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Of muscle and bone

Giovanni Borelli, a 17th century mathematician and scientist,
was one of the first to apply the concept of levers to understand
how muscles load the skeleton. One seminal insight in his mono-
graph, “De Motu Animalium (On the Movement of Animals)”
was the observation that muscle forces required to enable lifting
of loads greatly exceed the actual weight being lifted due to me-
chanical disadvantage. While this observation would be obvious
to any current first year bioengineering student, at the time, the
concept was provocative and controversial given the contem-
porary view of the divine “perfection” of the human body1,2. Of
relevance to this discussion, Borelli’s observation emphasizes
that muscle function during activity gives rise to the very loading
events that are thought to be required for successful develop-
ment and maintenance of bone mass and morphology3. In a
broader perspective, this concept formed the basis for Roux’s

later development of the paradigm of functional adaptation4,5.
In the last century, as noted elsewhere6,7, D’Arcy Thompson, in
his seminal book, “On Growth and Form”, observed that, “...
between muscle and bone there can be no change in the one but
it is correlated with changes in the other...”. These historical ref-
erences highlight the long acknowledged role of muscle function
in skeletal development and health, and emphasize the role that
skeletal loading plays in achieving this end. As D’Arcy Thomp-
son also remarked (pg. 237-238), “... bone is not only a living,
but a highly plastic structure; the little trabeculae are constantly
being formed and deformed ... under the direct action and con-
trol of the forces to which the system is exposed”8.

Given that muscle and bone share a common mesodermal ori-
gin, it is not surprising that the dependent association of muscle
and bone arises at the earliest stages of development9,10. Through-
out skeletal growth (i.e., 2 to 20 years of age), there is a strong
correlation between muscle mass and bone mass11. During pu-
bertal growth, whole body and regional accretion of lean body
mass slightly precedes whole body and regional accretion of
bone mineral content (BMC). That muscle gains precede bone
gains, dependent upon site and gender (by 0.22 to 0.71 years),
implies the potential for a causative influence12. Muscle and bone
development are simultaneously influenced by a variety of cir-
culating hormones and growth factors that include (but are cer-
tainly not limited to) the somatotropin/IGF-1 axis, androgens,
estrogens, and vitamin D13. Within this milieu, genetic factors
strongly underlie the coupling of an individual’s muscle strength
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and bone structural properties14,15. In fact, it is difficult to identify
cross-sectional human data in which a population of greater than
average muscle mass does not also demonstrate greater than av-
erage bone mass or enhanced skeletal structural properties. Over
a lifetime, the general pattern of muscle accretion and bone ac-
cretion, age of maximal lean muscle mass and achievement of
peak bone mass, and the onset of sarcopenia and age-induced
bone degradation are all temporally consistent16. Acutely, how-
ever, alterations in bone mass and morphology have been ob-
served prior to or in the absence of muscle hypertrophy17,18.

Another similarity between adaptation of muscle mass and bone
mass through life is that mechanical stimuli can serve to enhance
peak bone mass during growth and diminish the loss of mass later
in life19. The role of muscle function in achieving this end, either
via direct mechanical stimuli6 or other physiologic pathways, is a
clear example of Darwinian developmental plasticity, whereby en-
vironmental influences modulate tissue morphology20. A number
of studies have generally associated bone density and lean body
mass21,22. However, given that mechanical deformation serves as
an epigenetic guiding stimulus for the skeletal morphology23, it is
not surprising that strong correlations can be identified between
muscle mass and specific geometric aspects of the skeleton such
as cross-sectional area24,25. Certainly, the series of studies that have
examined the bone mass of the dominant arm in racquet sports
participants demonstrate the potential for profoundly enhanced
bone mass and morphology, particularly when exercise is initiated
during skeletal development26-29. One only has to watch Roger
Federer raising another grand slam trophy to realize that unilateral
muscle hypertrophy also results from such endeavors.

On the other hand, degraded muscle function, arising by dis-
ease or age, is clearly accompanied by diminished bone mass
and morphology. Thus, increased muscle function not only has
the potential to generate anabolic mechanical signals for bone,
but normal muscle function is required for maintaining a healthy
skeleton. In humans, a number of muscle related diseases illus-
trate this observation. For example, myasthenia gravis (MG) is
an autoimmune disease that destroys acetylcholine signaling in
neuromuscular junctions. MG patients experience a loss of mus-
cle strength with secondary osteoporosis30. The relative contri-
butions of neuromuscular degradation and treatment side effects
(in this case, systemic corticosteroids) to the observed bone loss
remains to be determined. A second example can be found in
Duchenne muscular dystrophy, a disease in which the lack of
dystrophin results in profound muscular degeneration31.
Duchenne’s patients suffer from diminished bone properties and
elevated fracture risk32,33. Cerebral palsy is a third example of a
disease that phenotypically manifests via muscle dysfunction,
reduced skeletal loading and bone degradation34,35.

Muscle and bone loss following Spinal Cord 
Injury (SCI)

Rapid and permanent connective tissue degradation ensues
following spinal cord injury (SCI). Sensory and motor inner-
vation of the musculoskeletal system is disrupted due to dam-
age of the neural tissue within the spinal canal, leading to

debilitating atrophy of sublesional muscle and bone. In the ab-
sence of supraspinal input, rapid, profound and permanent loss
of muscle mass has been long recognized as a hallmark of
complete SCI36. Within 6 weeks post-SCI, the mean cross sec-
tional areas (CSAs) of muscle biopsies from the vastus lateralis
were only 62% of the values of age, weight and height-
matched control patients37. Prospective follow up of SCI pa-
tients demonstrates continued deterioration of muscle mass as
data from cross-sectional studies indicate that muscle atrophy
(as measured by computer tomography) appears to stabilize in
long-term SCI patients (17±2.64 yr post-injury) with no sig-
nificant differences in either CSA or force generation when
compared to mid-term patients (2.2±0.5 yr post-injury)38.

Not surprisingly, decrements in muscle size are accompa-
nied by severe degeneration of muscle function. Electrically
elicited torque in muscle paralyzed less than 6 weeks is quite
low, reflecting a rapid and near complete loss of muscle activ-
ity39. In the soleus muscle, endurance also declines rapidly over
the first year40. For example, a chronically paralyzed soleus
muscle (>2 years) is able to generate only 20 to 30 % of its
initial peak torque after a bout of repetitive activation41. Sim-
ilarly, both peak knee extension torque and patella tendon force
during electrical stimulation in SCI patients reaches only 25%
of values measured in controls42.

Impaired muscle function diminishes large scale deforma-
tions of bone as gait activity and ground reaction forces during
activity are reduced compared to normal. Thus, minimal skele-
tal loading associated with SCI has been presumed to underlie
bone loss following such injuries. Immediately upon injury,
bone mineral density (BMD) declines rapidly, particularly at
sites rich in trabecular bone43. In the first few months after SCI,
BMD declines 2 to 4 percent a month44 a rate that has been de-
scribed as 5 to 20 times greater than losses from purely meta-
bolic etiologies45. The magnitude of bone lost in the lower
limbs following SCI has been quantified in a number of cross-
sectional studies using both DXA and pQCT. Early research
suggested that the rate of bone loss after SCI is rapid and linear
in the acute stages, establishing a lower steady-state bone mass
level 1 to 2 years after the event46,47. The time course of bone
loss (and attainment of a new homeostasis) may depend on the
bone compartment. For example, at sites with a high propor-
tion of trabecular bone, the time course followed a log curve
leveling off from 1 to 3 years post injury, whereas at the tibial
diaphysis, a cortical bone site, bone mass appeared to decrease
progressively beyond 10 years post injury48. Consistent with
observations in cross-sectional studies, initial bone mass losses
are greater in trabecular than in cortical compartments43,44,49.

The profound loss of BMD in SCI patients is also reflected
in severe deterioration in bone architecture. For example, MRI
studies have demonstrated that men and women with long-
standing complete SCI had reduced bone volume and trabec-
ular number resulting in increased trabecular spacing
compared with controls50,51. Alterations in bone area and bone
geometry following SCI have also been noted in studies that
have utilized computed tomography52-54. Again, the decline in
BMD and concomitant deterioration in bone structure appears
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to continue for 2 to 8 years following SCI, depending on the
anatomical site and the method of measurement, eventually
reaching steady state values 50 to 60 percent lower than non-
SCI values55,56. However, whether bone loss plateaus following
SCI has been challenged by two recent studies of monozygotic
twins, both of which suggested that bone loss may continue
over the life span of SCI patients57.

Mouse models of muscle and bone disuse

Mouse models provide the means to experimentally perturb
specific aspects of muscle/bone interactions at levels that range
from whole genome manipulations to experimental approaches
that alter function in either both limbs or one limb. Muscle-
bone interactions have been explored in both knockout and
transgenic mice. In these studies the obvious advantage of iso-
lating the perturbing effects of a single gene is balanced by the
complexity arising when genes integral to skeletal develop-
ment are congenitally altered. As a result, separating the role
of the examined pathway in development of bone mass and
morphology versus maintaining bone homeostasis during
adulthood is experimentally challenging. For example, trans-
genic models of human spinal muscle atrophy (SMA), a severe
disease of motor neurons that is characterized by progressive
muscle weakness, exemplify the powerful linkage between
motor neuron function and skeletal development. Transgenic
mice with mutations in the survival motor neuron (SMN) gene
exhibit proximal muscle atrophy adjacent to the spine and
pathological changes in spinal cord and skeletal muscle that
are similar to those observed in human patients with SMA58,59.
These mice develop a severe osteoporotic phenotype with cor-
tical bone porosities, a 33% lower bone volume and a 50% de-
cline in trabecular number60. The severe bone deterioration is
accompanied by significant elevations in serum and urine
markers of bone resorption (64% higher levels of serum
TRAP5b and 11 fold elevation of urinary NTx, respectively)
and 57% greater osteoclast surface vs. WT (i.e. amount of bone
surface occupied by osteoclasts). Together, these observations
are indicative of the strong link between muscle dysfunction
and pathological bone loss driven by elevated osteoclast re-
cruitment and increased resorptive activity.

In addition to the skeletal consequences observed in loss of
function models such as the SMA mutant, genetic gain of func-
tion models are also available to confirm the role of muscle on
achievement of bone homeostasis. In particular, mice lacking
myostatin (GDF8), a negative regulator of skeletal muscle
growth, demonstrate increased BMD at both appendicular and
axial skeletal sites61,62. In cortical bone, the skeletal effects in
GDF8 mutants are most pronounced at muscle insertion sites
with only modest effects on cortical diaphyses. Interestingly,
these mutants have large increases in trabecular bone volume
(30%) and trabecular thickness (50%) in vertebral bodies62.

Understanding the pathogenesis of bone loss in SCI has been
recently augmented by rodent models of SCI (primarily rat)
where injury of the thoracic spine is induced via blunt trauma.
Bone loss in this model is extremely rapid with BMD at tra-

becular rich sites declining 34% within just 10 days and trabec-
ular bone volume loss reaching nearly 60%. As expected, such
a rapid decline in bone volume is accompanied by decreases in
trabecular number and thickness and increased trabecular spac-
ing. Moreover, the cortical bone shell is also dramatically al-
tered by endocortical resorption which increases the marrow
cavity volume by 24% and thins the cortical width by 30.5%63.
The magnitude and severity of bone deterioration observed in
SCI models is placed in context when the skeletal effects of
SCI are contrasted with other models of muscle atrophy and
disuse such as hind limb cast immobilization (HCI). In a 4 week
study comparing SCI with HCI, SCI resulted in more rapid
bone loss with greater deterioration of trabecular microarchi-
tecture and cortical bone geometry64. Taken together, findings
in animal models underscore the severe nature of SCI-induced
bone loss and point to a critical role of supraspinal input in the
achievement and regulation of bone mass.

A variety of immobilization models have been implemented
in rodents, for the most part initially in rats65. The most pre-
dominantly utilized model involves unweighting of both
hindlimbs (i.e., usually via tail suspension) which has also been
implemented in mice66,67. With regard to single hindlimb inter-
ventions that may provide more insight into focal mediation of
muscle/bone interactions, rat models have included nerve re-
section68,69, tendon resection70,71, and casting or bandaging of
one hindlimb64,72. Of these, a smaller subset have been imple-
mented in mice (primarily sciatic neurectomy), in part due to
challenges with smaller animals and in behavioral differences
between animals. Given our primary focus on murine models,
this section will consider the contrast between hindlimb sus-
pension and sciatic neurectomy in mice from both a mechanical
disuse and an acute cellular and tissue adaptation perspective.

A number of experimental issues arise when attempting to
delineate whether muscle dysfunction is directly or indirectly
effecting the bone cell populations responsible for altering bone
morphology following either hindlimb suspension or neurec-
tomy. Both models reliably induce muscle and bone loss com-
pared to age-matched and zero-time control mice. Hindlimb
suspension was originally developed as a model of space-in-
duced bone degradation and eliminates hindlimb locomotion
ground contact (i.e., no weight bearing) although hindlimb
muscles are still able to contract73. Hindlimb/tail suspension
also induces a variety of alterations with potential overlap upon
muscle/bone interactions such as cardiovascular fluid shifts, el-
evated stress, and altered testosterone levels in male mice74-77.
These systemic alterations mimic those observed due to micro-
gravity exposure and, as such, may be transient (e.g., alterations
in corticosteroid levels78), but may also confound explorations
of the acute effects of diminished skeletal loading in 1 g envi-
ronments. Sciatic neurectomy disables muscle contraction in a
single hindlimb. While general locomotion is effected by this
intervention, decreases in experimental limb weight bearing is
surprisingly modest only (approximately 25%;69). Sciatic
neurectomy also results in partial limb denervation as other sen-
sory and sympathetic nerves still function (in contrast to com-
plete paralysis as would be achieved via spinal cord



T.S. Gross et al.: Muscle dysfunction and bone morphology

28

transection;79). Even though soleus and grastrocnemius muscle
activity is only transiently reduced (and tibialis anterior activity
is actually increased) during hindlimb suspension80, one might
surmise that the decrease in locomotion-induced bone defor-
mations (i.e., peak normal strains) following hindlimb suspen-
sion greatly exceeds the decrement due to unilateral sciatic
neurectomy. As we were not able to identify a confirmatory ref-
erence, we used inverse dynamics to estimate the inertial bend-
ing moment at the mouse knee joint during tail suspension.
Assuming similar kinematics (i.e., angular acceleration) as dur-
ing rapid walking (0.3 m/s;81), the maximal bending moment
during hindlimb suspension would induce peak normal strains
in the tibia that are less than 5% of those that are likely to be
induced during locomotion following sciatic neurectomy.
While clearly requiring experimental validation, this initial es-
timate does support our premise above.

Studies using both models have focused primarily upon ei-
ther muscle or bone adaptation, with a few exceptions82-84.
Both hindlimb/tail suspension and sciatic neurectomy result in
rapid and significant muscle loss. Following 14 d of tail sus-
pension, lower limb muscle loss ranges up to 50% depending
upon muscle85-87. Following sciatic neurectomy, alterations are
confined to the neurectomized limb and muscle wet weights
are significantly diminished within 3 d (>10%) and diminished
over 50% within 14 d69. Muscle fiber cross-sectional area is
even more sensitive to this intervention and is significantly de-
creased within 24 hr (>18%;88). As would be expected with
such a rapid morphologic response, mRNA expression of
genes associated with muscle atrophy, such as myostatin, are
also upregulated within 24 hr89,90.

Hindlimb unweighting effects on mouse bone morphology
are inbred strain specific. For example, C57Bl/6J mice demon-
strate a catabolic response to hindlimb suspension that is not
evident in C3H/HeJ mice91. The lack of response of C3H mice
to this stimulus may suggest a diminished sensitivity of bone
to mechanical stimuli92, altered levels of initial osteoblast ac-
tivity93,94, or, perhaps, an altered role for muscle in modulating
bone homeostasis. In general, hindlimb/tail suspension of adult
C57 mice (>16 wk) results in an approximate decrease of tra-
becular BV/TV of 20% to 30% within two weeks with a 10%
to 15% decrease in trabecular thickness and no change in tra-
becular number91,95,96. At a cellular level, this acute alteration
is achieved by significantly decreasing osteoblast function and
significantly increasing osteoclast resorption97. Alterations of
cortical bone within 2 wk are minimal95. The degradation of
trabecular bone following sciatic neurectomy is more pro-
found, reaching 40% within 2 wk79. Further, cortical bone ef-
fects are also rapidly observed with cortical thickness
decreased 10 to 20% in mice or rats79,98. An important differ-
ence between the models that is likely to underlie bone mor-
phology responses is that the primary acute cellular response
provoked by sciatic neurectomy is one of profound osteoclastic
bone resorption which appears to greatly exceed acute osteo-
clastic resorption induced by hindlimb suspension. Given the
temporal variability in cellular adaptation induced by these in-
terventions, it is not surprising that systemic interventions have

differential protective effects upon the skeleton in these mod-
els. For example, blockage of beta-adrenergic signaling in-
hibits loss of bone following hindlimb suspension, but not due
to sciatic neurectomy79,99.

In part to begin to more specifically explore the role of muscle
function in maintaining bone homeostasis, our group has recently
developed a mouse model of transient muscle paralysis-induced
bone loss100. In our initial studies, we explored whether transient
paralysis of the quadriceps (vastus lateralis, medialis, and inter-
medius and rectus femoris) and calf (gastrocnemius, soleus, plan-
taris) muscle groups (each muscle group receiving a single 2
Units/100 g injection of Botulinum Toxin A; Botox) would influ-
ence trabecular and cortical bone morphology in the distal femur
and tibia. Voluntary gait activity (assessed via a qualitative inven-
tory) was significantly impaired within 1 d, maximally impaired
in 3 d, but had significantly improved from this low level within
14 d and demonstrated continued recovery through 21 d. Muscle
mass in Botox injected mice was still profoundly diminished at
21 d compared to saline injection mice (-47% in the quadriceps,
-60% in the calf). As assessed by high resolution micro-CT im-
aging, profound trabecular bone loss was observed at 21 d, both
in the distal femur and proximal tibia (-43% and -54%, respec-
tively), with cortical bone volume reduced nearly 15% in the tibial
diaphysis. Morphologically, this degradation was achieved pri-
marily via decreased trabecular thickness and endocortical expan-
sion, suggestive of an osteoclast-driven response. Subsequently,
studies by our group have confirmed that profound bone loss in
the model is extremely rapid with a >75% BV/TV loss in the
proximal tibia trabecular just 12 d after calf paralysis was induced
(Figure 1;101). Further, the acute response to transient muscle
paralysis is due to a RANKL mediated osteoclastic activation that
is confined to the effected limb102-104. The acute cellular and tissue
response in this model is therefore consistent with that observed
in SCI and neuronal injury models where the magnitude of acute
osteoclastic resorption exceeds that precipitated by hindlimb sus-
pension, although a direct comparison between the models has
not yet been reported. Likewise, while we have yet to rigorously
quantify decreased locomotion strains following transient muscle
paralysis, our qualitative observations suggest a relatively mod-
erate diminishment of peak normal strains in the tibia following
calf paralysis.

A number of other groups have used Botox-induced muscle
paralysis to study bone alterations in both rats and mice. In a
study that preceded ours, growing rats were exposed to quadri-
ceps paralysis with BMC and radiographic texture analysis used
as outcome measures105. Of these measures, only BMC differ-
ences were significantly altered. Based on our data and subse-
quent studies by that group and others106-108, the minimal
response compared to our initial study likely arose due to the
limited resolution of implemented assays and the confounding
influence of a growing skeleton. While the magnitude of the
skeletal response varies substantially with sampling site, which
muscle(s) are paralyzed, age of animals, and resolution of assay,
each of these experiments has demonstrated muscle dysfunction
has a profound catabolic influence of upon bone morphology.

In a more recent study, we have begun to explore whether
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reduced bone deformation during locomotion (i.e., peak nor-
mal strains) underlies the profound loss of bone mass induced
by transient muscle paralysis. Specifically, we examined
whether proximal tibia bone loss induced by calf paralysis
would be mitigated by electrical muscle stimulation (EMS) of
the calf or quadriceps muscle groups. Although Botox inhibits
acetylcholine transfer in motor neurons, muscle contraction is
still possible via EMS. Using separate calibration mice, we
used strain gages to determine EMS protocols that, when ap-
plied to either the quadriceps or calf muscles, would induce
similar peak normal strains on the periosteal anterior medial
tibia cortex (n=3 mice; mean±s.e. normal strain induced by
calf EMS: 144±22 με; quadriceps EMS: 117±13 με). The mag-
nitude of these peak strains are approximately 40% of those
induced in the tibia during walking, as estimated by inverse
dynamics combined with finite element analysis (unpublished
data). We then randomized 22 female C57B6 mice (20 wk of
age) into 4 groups: 1) Saline+calf EMS (S EMS; n=3), 2)
Botox of calf+no EMS (Botox; n=6), 3) Botox of calf+calf
EMS (B EMS C; n=8), and 4) Botox of calf+quadriceps EMS
(B EMS Q; n=6). At day zero, all mice had micro-CT scans of
the proximal tibia, and received IM injections of Botox (10 μl
of 2.0 unit/100 g) or equal volume saline (10 μl) in the right
calf while anesthetized. Beginning on day zero, mice were
anesthetized and positioned supine with knee and foot sup-
ported at 90°, with the foot secured. For the EMS stimulated
mice, two electrodes were positioned on the mid and distal
bare calf or quadriceps for EMS which was performed 5 d/wk,
3000 cycles per day using a 4 Hz square wave at 10 V peak.
The only difference between calf and quadriceps EMS was the

impulse length (calf: 1000 μs; quadriceps: 600μs). Final im-
aging of all mice was performed at 21 d with primary outcome
measures of calf and quadriceps wet muscle weight and prox-
imal tibia metaphyseal trabecular bone morphology.

EMS of the calf did not alter muscle mass in saline control
mice (S EMS: 3.7±2.2% vs. contralateral calf) nor the amount
of muscle atrophy observed in any of the Botox treated groups
(Figure 2). Likewise, the diminishment of quadriceps muscle
mass in mice whose calf muscles were transiently paralyzed
was not altered by EMS stimulation of either the calf or quadri-
ceps. We observed that Botox negative control mice demon-
strated a -51.5±7.2% degradation of trabecular bone volume
fraction (BV/TV) in 21 d. This degradation of trabecular bone
was not significantly altered by calf EMS (-41.3±7.0%) or
quadriceps EMS (-49.1±8.6%). This preliminary study clearly
has limitations. First, it is not clear how accurately 3000 con-
tractions approximates overall daily gait activity in caged mice
(and, further, whether its implementation in a single 11 minute
bout of loading is sufficient to substitute for daily locomotion-
induced loading). The study was also limited in sample size
and certainly not exhaustive in terms of potential EMS signal
regimens or techniques for inducing muscle contraction (e.g.,
surface electrodes may not be sufficient for this goal;109). In-
terestingly, however, while EMS has been shown to be effec-
tive in mitigating bone loss during hindlimb suspension110,111,
EMS has had minimal success in preventing SCI-induced bone
loss in humans112-114. Two reasonable explanations for these
data arise, both of which clearly require additional study. First,
it may simply be that greater EMS-induced mechanical stimuli
are required to inhibit muscle paralysis-induced bone loss. Al-

Figure 1. Micro-CT imaging of the right tibia of a mouse exposed to transient muscle paralysis of the calf muscles. Images were recorded im-
mediately prior to paralysis (Day 0) and 12 and 28 d following paralysis. Two dimensional transverse slices from the tibia mid-shaft (A) illustrate
the clear atrophy of soft tissue (ST) surrounding the fibula (F) and tibia (T). Higher resolution of the proximal tibia metaphysis (B, 10.5 m
voxel) demonstrate the profound degradation of trabecular bone that is induced by transient muscle paralysis.
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ternatively, gait-induced bone deformations may not mediate
the signaling pathway responsible for surge of osteoclastic re-
sorption precipitated by acute muscle dysfunction. If so, we
believe that attempts to use large scale deformations of bone
to inhibit acute bone loss due to SCI or focal muscle paralysis
will  be only minimally successful. 

A view forward

Based on this review, we believe that it could be speculated
that profound reductions in bone deformation concomitant
with SCI and/or muscle pathologies are not the only causal
event for the rapid and severe bone degradation that follows.
We and others have now shown that intramuscular injection
of Botox rapidly, profoundly, and focally degrades muscle
mass and bone mass in mice. The acute loss of bone arising
from transient muscle paralysis substantially exceeds that ob-
served via hindlimb suspension, but is similar in scope and

magnitude to that observed after sciatic neurectomy. Interest-
ingly, such profound osteoclastic activation is associated with
what appears to be a lesser reduction in large magnitude loco-
motion-induced bone deformation compared to hindlimb sus-
pension. In this context, however, it is clear that we understand
very little about the ramifications of focally lost neural con-
nectivity within the musculoskeletal system. Currently, neu-
ronal influences on skeletal remodeling are perhaps best
understood for the sympathetic nervous system, which, when
stimulated, has been shown to inhibit bone formation and stim-
ulate bone resorption115,116. Paradoxically, however, sympa-
thetic nerve activity is markedly decreased after SCI117,118,
which should inhibit resorption, increase bone formation and
lead to increases in bone mass, which clearly does not occur.
In our view, models that enable exploration of such focal sig-
naling pathways hold potential to clarify the cellular and mo-
lecular mechanisms that underlie the co-dependence of muscle
and bone in achieving and maintaining tissue homeostasis.

Figure 2. Muscle wet weight alterations (% vs contralateral limb) demonstrated the the EMS interventions did not alter muscle atrophy following
transient muscle paralysis (A). Similarly, the EMS interventions did not diminish the loss of BV/TV induced by transient muscle paralysis (B,
*; p<0.001 vs all other groups).
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