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Neuromuscular dysfunction, independent of gait dysfunction, 
modulates trabecular bone homeostasis in mice
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Sundar Srinivasan, Ted S. Gross
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Introduction

The dependence of bone homeostasis upon normal 
muscle function is exemplified by the rapid escalation of bone 
resorption and resulting degradation of bone mass induced 
by a wide variety of muscle dysfunction pathologies1-3. 
As muscles enable locomotion and functional activity by 
application of force directly to the skeleton and conditions of 
muscle dysfunction are associated with diminished skeletal 
loading, gait-induced bone deformation has been presumed 

to be the primary means by which normal muscle function 
maintains bone health4-8. In practice, however, it has proven 
extremely challenging to clarify this relation, as models that 
alter muscle function (e.g., tenetomy, hindlimb suspension, 
and sciatic nerve injury) invariably alter gait-induced bone 
deformation and thus the mechanical environment of bone9-12.

A number of studies have implemented a recently 
developed model of transient muscle dysfunction (via a single 
injection of Botulinum Toxin A; BTxA) to explore muscle-bone 
interactions in mice13-16. Transient muscle paralysis induced 
by BTxA causes rapid degradation of muscle and vigorous 
bone resorption (both trabecular and cortical) that is evident 
at the tissue level prior to muscle atrophy17,18. Surprisingly, 
this tissue degradation occurs coincident with a relatively 
modest and transient gait deficit19. By comparison, maximal 
trabecular bone loss following hindlimb suspension (which 
imposes a complete loss of lower limb ground reaction 
forces), occurs near 4 wk and results in < 50% of the peak 
loss of trabecular BV/TV following BTxA-induced muscle 
paralysis20,21. Further, while muscle paralysis induces 

Abstract

Objectives: To clarify the effects of neuromuscular dysfunction on hindlimb loading, muscle atrophy, and bone 
homeostasis. Methods: We quantified changes to hindlimb loading, muscle atrophy, and bone morphology following either 
Botulinum toxin A (BTxA) induced muscle paralysis or peripheral nerve injury (PNI) in mice; two in vivo models that we 
anticipated would differently alter gait and mechanical loading patterns due to their distinct effects on neuromuscular 
signaling. To confirm the expected behavioral effects of PNI, we assessed mechanical allodynia of the ipsilateral hindlimb 
using von Frey testing and activity (distance traveled and speed) was monitored in both groups using open field testing. 
Peak vertical ground reaction forces (GRF) and ankle and knee kinematics during normal locomotion were quantified and 
used to estimate peak mid-diaphyseal normal strains. Muscle atrophy and trabecular and cortical bone morphology were 
assessed via high-resolution microCT imaging. Results: BTxA-induced calf paralysis caused severe muscle atrophy and 
altered gait kinetics and kinematics and reduced gait-induced normal strains. PNI increased mechanical allodynia but did 
not alter gait, nor did it cause muscle atrophy. We observed that muscle paralysis and PNI both led to severe trabecular 
bone loss but only BTxA-induced paralysis increased cortical bone resorption. Conclusions: While mechanical stimuli 
clearly have essential functions in bone development and adaptation, these data emphasize that neuromuscular signaling, 
independent of load-induced mechanical strains, may modulate trabecular bone homeostasis in normal and disease states. 

Keywords: Muscle Atrophy, Bone Homeostasis, Neuromuscular Dysfunction, Neuronal, Adaptation

The authors have no conflict of interest.

Corresponding author: Steven D. Bain, Ph.D., Department of Orthopaedics 
and Sports Medicine, University of Washington, Box 359798, 325 9th Ave, 
Seattle, WA 98104
E-mail: sdbain@u.washington.edu

Edited by: G. Lyritis
Accepted 30 October 2018

Journal of Musculoskeletal
and Neuronal InteractionsJ Musculoskelet Neuronal Interact 2019; 19(1):79-93



80http://www.ismni.org

S.D. Bain et al.: Neuromuscular function and trabecular bone

significant endocortical resorption, hindlimb suspension 
does not. Given that BTxA is an inhibitor of both motor and 
sensory neuron function, these data support the thesis that 
non-mechanical factors emanating from normal muscle 
function (e.g. intact neuromuscular signaling), may be critical 
for maintaining bone homeostasis15. 

A role of intact neuromuscular signaling in bone 
homeostasis is also supported by observations demonstrating 
that peripheral nerve injury (PNI) results in substantial bone 
loss. For example, a chronic constriction injury (CCI) of the 
sciatic nerve in rats caused increased osteoclastic resorption 
and significantly decreased bone mineral density (BMD) in 
ipsilateral tibiae22. Similar findings have also been observed 
following partial sciatic nerve ligation (PSN) or spinal nerve 
ligation (SNL) of L5 and L6 in rats23. Interestingly, bone 
loss following peripheral neuropathy does not appear to be 
correlated with changes in weight bearing or neuropathic 
pain behaviors23. The potential that non-weight bearing 
neuromuscular signaling is critical for bone homeostasis 
is also supported by the extensive recent literature 
demonstrating that sensory neurons and/or sympathetic 
innervation can play a direct role in bone homeostasis, as 
well as muscle derived factors (i.e. myokines), capable of 
modulating osteoblast and osteoclast function24-26. By their 
potential to act in concert with, or downstream of, gait-
induced mechanical loading, these pathways have broadened 
the context for considering how muscle dysfunction might 
disrupt bone homeostasis. 

In this study, we therefore sought to clarify how 
neuromuscular dysfunction modulates trabecular and cortical 
bone homeostasis in mice by assessing gait kinetics and 
kinematics, muscle volume and bone morphology following 
BTxA-induced muscle paralysis or peripheral nerve injury 
(PNI). These in vivo models were selected due to the distinct 
yet overlapping challenges they impose on both hindlimb gait 
(BTxA-induced paralysis only) and neuromuscular function 
(BtxA-induced paralysis and PNI)13,23. In contrast to the 
predominant literature in the field, we hypothesized that 
neuromuscular dysfunction, independent of gait-induced 
strains, would precipitate trabecular and cortical bone loss. 
To assess this hypothesis, we quantified peak vertical ground 
reaction forces (GRF) and ankle and knee kinematics during 
normal locomotion and used these data to estimate peak mid-
diaphysis normal strains. We assessed muscle atrophy and 
trabecular and cortical bone loss via serial, high-resolution 
microCT imaging. 

Methods

In vivo models

A single injection of Botulinum Toxin A (BTxA; 2 Units/100 
g BW; 20 ml injection volume) via Hamilton syringe into the 
right calf muscle group was used to induce transient muscle 
paralysis17,27. For peripheral nerve injury (PNI), mice were 
anesthetized with an IP injection of ketamine/xylazine, after 
which the right sciatic nerve was exposed through a gluteal-

splitting approach28. Following mobilization of the nerve, 
a single, 3 mm length of silastic tubing slit longitudinally 
(Cole-Palmer; ID=0.051 cm; OD=0.094 cm) was placed 
atraumatically around the nerve. The nerve was then returned 
to the host bed and the incision was closed with either 5.0 
or 6.0 sterile suture as needed. The UW Institutional Animal 
Care and Use Committee approved both protocols. 

Experimental design

Sixteen-week-old C57Bl/6 female mice were randomly 
assigned to undergo BTxA injection or PNI (n=8 per group). 
Prior to the intervention, all mice underwent activity 
monitoring to record locomotor activity, kinetic and kinematic 
assessment of gait, and microCT imaging as noted below. 
These data were treated as d 0 baseline data. Subsequently, 
all data collection was repeated for each mouse on d 5, d 12 
and d 28 post-intervention.

Confirmation of mechanical allodynia following peripheral 
nerve injury

To confirm the expected effect of the PNI procedure, a 
separate group of 4 female mice (n=4) underwent assessment 
for mechanical allodynia, which is a behavioral outcome 
in peripheral neuropathies characterized by increased 
sensitivity to tactile stimuli29. Prior to the experiment, mice 
were acclimated to the testing apparatus (individual clear 
Plexiglas boxes on an elevated mesh screen). The mechanical 
threshold for hindpaw withdrawal was determined by the 
manual application of calibrated von Frey filaments (weighted 
nylon fibers applied serially to induce paw withdrawal) to 
the plantar surface of each hindpaw using the Simplified Up 
Down Method (SUDO)30. Per SUDO, each filament was tested 
five times per paw, with the mechanical threshold defined 
as three or more withdrawals out of five trials. Each mouse 
underwent von Frey testing prior to PNI as a d 0 baseline, 
and subsequent von Frey assessment on d 5, d 12, and d 28 
post PNI. 

Activity monitoring

To assess treatment effects on locomotor activity, all 
mice underwent activity monitoring in an open field testing 
apparatus (Med Associates, Fairfax, VT). Prior to testing, 
mice were removed from their home cage and placed in 
an individual activity chamber and allowed to acclimate in 
the chamber for 30 minutes. Following acclimation, the 
computerized video data collection system was activated and 
the total distance traveled (cm) and average speed (cm/sec) 
during a 2 hr period was determined for each mouse on d 0, 
d 5, d 12, and d 28.

Gait dysfunction and quantification of bone strain

We used direct (lower limb kinetics and kinematics) 
and derived (mid-diaphyseal peak norm strains) outcome 
measures to assess gait alterations following BTxA-induced 
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Figure 1. Mechanical allodynia induced by PNI. Mechanical allodynia reached significance (represented by decreased withdrawal 
threshold) by d12 and was sustained through d 28. No changes in mechanical allodynia were observed in the contralateral limb (*, p<0.01 
vs d 0; ,̂ p <0.01 vs PNI).

Figure 2. Locomotor activity following BTxA or PNI. The total distance traveled during baseline habituation (d0) was higher in the PNI 
group vs d 5, d 12, and d 28 (A; (*, p<0.05 vs d 0). There were no significant differences in the BTxA treatment or between groups. There 
were no differences in average speed at any time point (B).
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calf paralysis or PNI. Gait kinetics and kinematics were 
assessed during free ambulation as each mouse repeatedly 
walked along an enclosed plexiglas walkway (50 mm wide 
by 100 mm long) equipped with a miniature force plate 
(AMTI HE6X, Waterton, MA), centered in the walkway transit. 
Following acclimation to the testing apparatus, GRFs were 
collected from force plate contacts with either the left or 
right hindpaw. Trials were repeated until both left and right 
hindpaw made clear force plate contact 3 times per leg. 
Kinematic data for each satisfactory trial was automatically 
collected when the mouse entered the field of view of a 
video capture system (Prosilica EC 650C, high speed digital 
camera, Allied Vision, Exton, PA). Force data were recorded 
at 200 Hz and video was captured at 30 Hz via customized 
LabView software. 

For each satisfactory walkway transit, ankle and knee 
kinematics at the time of peak induced vertical GRF were 
measured using customized LabVIEW software by a single 

user blinded to the data. For each frame in which the hindpaw 
was in contact with the force plate, the anatomical relation 
of the ball of the paw, ankle, knee and hip were digitized and 
ankle and knee joint angles quantified. Using beam theory, 
joint angles were used in conjunction with peak GRF to derive 
peak normal stresses acting at the tibia midshaft. Finally, 
stresses were converted to strains based on representative 
tibia mid-shaft geometry (imaged from one of the study 
mice) and Young’s Modulus (E=20 GPa; 31).

MicroCT imaging

We used high-resolution microCT to quantify cross-
sectional muscle volumes and bone morphology following 
BTxA-induced calf paralysis or PNI. (Scanco µCT40; 10.5 
µm voxel size, 55 kVp, 145 µA). While anesthetized with 
isoflurane, the right hindlimb of each mouse was secured in a 
custom apparatus and high-resolution images (10 minutes/

Figure 3. Hind limb ground reaction forces during free ambulation. GRF deficits were observed only following calf paralysis and were 
confined to the ipsilateral limb (A; *, p<0.01 vs d 0; ,̂ p <0.01 vs PNI). Contralateral peak vertical GRFs during free locomotion were not 
altered by either intervention (B). 
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scan) were obtained at the right tibia midshaft (2.22 mm long 
volume initiated 0.65 mm proximal to the tibia-fibula junction) 
and right proximal tibia metaphysis (2.22 mm long volume 
initiated at the proximal tibia articulating surface). All raw 
µCT image data were preprocessed using a Gaussian Filter 
algorithm to remove image noise (Sigma = 1.2, Support=2.0) 
followed by bone and muscle segmentation within the scan 
volume using standard thresholding techniques (a threshold 
of 720.97 HA/cm3 was chosen to identify bone tissue; 32). We 
quantified lower limb muscle volume (M.Vol) in the mid-shaft 
scan by determining the total tissue volume (through contour 
line segmentation of muscle perimeter) and subtracting the 
periosteal volume of the tibia and fibula within the region. The 
evaluated region was 1.03 mm long centered within the scan 
region. We have previously observed that muscle volume 
changes quantified in this manner are directly correlated with 
altered calf muscle mass in the model and that calf atrophy 
accounts for the vast majority of lower limb muscle atrophy 

(data not shown). We quantified trabecular bone morphology 
within a 0.86 mm region beginning just distal to the growth 
plate. Contour lines were applied to the endocortical surface 
of each slice, then peeled (peel_iter=3) prior to evaluation. 
We assessed standard trabecular morphology parameters 
(32): Bone Volume (BV), Bone Volume/Tissue Volume (BV/
TV), Trabecular number (Tb.N), Trabecular spacing (Tb.S), 
and Trabecular thickness (Tb.Th). At the mid-shaft, we 
quantified cortical bone morphology via Periosteal Volume 
(P.Vol), Endocortical Volume (EC.Vol), Cortical Volume (Ct.
Vol) and Cortical Thickness (Ct.Th) through the same volume 
of interest assessed for muscle adaptation.

Statistics

Repeated measures ANOVAs were performed to assess the 
main effects of parameter type (BTxA or PNI) and time and their 
interactions as compared to baseline control values for each 

Figure 4. Ankle and knee kinematics during free ambulation. Compared to d 0, calf paralysis decreased ankle flexion at d 5 (A) and 
increased knee extension at d 5 and d12 during free locomotion (B). Ankle and knee kinematics were not altered vs d 0 in PNI mice (*, 
p<0.01 vs d 0; ,̂ p<0.01 vs PNI; #, p<0.05 vs PNI).
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main effect. When ANOVA indicated significance, a t-test with 
Bonferroni correction was performed to identify parameter 
differences at each time point and parameter differences vs 
baseline measures (p≤0.05). Single factor linear regression 
was performed with BV/TV as the dependent variable for 
either peak strain or muscle volume. Where applicable, all data 
are expressed as mean values ± SEM.

Results

PNI induced by the placement of a single silastic cuff around 
the sciatic nerve, led to increased mechanical allodynia of the 
ipsilateral limb by d 12 (Figure 1), which persisted through 
d 28. The distance traveled during the baseline habituation 
period was higher in the PNI group compared to the PNI post-
intervention time points at d5 , d 12, and d 28 (Figure 2A). 
However, there were no differences in distance traveled in the 
BTxA group at any time point, nor were there any differences 
between BTxA or PNI. Neither BTxA induced calf paralysis 
nor PNI altered average speed at any time point (Figure 2B).

With respect to gait analysis, the baseline GRF was 
equivalent between groups, but the peak GRF of the ipsilateral 
limb following calf paralysis was significantly reduced at d 5 
(Figure 3A; -36.1 ± 3.1 % vs d 0) and d 12 (-36.6 ± 4.5% vs 
d 0). By d 28, this deficit demonstrated a modest recovery 
from maximal deficit (+20.5% vs d 5). The decreased GRFs 
in the ipsilateral limb of the calf paralysis group were also 
significantly lower compared to the ipsilateral GRFs in the PNI 
group, which were not significantly altered at any time point. 
Further, neither BTxA nor PNI altered contralateral peak 
ground reaction forces (GRF) at any time point, nor were any 
differences observed between contralateral limbs in the two 
interventions (Figure 3B). 

Calf paralysis transiently altered ipsilateral ankle joint 
kinematics, as ankle angle was significantly reduced (i.e., 
less plantarflexion) at d 5 but not at other time points vs d 
0 (Figure 4A; -22.8 ± 4.6%; p<0.01). As ipsilateral ankle 
kinematics following PNI were not altered at any time point, 
ankle angle following calf paralysis was significantly altered 
vs PNI at d 5 (p<0.01) and d 28 (p<0.05). BTxA-induced calf 
paralysis also induced increased knee extension (Figure 4B). 
Compared to d 0, these kinematic alterations were significant 
at d 5 (45.6 ± 5.5%, p<0.01) and d12 (48.5 ± 11.2%, 
p<0.01), but not at d 28 (29.2 ± 11.3%). Compared to the PNI 
group (no alterations vs d 0), the increased knee extension 
observed in the calf paralysis group was significant at all time 
points (p<0.01).

We used peak GRF and joint angles at the time of peak 
GRF to resolve maximum normal strains acting on the tibia 
mid-diaphysis during free ambulation. Compared with d 
0, BTxA-induced calf paralysis significantly reduced peak 
normal strain at d 5 and d 12 (Figure 5; -35.4 ± 3.1% and 
-37.0 ± 3.8%, respectively, p<0.01). At d 28, the decline in 
peak normal strains was no longer significantly different vs 
d 0. As PNI did not alter gait induced normal strains, peak 
normal strains in the BTxA mice were significantly reduced 
compared to PNI mice at each of the post-intervention time 
points (p<0.01).

Compared to d 0 muscle volume, atrophy of the lower 
limb muscle was severe following BTxA injection (Figure 6A), 
reaching significance by d 5 (Figure 6B; -12.5%, p<0.01), 
with continued atrophy through d 12 and d 28 (-32.2% ± 
0.9% and -41.3% ± 1.3%, respectively, p<0.01). Compared 
to lower limb muscle volume in the PNI group (which was not 
altered at any time point), BTxA mice possessed significantly 
less muscle volume at all time points. 

Figure 5. Tibia mid-shaft normal strains at time of peak GRF during free ambulation. Following calf paralysis, peak tibia mid-shaft normal 
strain was rapidly diminished compared to d 0, but not altered by PNI (*, p<0.01 vs d 0; ,̂ p <0.01 vs PNI).
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Figure 6. Muscle volume alterations due to BTxA induced paralysis and PNI. Lower limb musculature demonstrated profound atrophy 
due to calf paralysis (A). Muscle volume was significantly diminished within d 5 of calf paralysis and continued to atrophy through d 28. 
PNI did not alter muscle volume at any time point (*, p<0.01 vs d 0; ,̂ p <0.01 vs PNI).
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As expected, trabecular bone loss following BTxA injection 
was rapid and severe (Table 1, Figure 7A). BV/TV was 
significantly reduced vs d 0 at each time point (d 5: -21.4 % 
± 5.2; d12: -69.1 ± 3.6%, and d 28: -71.9 ± 2.3%; p<0.01; 
Figure 7B). Trabecular morphology alterations reflected the 
profound level of bone loss, with Tb.Th diminished -19.6% and 
Tb.Sp increased 11.3% at d 12 and Tb.N maximally altered at 

d 28 (-15.6% vs d0). By d 12, mice exposed to calf paralysis 
demonstrated significantly reduced trabecular BV (-47.5%), 
and BV/TV (-49.4%) compared to PNI mice. In contrast, PNI 
induced steady loss of BV/TV that reached significance at d 
12 (-26.1 ± 4.1% vs d 0) and d 28 (-35.0 ± 4.2% vs d 0). PNI 
only significantly altered Tb.Th at one time point (d12: -8.0% 
vs d 0) and had no effect upon Tb.Sp or Tb.N. 

Table 1. Trabecular and cortical bone morphology derived from microCT imaging.

d ο d 5 d 12 d 28

Total Volume (mm3)
BTxA

1.45 ± 0.03
± % vs dο

1.52 ± 0.04*
5.0%

1.59 ± 0.03*
9.7%

1.58 ± 0.03*
9.6%

PNI
1.49 ± 0.03
± % vs dο

1.54 ± 0.04
3.3%

1.54 ± 0.03
3.7%

1.5 ± 0.02
1.1%

Bone Volume (mm3)
BTxA

0.062 ± 0.004
± % vs dο

0.05 ± 0.003
-18.6%

0.021 ± 0.003*^
-66.2%

0.019 ± 0.001*^
-69.5%

PNI
0.053 ± 0.002

± % vs dο
0.05 ± 0.003

-4.8%
0.04 ± 0.003*

-23.5%
0.035 ± 0.002*

-34.5%

BV/TV (%)
BTxA

4.29 ± 0.28
± % vs d0

3.36 ± 0.29#

-21.9%
1.32 ± 0.18*

-69.2%
1.19 ± 0.09*

-72.4%

PNI
3.54 ± 0.12
± % vs dο

3.27 ± 0.21
-7.7%

2.61 ± 0.14*
-26.4%

2.29 ± 0.14*
-35.4%

Total Mineral Density 
(mg HA/cm3)

BTxA
1332.8 ± 6.2
± % vs dο

1336.7 ± 5.9
0.29%

1339.8 ± 8.7
0.52%

1339.3 ± 8.6
0.49%

PNI
1311.9 ± 2.9
± % vs dο

1319.6 ± 3.4
0.59%

1321.2 ± 3.5
0.71%

1330.6 ± 2.6
1.42%

Trabecular Thickness 
(mm)

BTxA
0.048 ± 0.001

± % vs dο
0.046 ± 0.001

-3.4%
0.038 ± 0.001*

-19.6%
0.042 ± 0.001#

-11.0%

PNI
0.045 ± 0.001

± % vs dο
0.043 ± 0.001

-4.9%
0.041 ± 0.001

-8.0%
0.045 ± 0.001

1.3%

Trabecular Spacing 
(mm)

BTxA
0.42 ± 0.02
± % vs d0

0.42 ± 0.01
1.1%

0.47 ± 0.02
11.3%

0.49 ± 0.01*^
18.0%

PNI
0.41 ± 0.01
± % vs dο

0.42 ± 0.01
0.1%

0.43 ± 0.02
2.7%

0.42 ± 0.02
0.3%

Trabecular Number
BTxA

2.52 ± 0.07
± % vs dο

2.56 ± 0.11
1.7%

2.28 ± 0.1
-9.4%

2.13 ± 0.06*
-15.6%

PNI
2.5 ± 0.06
± % vs dο

2.49 ± 0.07
-0.4%

2.41 ± 0.09
-3.6%

2.53 ± 0.11
1.2%

Periosteal Volume 
(mm3)

BTxA
0.96 ± 0.01
± % vs dο

0.95 ± 0.01
-0.7%

0.95 ± 0.01
-1.1%

0.95 ± 0.01
-1.0%

PNI
0.96 ± 0.01
± % vs dο

0.96 ± 0.01
0.7%

0.97 ± 0.01
1.3%

0.96 ± 0.01
1.0%

Endocortical Volume 
(mm3)

BTxA
0.4 ± 0.01
± % vs dο

0.39 ± 0.01
-0.7%

0.43 ± 0.01*
8.4%

0.44 ± 0.01*
12.2%

BTxA
0.4 ± 0.01
± % vs dο

0.4 ± 0.01
0.0%

0.41 ± 0.01
1.6%

0.41 ± 0.01
2.4%

Cortical Volume 
(mm3)

BTxA
0.56 ± 0.01
± % vs dο

0.56 ± 0.01
-0.6%

0.52 ± 0.01*^
-7.8%

0.50 ± 0.01*^
-10.3%

PNI
0.56 ± 0.01
± % vs dο

0.56 ± 0.01
1.3%

0.56 ± 0.01
1.0%

0.56 ± 0.01
0.0%

Cortical Thickness 
(mm)

BTxA
0.196 ± 0.003

± % vs dο
0.197 ± 0.003

0.3%
0.179 ± 0.003*

-8.5%
0.173 ± 0.004*

-11.8%

PNI
0.193 ± 0.003

± % vs dο
0.196 ± 0.003*

1.2%
0.194 ± 0.004

0.7%
0.193 ± 0.003

-0.1%
#p < 0.05, *p < 0.01 vs d 0; ^p < 0.01 vs PNI
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Figure 7. Proximal tibia trabecular bone alterations due to BTxA induced paralysis and PNI. Both calf paralysis and PNI diminished 
metaphyseal trabecular bone (A, red). Trabecular BV/TV of the proximal tibia metaphysis was significantly diminished by calf paralysis 
by d 5, while PNI induced bone loss was significant by d 12 (*, p<0.01 vs d 0). 
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Figure 8. Tibia mid-shaft cortical bone alterations due to BTxA induced paralysis and PNI. Neither intervention altered the tibia mid-shaft 
P.Vol (A). Calf paralysis resulted in a significant increase in EC.Vol by d 12 that reached 12% by d 28. PNI did not induce significant EC 
expansion at any time point (*, p<0.01 vs d 0, ,̂ p <0.01 vs PNI). 
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With respect to cortical bone, calf paralysis precipitated a 
-10.3% loss of cortical bone volume by d 28 (p<0.01; Table 
1). As periosteal volume was not altered by paralysis, cortical 
bone loss was achieved entirely by endocortical expansion, 
which was maximal at d 28 (12.2 ± 1.9% vs d 0, p<0.01; 
Figure 8) and resulted in significantly diminished cortical 
thickness (d 28: -11.8% vs d0; p<0.01). With the exception 
of a small but significant increase in cortical thickness on d 
5 (1.2% vs d 0, p<0.01), PNI did not alter any tibia midshaft 
cortical bone outcome measures at any time point. 

Single factor regression analysis across time points 
revealed that peak normal strain was significantly correlated 
with metaphyseal BV/TV (p=0.03), but only explained 7% 
of the variation within the data set (r2=0.07; Figure 9A). In 
contrast, muscle volume was significantly correlated with 
metaphyseal BV/TV and accounted for 51% of the variation of 
the BV/TV data (r2=0.51, p<0.0001, Figure 9B). With regard 
to endocortical bone resorption induced in the experiment, 

normal strain was not significantly correlated with Ec.Vol 
(p=0.55). Muscle volume was, however, significantly 
correlated with Ec.Vol data (r2=0.22, p<0.001). 

Discussion

We sought to clarify the impact of neuromuscular 
dysfunction on trabecular and cortical bone homeostasis. We 
pursued this goal by assessing gait kinetics and kinematics 
and muscle and bone atrophy in two in vivo models of varied 
neuromuscular impairment. BTxA-induced calf paralysis 
led to severe muscle atrophy and precipitated a relatively 
modest, but significant decrease in gait induced normal 
strains, and altered ankle and knee kinematics. In contrast, 
PNI did not alter muscle volume, nor did it significantly alter 
gait-induced strains, or hindlimb kinematics of the ankle or 
knee. We observed that BTxA induced alterations to muscle 

Figure 9. Regression of gait induced normal strain and lower limb muscle volume vs trabecular BV/TV across time points. While normal 
strain was significantly correlated proximal tibia BV/TV, it only predicted a small portion of the variance of the data (7%; A). In contrast, 
altered muscle volume predicted 51% of the variability of the BV/TV data (B).
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volume and gait induced strains caused severe trabecular 
and cortical bone resorption while PNI, which did not alter 
these parameters, caused significant trabecular bone loss 
but did not alter cortical bone morphology. In combination, 
these data provide evidence that intact neuromuscular 
function, independent of load-induced bone deformations, 
play an important role in bone homeostasis.

Mechanistically, BTxA and PNI challenge lower limb 
neuromuscular function in different manners. BTxA inhibits 
muscular contraction via interruption of acetylcholine 
transfer at the neuromuscular junction and diminishes 
afferent sensory signaling33,34. BTxA-induced alterations 
in afferent signaling are sufficient to drive rapid adaptation 
of the dorsal root ganglia, presumably due to altered 
neuronal input from distal sites34. The combined muscle and 
neuronal dysfunction resulted in diminished gait kinetics 
and compensatory lower limb kinematic alterations. In 
the PNI model, the femoral region of the sciatic nerve was 
mechanically disturbed throughout the study. This injury 
leads to axonal degeneration and alters nociceptive signaling 
with minimal effect on muscle atrophy28,35. Consistent with 
results in similar nerve injury models23, we did not observe 
gait dysfunction or loss of muscle volume following PNI. These 
data, combined with unchanged average speed throughout 
the experiment, suggest that PNI did not significantly diminish 
gait-induced mechanical stimuli within the tibia. 

BTxA-induced muscle paralysis and PNI also pose 
differing mechanical and neuromuscular challenges when 
contrasted with other common musculoskeletal disuse 
models (e.g., hindlimb suspension, cast immobilization, 
sciatic neurectomy). In particular, hindlimb suspension (HS) 
and sciatic neurectomy (SN) provide context for our study. 
Mechanically, hindlimb suspension causes a complete 
deprivation of gait-induced kinetics. HS causes muscle 
specific alterations in acute muscle contraction (increased or 
decreased, depending on the muscle; 36) and a shift in fiber 
type concomitant with muscle atrophy within 2 wk37. While 
these cellular and tissue level alterations require days to 
weeks to become evident, both transient weightlessness and 
HS alters sensory afferent signaling within the muscle almost 
immediately38,39. Although PNI did not alter skeletal loading 
nor muscle volume, the diminished BV/TV in the proximal 
tibia following HS is nearly identical to that induced by PNI at 
2 wk, and, as with PNI, cortical bone is minimally altered by 
HS20,21,40. In contrast, SN decreases peak ipsilateral hindlimb 
loading similar to that observed following BTxA induced 
muscle paralysis (approximately -25%; 41), yet severely 
degrades trabecular bone and causes significant endocortical 
resorption42. Concomitant with motor and sensory signaling, 
muscle atrophy is rapid and severe following neurectomy43. 
Thus, our data and the literature clearly highlight the 
sensitivity of trabecular bone homeostasis to neuromuscular 
dysfunction. The minimal correlation between diminished 
mechanical stimuli and trabecular or cortical bone loss 
observed in our study, while not mechanistic, strongly 
suggests that intact neuromuscular function, independent of 
altered mechanical stimuli, is a critical regulator of trabecular 

homeostasis. Furthermore, the contrasting effects of BTxA-
induced muscle paralysis with PNI suggest that cortical bone 
homeostasis is less sensitive to perturbed neuromuscular 
signaling. 

Although the precise mechanism whereby impaired 
neuromuscular function initiates rapid trabecular bone loss 
is not known, we speculate that BTxA-induced calf paralysis 
and PNI share a common pathway by which dysfunctional 
neuronal signaling rapidly perturbs trabecular homeostasis. 
Bone marrow, particularly within the metaphyseal trabecular 
region, is replete with afferent sensory innervation44. 
Further, it is known that afferent sensory nerves, when 
provoked by injury, induce an antidromic axonal reflex, 
which triggers neurogenic inflammation45,46. Consistent 
with this thesis, we have recently reported significant 
upregulation of the inflammatory cytokines, TNFa and IL-4 
within bone marrow 3 d following BTxA-induced paralysis47. 
Neurogenic inflammation, in turn, has potential to mediate 
osteoclastogenesis and osteoclast function via a variety of 
inflammatory cells and cytokines48-52. Further, this time 
course is consistent with the onset of RANKL induced 
osteoclastogenesis that mediates muscle paralysis induced 
bone loss18,53. While speculative, a focal inflammatory 
response would also provide a rationale for the site specificity 
of induced resorption by BTxA-induced paralysis18. In this 
context, the more severe the neuromuscular dysfunction (i.e. 
BTxA > PNI), the greater the neurogenic inflammation, which, 
in combination with the skeletal loading deficit associated 
with muscle paralysis, may account for the differential bone 
loss severity observed following the two conditions. 

One general limitation of our study is that while in 
vivo models afford the primary means of exploring how 
neuromuscular dysfunction impacts connective tissue, 
it is not possible to completely decouple neuromuscular 
and mechanical deficits. We attempted to address this 
limitation via implementation of the PNI model, as the 
induced neuromuscular dysfunction is less severe than 
that precipitated by BTxA (with no measureable gait 
dysfunction and no muscle atrophy). A second limitation 
of the study is that while altered neuronal signaling with 
BTxA and PNI has been explored54-58, we did not directly 
quantify neuronal dysfunction. Instead, we used muscle 
atrophy as a surrogate measure of the severity of neuronal 
dysfunction and confirmed that the nerve cuff model of 
PNI caused mechanical allodynia28,59,60. Additionally, our 
characterization of altered gait kinetics and kinematics 
were limited to mid-diaphyseal normal strains during 
relatively brief activity at specific time points in the study. 
Thus, these strain data do not represent the complete 
strain history of the experimental limbs. However, we also 
assessed 2 hr open-field ambulatory activity across the 
same time points in this study and (following habituation 
to the test environment) did not observe any differences 
in distance traveled or average speed between BTxA 
and PNI treated mice (all mice demonstrated diminished 
activity as a function of intersession habituation to the 
test environment61,62). Finally, while we did not detect a 
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statistical significance between BTxA and PNI induced BV/
TV loss, the difference at d 12 (the time of peak BTxA-
induced loss) was substantial (-47% vs PNI). 

In summary, we observed that a single BTxA injection 
in the calf muscle group reduced gait kinetics, altered gait 
kinematics, caused severe muscle atrophy, and precipitated 
rapid and profound loss of trabecular bone and significant 
endocortical resorption. PNI, while not altering gait kinetics 
or kinematics, or causing muscle atrophy, precipitated 
significant trabecular bone resorption, but did not affect 
cortical bone. While mechanical stimuli clearly have 
essential functions in bone development and adaptation, 
our data emphasize that trabecular bone homeostasis is 
highly dependent upon muscle health and, in particular, 
neuromuscular health. 
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