
220

Introduction

Both the mass and structure of bone tissues adapt to the me-

chanical loading of gravity and movement. Limb disuse due to

denervation causes musculoskeletal atrophy, together with

changes in structural and functional profiles. We previously

showed that trabecular bone loss and morphological changes due

to denervation start during the first week after surgery and grad-

ually decrease over the next three weeks1. Muscle mass also rap-

idly decreases during the first week after denervation to 50% of

basal control levels2. Transcutaneous electrical stimulation (ES)

is generally applied to patients undergoing physical rehabilitation

to maintain and/or recover mass and force in denervated muscles.

Some clinical reports have found that that direct ES to denervated

muscles in patients with spinal cord injury (SCI) increases mus-

cle mass and average fiber diameter3,4. Some findings of exper-

imental animals lend further support to the notion that ES helps

to limit denervation-induced muscle atrophy and improve muscle

force and recovery5-7, whereas other studies have generated con-

tradictory results8-10. Some studies have found that the effects of

ES on muscle atrophy are influenced by the type of disuse mod-

els and the nature of experimental regimens such as the intensity,

frequency and number of contractions11,12. 

On the other hand, muscle contraction force confers mechan-

ical load upon bone tissue. Some studies have demonstrated

that even low-magnitude mechanical stimuli increase bone and

muscle mass in studies of disused muscles in humans and other

animals13-15. Therefore, ES-induced muscle contraction force
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would help to prevent/reduce disuse-induced osteopenia be-

cause mechanical loading is a major influence on bone volume

and architecture16,17. Osteopenia of the distal femur and proxi-

mal tibia and the loss of quadriceps strength in humans with

SCI can be partly reversed by training assisted by ES at 25 Hz

for 24 weeks18. Dynamic muscle stimulation with mid-, and

high-frequency ES (>20 Hz) inhibited trabecular bone loss of

the femur in a suspension disuse model for four weeks19. Such

stimulation with 10 Hz was not examined in that study. The no-

tion that a higher ES frequency increases muscle contraction

force is conceivable because of the summation of twitch con-

traction20. Qin et al. reported that electrical muscle stimulation

between 1 and 100 Hz might generate nonlinear bone stress and

fluid pressure in bone, and that 10 Hz produces maximal strain

on bone, which helps to mitigate bone loss21,22. On the other

hand, electrical muscle stimulation at a cycling rate might gen-

erate muscle mass but it is not necessary to prevent bone loss23.

It would be important to explore the potential of muscle stim-

ulation with 10 Hz should be explored from the viewpoint of

reducing the volume of disused muscle and bone loss.

Skeletal muscle is also a resource for generating force. An ES

training regimen that would reduce structural and functional

damage in denervated muscle fibers might potentiate the anabolic

activity of bone tissue through mechanical loads on bone induced

by muscle force. We previously assessed the appropriate stimu-

lation intensity according to individual structural recovery of

skeletal muscle after denervation and found that high-intensity

(16 mA) ES retarded denervated muscle atrophy and up-regu-

lated the expression of insulin-like growth factor-1 (IGF-1)

mRNA24. However, this intensity of ES might adversely affect

the regeneration of nerve terminals and/or the membrane systems

involved in excitation-contraction (e-c) coupling which is the

physiological process of converting an electrical stimulus to the

mechanical activation of the contractile myofibrils. Conversely,

middle- and low-intensity (4 and 8 mA) ES regenerated mem-

brane systems involved in e-c coupling and nerve terminals, but

did not retard denervated muscle atrophy. This dilemma indicates

the importance of establishing the appropriate stimulation inten-

sity according to the individual structural and functional profiles

that are targeted for improvement. Similarly, whether the ES reg-

imen can prevent/reduce muscle and bone loss induced by disuse

is important for the development of clinical interventions.

Here, we assessed effective stimulation intensity according

to the prevention of individual structural failure and loss of

bone and skeletal muscle after inducing disuse by denervation.

We thus applied direct ES at three intensities of current to den-

ervated rat tibialis anterior (TA) muscles. We confirmed the

muscle force induced at these intensities and assessed the ef-

fects of ES on the atrophy process in terms of the volume and

architectural profiles of trabecular bone and muscle mass at

one and three weeks after denervation.

Materials and methods

Animals and denervation

Eighty-six male Wistar rats (CLEA, Tokyo, Japan) were indi-

vidually housed in standard cages under a constant temperature

(23±2°C), humidity (55±5%), and 12-h:12-h light-dark cycles,

and provided with CE-2 rodent chow (CLEA) and water ad libi-

tum. When they reached seven weeks of age (body weight, 198-

225 g), the rats were randomly assigned to the following groups:

age-matched controls (CON, n=15), and denervation without

(DN, n=15), or with direct electrical stimulation (ES, n=44). The

ES group was subdivided into groups that were stimulated with 4

(ES4, n=15), 8 (ES8, n=15), and 16 (ES16, n=14) mA. Basal con-

trol rats (n=12) were sacrificed at seven weeks of age. Tibiae and

TA muscles were collected from the basal group and from the

CON, DN and ES groups at one and three weeks after denerva-

tion. The rats in the DN and ES groups were anesthetized with an

intraperitoneal injection of sodium pentobarbital (40 mg/kg body

weight). The skin covering the buttock was cut on the left side,

and the sciatic nerve was exposed and separated from the sur-

rounding tissue. The sciatic nerve was frozen for 5 s with a stain-

less steel rod (5 mm diameter) that had been cooled in liquid

nitrogen1,25,26. This freezing procedure uniformly damages nerve

fibers, although they are more likely to become re-innervated

using this procedure compared to others, such as nerve crushing,

cutting or transection with a suture24-26. Neurectomy creates an

enduring model of leg disuse for situations where subsequent nat-

ural recovery is not desired. However, freezing nerves creates a

model of temporary disuse that allows complete immobilization

of innervated muscles for a specific period by temporarily dis-

abling peripheral nerve function, thus allowing observation of the

post-atrophy recovery process. We previously reported that tibial

bone loss continues for three weeks and recovers for ten weeks

after freezing the nerve1. All animal manipulations and protocols

proceeded in accordance with the guidelines presented in the

Guiding Principles for the Care and Use of Animals in the Field

of Physiological Sciences, published by the Physiological Society

of Japan. This study was approved by the Animal Committee of

the National Institute of Fitness and Sports.

Figure 1. Time courses of body weight of control (CON), sciatic denerva-

tion (DN) and DN with electric stimulation (ES4, ES8 and ES16) groups.
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Direct ES procedures

The day after muscle denervation, the TA muscle in all ES

groups were electrically stimulated by ES using Torio300 and

SEM-4201 electrostimulators (Sakai, Tokyo, Japan and Nihon

Kohden, Tokyo, Japan, respectively) with an isolator, and

paired silver surface electrodes (diameter 3 mm). The age-

matched control, DN and ES groups were anesthetized by

isoflurane inhalation (1.5-2.5%), and surface electrodes were

attached to the shaved anterior surface of the left leg only in

the ES rats. The left TA muscle was stimulated with an inten-

sity of 4, 8 or 16 mA at a frequency of 10 Hz and pulse width

of 250 μs, for 30 min per day, six days per week, for one or

three weeks. The ES regimen comprised two seconds of stim-

ulation followed by six seconds of rest (Figure 2). Age-

Figure 2. Representative muscle force profile induced by muscle stimulation at 10 Hz. Electric stimulation (ES) at 10 Hz was applied for 2 sec

followed by 6 sec of rest and repeated for 225 cycles in total. This level of ES caused little summation of twitch contraction.

Figure 3. Relative weight of tibialis anterior muscle at one (1w) and three (3w) weeks after denervation (A) and ratio (%) of tibialis anterior

(TA) muscle force relative to maximal tetanic force (B) and force-time integral (C) induced by electrical stimulation at intensities of 4, 8 and

16 mA at 10Hz. Electric stimulation (ES) at 16 mA elicited the highest values among three intensities. CON, age-matched control; DN, dener-

vation without ES; ES4, ES8 and ES16, denervation with ES at 4, 8, and 16 mA, respectively. *P<0.05 vs. CON; †P<0.05 vs. DN. Values are

means ± SD. ‡P<0.05 vs. 4 mA; §P<0.05 vs. 8 mA. 
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matched control and DN rats were also anesthetized for the

same duration as the ES group. Although the individual ES

regimen did not cause maximal contraction (10-30% maximal

contraction force; Figure 3) in denervated TA muscle, toe flex-

ion was visible. 

Electrical stimulation evoked muscle contraction force

We measured TA muscle tension under the described stim-

ulus conditions to determine which mechanical factors are

evoked by direct ES at various intensities26. Briefly, seven-

week-old rats (n=8) were anesthetized by continuous isoflu-

rane inhalation and placed on a heated plate to maintain body

temperature. The lower limb was secured and stabilized on the

working platform with restraining bars and pins at the knee

and ankle joints. The distal tendon of the TA was oriented

along the natural pull of the muscle and attached to a TB-654T

isometric transducer (Nihon Kohden)27 that was secured with

a 4-0 silk suture on a three-dimensional drive precision stage28.

A pair of silver electrodes (diameter 3 mm) was mounted on

the TA muscle, which was connected to electrostimulators. Iso-

metric contraction force and force-time integrals were meas-

ured under the same stimulation conditions with the daily

direct ES regimen. Maximum tetanic force was also deter-

mined from the average of three tetani. The muscle tension

signal was sampled at 2 kHz through a PowerLab 8SP A/D

converter (ADInstruments, Nagoya, Japan).

Tissue sampling

The TA muscles were harvested from rats anesthetized with

sodium pentobarbital (40 mg/kg body weight), weighed at the

end of the experiment and then TA muscle weight (MW) was

normalized by body weight (BW) and is expressed as a ratio

of MW/BW. A mixed fixative (0.1 mol/L sodium cacodylate

buffer pH 7.35 containing 1% glutaraldehyde, 1% formalde-

hyde and 0.05% CaCl2) was injected via the abdominal aorta

and perfusion fixation proceeded at room temperature for 30

min. The tibiae were removed and preserved in 70% ethanol. 

Microcomputed tomography (μCT)

Tibial bone microarchitecture was measured using a Sky-

Scan 1076 high-resolution micro CT scanner (SkyScan, Kon-

tich, Belgium). The specimens were wrapped in plastic film to

prevent drying while acquiring images under the following

conditions: source voltage, 70 kV; current, 141 μA; rotation

step, 0.6°; full rotation >180°; aluminium filter (to reduce

beam hardening), 1 mm; pixel size, 17.67 μm, exposure, 0.54

seconds. Three-dimensional (3D) microstructural image data

were reconstructed using NRecon software (SkyScan). Mor-

phometric parameters were calculated using CT Analyzer

(CTAn) software (SkyScan) for trabecular bone in the tibiae.

Trabecular bone within the proximal tibiae was extracted by

semi-automatically drawing interactive polygons on two-di-

mensional (2D) sections. The volume of interest (VOI) started

at a distance of 1 mm from the lower end of the growth plate

and extended distally for 113 cross sections (height, 2 mm).

The VOI comprised only trabecular bone and the marrow cav-

ity. The following parameters were measured according to the

guidelines for assessing bone microstructure in rodents using

micro CT29: bone volume fraction (BV/TV, %), trabecular

number (Tb.N), trabecular thickness (Tb.Th), trabecular spac-

ing (Tb.Sp), and connection density (Conn.D).

Bone histological staining

After micro CT imaging, each tibia was cut sagittally at the

proximal end and decalcified in 0.1 mol/L EDTA (pH 7.35) at

4°C for 2-3 weeks and embedded in paraffin. Longitudinal sec-

tions (5-μm thick) were stained with hematoxylin and eosin

(H-E) or Azan. Osteoid in decalcified specimens was stained

with H-E using the Goland-Yoshiki method30 as described1.

We measured at least 15 regions per field at 400-fold magni-

fication to calculate mean osteoid thickness (O.Th)31 using a

light/fluorescence microscope (BX61, Olympus, Tokyo,

Japan) and Image-Pro Plus 5 image analysis software (Media

Cybernetics, Rockville, MD, USA).

Statistical analysis

All data are expressed as means ± standard deviation.

Kruskal-Wallis analysis of variance on ranks followed by the

Dunn’s multiple test was applied to assess the statistical sig-

nificance of differences among the groups. Mean values in tra-

becular bone volume (BV/TV) and muscle weight (MW/BW)

in each group at each time point were normalized as ratios (%)

relative to basal control group value. The relationship between

mean %BV/TV and muscle weight was determined using

Pearson’s correlation coefficient. Significance levels were set

at P<0.05.

Results

Body weight

Figure 1 shows that all rats gained a significant amount of

weight during the experimental period (P<0.05). Body weight did

not significantly differ among the groups at one week after den-

ervation. The ES and DN groups weighed 5.2-10.6% less than the

age-matched control group at three weeks after denervation

(P<0.05), but the ES and DN groups did no significantly differ.

Muscle weight and ES evoked muscle contraction force

The weight of the TA muscle relative to body weight

(MW/BW) significantly decreased after denervation (P<0.05),

and the CON and DN groups significantly differed. Muscle

weight did not recover to either the basal level or the level of

the age-matched control group after ES for one or three weeks

(Figure 3A). However, the relative muscle weight was signifi-

cantly higher in both the ES8 and ES16 groups than in the DN

group at week one only (P<0.05). Direct ES at 10 Hz evoked

significantly more muscle contraction force in the TA with stim-

ulation intensity at both the beginning (0-1 min period) and the

end (29-30 min period) of ES for 30 min (Figure 3B). Direct

ES with 16 mA generated 23-30% of the maximal contraction

force. Force-time integrals evoked by ES of 16 mA were the

highest among the three stimulation intensities (Figure 3C).
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Bone analysis

Denervation resulted in significantly less trabecular bone vol-

ume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular

number (Tb.N), connectivity density (Conn.D) and increased

trabecular separation (Tb.Sp) in the DN, than in the CON group

in weeks one and three (P<0.05; Figure 4A-E). These values did

not recover to the control level after ES for one or three weeks.

However, these parameters were significantly higher in the

ES16, than in the DN group at week one (P<0.05). Regarding

the time course of BV/TV relative to the basal control after DN,

Figure 4. Trabecular bone volume and microarchitectural parameters of tibiae at one (1w) and three (3w) weeks after denervation. BV/TV, tra-

becular bone volume fraction (A); Tb.Th, trabecular thickness (B); Tb.Sp, trabecular separation (C); Tb.N, trabecular number (D); Conn.D,

connectivity density (E); CON, age-matched control; DN, denervation without ES; ES4, ES8 and ES16, denervation with ES at 4, 8 and 16

mA, respectively. *P<0.05 vs. CON; †P<0.05 vs. DN. Values are means ± SD.
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the process of BV/TV loss was more gradual in the ES16, than

in the other ES and DN groups. The BV/TV was significantly

higher in the CON, than in the ES4, ES8 and DN (P<0.05), but

not the ES16 group at week one. Osteoid thickness was also sig-

nificantly lower in the DN and ES, than in the CON group

(P<0.05), except for the ES16 group at week one (Figure 5). Os-

teoid thickness at week one was significantly greater in the

ES16, than in the DN (P<0.05), but not the ES4 and ES8 groups. 

Muscle weight and bone volume correlation

Correlations between ratios (%) of changes in trabecular

bone volume (BV/TV) and muscle weight (MW/BW) relative

to basal-control levels were analyzed at each time point after

DN in each group (Figure 6). The correlation between BV/TV

and muscle weight was significant (P<0.0001), with a corre-

lation coefficient of 0.94. 

Discussion

The present findings showed that electrical stimulation-in-

duced muscle force could decrease denervation-induced os-

teopenia at the early stage of disuse atrophy. The ability of the

relatively highest ES (ES16) to reduce bone loss, trabecular

architecture deterioration and osteoid formation was accom-

panied by the attenuation of muscle atrophy. In addition, the

% reduction in trabecular bone volume closely correlated with

muscle weight at after three weeks of ES to treat DN.

Frequency-dependent muscle stimulation (20-100 Hz) for

four weeks inhibited trabecular bone loss in the disused rat

femur19. A higher ES frequency under these conditions would

cause higher muscle contraction force because of the summa-

tion of twitch contraction and result in higher force-time inte-

grals during ES intervention. We applied stimulation

intensities of 4, 8 and 16 mA at 10 Hz. The ES at an intensity

of 16 mA and a frequency of 10 Hz, caused little summation

of twitch contraction, and elicited about 30% of maximal mus-

cle contraction force in the TA. These results showed that ES

at 16 mA reduced trabecular bone loss and structural changes

in the tibia after one week of denervation with ES, whereas ES

at 4 and 8 mA did not. However, ES did not reduce trabecular

bone loss at all stimulation intensities at three weeks of dener-

vation with ES. Our data indicated that relatively high-inten-

Figure 5. Histomorphometric findings of osteoid thickness and light microscopy of osteoid matrix at trabecular bone.

(A) Histomorphometric findings of mean osteoid thickness at one (1w) and three (3w) weeks after DN with or without ES. (B) Micrographs

show distinct eosinophilia of osteoid matrix (arrowhead) at trabecular bone stained with hematoxylin and eosin. CON, age-matched control

(100% at 0w); DN, denervation group without ES; ES4, ES8 and ES16, denervation with ES at 4, 8 and 16 mA, respectively. Bar=50 μm.

*P<0.05 vs. CON; †P<0.05 vs. DN. Values are means ± SD.
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sity (16 mA) ES, which does not cause tetanic muscle contrac-

tion, would retard trabecular bone loss and structural changes

at the early stages of disuse atrophy. 

We previously reported that high-intensity (16 mA) ES re-

tarded denervated muscle atrophy, although it might adversely

affect the regeneration of nerve terminals and/or the membrane

systems involved in e-c coupling after three weeks of denerva-

tion24. We speculated that muscle denervation for three weeks

with ES (16 mA) in the present study could not provide suffi-

cient functional load to reduce bone loss and that the appropri-

ate intensities should be determined to generate a reduction in

structural and functional damage in denervated muscle fibers.

The relative muscle weight was significantly higher in the

ES8 and ES16, than in the DN group. However, muscle weight

in all DN and ES groups gradually decreased over three weeks.

Muscle weight was 21% and 11% higher in the ES16, than in

the DN group after one and three weeks of ES, respectively.

Electrical stimulation reduced muscle atrophy after DN more

effectively at one, than at three weeks. A decrease in muscle

mass as a force-generating resource would result in a decrease

in mechanical stress to bone during ES. Although we did not

determine mechanical strain in the tibia during daily ES inter-

vention, the magnitude of mechanical strain induced by direct

ES in the tibia might be lower at three weeks than at one week

after DN. This might be one reason why ES did not reduce tra-

becular bone loss after DN at three weeks. Moreover, osteoid

was significantly thicker in the ES16 than the other ES groups

at one, but not at three weeks. This suggests that osteoblasts

maintained more bone collagen formation in the ES16 group

for one week after DN with ES. Therefore, the maintained os-

teoid formation appeared to reflect retardation of the decrease

in trabecular bone thickness at one week after DN. 

We also found a significantly close correlation coefficient

between relative BV/TB fractions and relative muscle weight

under our experimental conditions. This indicates that main-

taining muscle mass after DN with or without ES appreciably

impacts trabecular bone loss, and an ES regimen that can pre-

vent/retard muscle atrophy and maintain a muscle force output

sufficient to exert mechanical stress on bone tissue should be

important.

The effects of ES on the reduction of bone loss due to disuse

might be explained by the induction of mechanical and hu-

moral factors by muscle contraction and ES. Although we did

not examine bone strain in the present study, mechanical load-

ing is a major functional influence on the mass and structure

of bone tissue. The adaptive response of bone to mechanical

loading is essentially linear between peak dynamic load and

changes that occur in trabecular bone after denervation17. Even

low-magnitude mechanical stimuli (<10 microstrains) increase

bone formation in animal models of disuse15,32. Mechanotrans-

duction converts physical forces into biochemical signals that

are then integrated into cellular responses33. During mechani-

cal signal transmission, osteoblasts, osteocytes and cells that

line bone might act as sensors. These cells also produce growth

factors that might signal osteoprogenitors to differentiate into

osteoblasts and promote osteoblast activity34. Mechanical load-

ing promotes bone formation35, osteoblastic differentiation and

activity, and lining-cell reactivation36, while inhibiting the ex-

pression of osteoclast differentiation factor and osteoclast

numbers37. Mechanical stimuli of osteoblasts also induce the

secretion of growth factors including insulin-like growth factor

(IGF), vascular endothelial growth factor (VGEF), transform-

ing growth factor (TGF)-β, and the bone morphogenetic pro-

tein (BMP) that are considered to be the principal local

regulators of osteogenesis38. 

Systemic effects of ES were not investigated in the present

Figure 6. Correlations between muscle weight (MW/BW) and bone volume fraction (BV/TV) relative to basal-control values (100%) after DN

with or without ES.
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study, but electrically stimulated muscle contraction enhances

venous and arterial blood flow39, which subsequently increases

intramedullary pressure (ImP) and fluid flow in bone40. Oscil-

latory fluid flow-induced shear stress decreases osteoclasto-

genesis41 and stimulates osteoblast proliferation and

differentiation42. The role of muscle-derived growth factors in

bone formation has recently been discussed43,44. Muscle seems

to be an important, local source of growth factors for bone tis-

sue, yet the cellular and molecular mechanisms linking muscle

and bone tissues are not well understood. Exercise and muscle

contraction alter the secretion of several myokines that appear

to affect bone metabolism44. Some authors have reported that

myostatin (growth differentiation factor (GDF)-8) secretion in

muscle inhibits bone formation45, whereas IGF-1 and fibrob-

last growth factor (FGF)-2 stimulate bone formation in vivo

and in vitro46,47. Myokine secretion induced by muscle contrac-

tion might be one pathway of stimulating bone formation. 

One limitation of this study is that we did not determine pa-

rameters of possible mechanisms that might explain the effects

of ES on the reduction of bone loss due to disuse, and thus

more studies are required to elucidate such mechanisms. Al-

though dynamic and static histomorphometry analyses would

increase understanding of bone formation and bone resorption,

the main objective of this study was to assess the stimulation

intensity required to prevent structural failure and loss of in-

dividual bone and skeletal muscle after disuse induced by den-

ervation. Our data suggested that relatively small muscle

contraction induced by low-frequency (10 Hz) high-intensity

(16 mA) electrical muscle stimulation could delay trabecular

bone loss during the early stages (only at week one after den-

ervation) of musculoskeletal atrophy due to disuse.
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