostasis.
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Fig 1.

Acute alterations in proximal tibia metaphysis trabecular morphology following BtA-induced
transient muscle paralysis (mean £ S.E. percentage vs. d 0) at d 3, 5 and 12. Representative
serial micro-CT images from the proximal tibia metaphysis of a single mouse visually
demonstrate trabecular degradation observed within just a few days following induced
paralysis. M.V: lower limb muscle volume, BV/TV: trabecular bone volume, Tb.Sp: trabecular
spacing, with *: p<0.05 vs. d 0; t: p< 0.05 vs. d 3; $: p< 0.05 vs. d 5. Scale bar =1 mm.
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Fig 2.

Acute alterations in tibia mid-diaphysis morphology following BtA-induced transient muscle
paralysis (mean percentage + SE vs. d 0) atd 3, 5 and 12. Within this time period, only cortical
bone (Ct.V) differences reached statistical significance. Ct.V: cortical bone volume, Ec.V:
endocortical volume, with *: p<0.05; t: p< 0.05 vs. d 3.
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Fig 3.

Alterations in proximal tibia metaphysis trabecular morphology following BtA-induced
transient muscle paralysis (mean percentage + SE vs. d 0) at d 12, 28, 56 and 84. Representative
serial micro-CT images from the proximal tibia metaphysis of a single mouse visually
demonstrate profound degradation but only partial restoration of trabecular morphology by d
84. M. V: lower limb muscle volume, BV/TV: trabecular bone volume, Th.Sp: trabecular
spacing, with *: p<0.05 vs. d 0; t: p<0.05 vs. d 12; $: p<0.05 vs. d 28; §: p < 0.05 vs. d 56.
Scale bar =1 mm.
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Fig 4.

Tissue changes in the tibia mid-diaphysis following BtA-induced transient muscle paralysis
(mean percentage + SE vs. d 0) at 12, 28, 56 and 84 d. The maximal degradation of cortical
bone (Ct.V) was observed at 28 d due to expansion of the endocortical volume (Ec.V). By 84
d, however, this catabolic response was completely mitigated. Ct.V: cortical bone volume,
Ec.V: endocortical volume, with *: p<0.05; t: p< 0.001 vs. d 0; ¥: p<0.05; § vs. d 28.
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Table 1
Micro-CT outcome measures for the acute study.
do d3 d5 d12
Lower limb muscle
Muscle volume, M.V (mmd) 31258 £4.11  294.94 +3.59 27138 +3.7620 22358 + 4.3620C
Tibia proximal metaphysis
Trabecular fraction, BV/TV (%) 0.038+£0.003 9 028+0.0032 0.019 + 0.0022 0.009 + 0.0018
Trabecular number, Th.N (#/mm) 2.822+0.096  2.693+0.078 2.527 £ 0.086 2.215 + 0.08320
Trabecular thickness, Th.Th (mm) 0.044 £0.001  0.043 £0.001 0.039 +0.00180  0.036 + 0.0018D
Trabecular spacing, Th.Sp (mm) 0.376 £0.010  0.388 £0.013 0.406 +£0.014 0.466 + 0.018a
Tibia mid-diaphysis
Periosteal volume, Ps.V (mm?3) 1.039+£0.015 1.059+0.014 1.053£0.019 1.033 £0.019
Cortical volume, Ct.V (mm?3) 0.606 £0.006  0.611 +0.009 0.609 £+ 0.010 0.561 + 0.0118b
Endocortical volume, Ec.V (mm?3) 0.437£0.013  0.448+0.010 0.444 £ 0.013 0.472 £0.017
Cortical thickness,Ct.Th (mm) 0.201£0.003  0.200 +0.003 0.199 £ 0.003 0.186 + 0.0042

Significant differences noted by:
8 <0.05vs.d0
b

p<0.05vs.d3

€5 <0.05vs. d 5.
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