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The development of new intervention to prevent osteopenia and muscle atrophy is 

a critical task as the incidence of osteoporosis continues to rise.  The overall objective of 

this dissertation was to evaluate the role of dynamic muscle stimulation (MS) in 

preventing trabecular bone loss and muscle atrophy via four studies. 

To investigate the importance of optimized stimulation frequency in the loading 

regimen, animals were divided into seven groups for the 4-week experiment: baseline 

control, age-matched control, hindlimb suspended (HLS), and HLS with muscle 

stimulation at 1 Hz, 20 Hz, 50 Hz, and 100 Hz.  Quadriceps stimulation was carried out 

for 10 minutes per day for 5 days per week, for 4 weeks.  The distal femurs and proximal 

tibia were analyzed with microcomputed tomography and histomorphometry methods.  

Bone quantity and structure were significantly improved by applying MS at mid-

frequency (20 Hz & 50 Hz).  Similarly, histomorphometric analysis showed slight 
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enhancement of bone formation indices, such as mineral apposition rate and bone 

formation rate.  However, these values were significantly lower than normal animals, 

suggesting the prevention of bone loss may be a result of decreasing resorption activity. 

To determine whether the contraction-to-rest ratio is an important parameter to 

affect the skeletal adaptive responses under a functional disuse environment, four 

contraction-to-rest ratio of 1/4, 2/8, 4/6, and 2/28 were tested.  Dynamic MS, applied at 

50 Hz frequency, with a 2/8 contraction-to-rest ratio demonstrated significant inhibition 

of trabecular bone loss against the 4 weeks disuse.  The results from this study confirm 

the potentials of dynamic muscle contraction in regulating skeletal adaptive responses 

and illustrated the importance of the contraction-to-rest ratio for future study.   

To evaluate the potential effects of dynamic MS on muscle atrophy associated 

with functional disuse, muscle wet weight, fiber cross-sectional area, number of central 

nuclei, type I, and II fibers were assessed.  The results showed that 10 minutes of daily 

stimulation could maintain muscle fiber types to the level similar to normal muscle.  

However, the short duration could not compensate for the loss of muscle weight and the 

reduction of fiber area.  These studies suggested that other parameter, i.e., duration of 

stimulation, may also influence the effect of the stimulation on skeletal muscle, in 

addition to the selection of stimulation frequency and C-R ratios within the regimen. 

To determine the effect of MS on the capillary supply within skeletal muscle, 

capillary analyses were performed on the quadriceps muscles from the age-matched, 

HLS, and 50 Hz MS with 2/8 contraction-to-rest ratio.  The capillary density and 

capillary-to-fiber ratio were evaluated.  Our results showed that the lack of daily activity 

significantly decreased the capillary-to-fiber ratio, while daily stimulation could maintain 
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this ratio similar to the level measured in normal muscle.  These results imply that 

dynamic muscle stimulation has the potential to regulate vascular adaptation, which may 

further protect the musculoskeletal system under a condition of functional disuse. 

Taken together, the overall results suggest that dynamic muscle stimulation, with 

the optimal stimulation signals, may be used to influence the musculoskeletal and 

microvascular adaptations concurrently. 
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I. Background  
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1. Introduction 

The quantity and quality of bone and skeletal muscle are closely interrelated and 

play important roles in daily physical functions.  The deterioration of musculoskeletal 

tissues, i.e., bone loss and muscle atrophy, are the results associated with osteoporosis.  

The etiologies of such disease, i.e., lack of weight bearing activity and muscle weakness, 

are apparent, yet the detailed mechanism leading to the loss and deterioration of bone and 

muscle are not fully understood.  Common countermeasures for osteoporosis include the 

use of pharmacologic agents, which may have additional side effects toward the body.  

Exercise can delay the occurrence of bone loss and maintain muscle endurance, but may 

further generate complications such as microdamage accumulation.  Another approach 

toward such disease is to apply an external mechanical stimulus to initiate and regulate 

the remodeling processes.  Musculoskeletal tissues are responsive to dynamic 

biomechanical signals.  Various biomechanical stimuli, such as vibration, fluid pressure, 

ultrasound, and electrical stimulation, have been extensively studied as countermeasure 

for osteoporosis.  In particular, this dissertation will focus on using dynamic muscle 

stimulation as the external stimulus to prevent musculoskeletal tissue loss and 

deterioration due to disuse.   

 

2. Significance 

 Osteoporosis is a silent, chronic metabolic bone disease, characterized by low 

bone mass, deterioration of bone microstructure, loss of muscle volume, decreased bone 

and muscle strength leading to increased bone fragility and susceptibility to fractures [1-

3].  Osteoporosis affects over 200 million people worldwide, including 44 million 
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Americans, and is expected to increase with the rising aging population [2, 4]. The 

National Osteoporosis Foundation indicated that osteoporosis is a major public health 

threat.  It is predicted that by 2020, 50% of Americans over 50 would be developing 

osteoporosis [5]. 

The increased fracture risk, due to bone and muscle fragility, leads to high 

morbidity and mortality of the population and imposes a financial burden on the 

community [1].  According to the National Institutes of Health, osteoporosis is 

responsible for 1.5 million fractures each year [6, 7].  The most common fracture sites are 

spine, hip, and wrist, with the estimated incidence of 700,000 at the spine and 250,000 at 

the hip and wrist [7].  The annual medical expenditures for the management of 

osteoporosis, such as physician visits and hospitalizations, are estimated at $17 billion 

and increasing [8].   

The etiology of osteoporosis is multi-factorial, including aging, disuse, and 

hormonal changes.  The risk factors involve demographics (age, sex, and ethnicity), 

genetics (family history), and environmental (nutrients and exercise) aspects of an 

individual [9, 10].  The standard diagnostic technique for osteoporosis is to measure the 

bone mineral density (BMD) in the hip, spine, and wrist.  Based on epidemiologic 

studies, the World Health Organization defines osteoporosis on the basis of BMD 

measurements obtained via dual energy x-ray absorptiometry, as a T-score of greater than 

2.5 standard deviations below the mean for young healthy individuals at their peak bone 

mass [2].  Osteopenia, a condition also characterized by a decrease in bone density, is 

defined with a T-score between 1 and 2.5 below the reference mean.  Studies have shown 

that osteopenia precedes the development of osteoporosis [11, 12].  Thus, animal models 
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with osteopenia are often used for determining and improving preventive measures for 

osteoporosis.   

 

3. Musculoskeletal Physiology 

 Skeletal Tissue.  The principal role of the skeleton is to provide structural support 

for the body along with important functions of mineral reservoir, hemopoiesis, and 

protection for internal organs.  Given the skeleton’s ability to adapt its form to functional 

demands, it is essential to understand the biology of bone and its processes for structural 

adaptation.   

 At the gross morphological level, cortical (compact) bone and trabecular 

(cancellous) bone have been shown to modify their structure in response to applied 

mechanical loads, immobilization, hormonal influences, and other factors [13-17].  

Cortical bone forms approximately 80% of the skeleton, enclosing the marrow cavity and 

trabecular bone.  In long bones (e.g., femur and tibia), trabecular bone constitutes the 

metaphyseal and epiphyseal regions, and occupies the marrow cavity [18].  The density 

and architecture of trabecular bone are important in justifying how applied mechanical 

forces are distributed to the surrounding cortical bone [19].  Dense cortical bone makes 

up the diaphyseal region and provides maximum resistance to torsion and bending [19].  

Together, long bone can adapt to the additional stresses and strains during weight-bearing 

activities, such as running.   

 At the microscopic level, an important structural component of cortical bone is 

the osteon, or Haversian system.  In long bone, osteons are cylindrical structures oriented 

parallel to its long axis and to the main compression stresses [20].  Structurally, an osteon 
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is a group of concentric tubes, called lamella, resembling the architecture of plywood [18, 

21].  Each lamella is a layer of bone matrix consisting of densely packed collagen fibers 

running in a single direction.  The collagen fibers of adjacent lamellae always run in a 

different direction, which provides an alternate pattern for withstanding torsion stresses 

[20].   

Blood Supple to Bone.  The skeletal vascular system supplies nutrients to and 

removes wastes from bone tissue, marrow cavity and periosteum.  Its organization insures 

that no cell lies more than 300 μm from a blood vessel [22].  Skeletal injuries can lead to 

a disruption of blood supply to bone, which can further influence the healing processes of 

bone tissue [23].  Thus, it is important to understand the distribution of blood supply to 

bone tissue.  In all long bones, there is a similar pattern of blood vessels, consisting of 

two circulatory systems:  the periosteal-diaphyseal-metaphyseal system and the 

epiphyseal-physeal system [13].   

There are three sources of blood supply to the diaphysis and metaphysis of long 

bones:  nutrient arteries, periosteal arteries, and arteries that penetrate the epiphysis and 

metaphysis.  Nutrient arteries pass through the diaphysis and branch proximally and 

distally within the medullary cavity.  These medullary arteries join multiple branches 

from the periosteal and metaphyseal arteries to form the medullary vascular system [24]. 

This system feeds the inner two-thirds of the cortex via capillaries, which traverse the 

bone matrix through anatomical spaces known as Haversian canals [25].  Thus, the 

primary direction of blood flow through the cortex is centrifugal.  As the medullary 

vascular system supplies the inner two-thirds of the cortex, the outer one-third receives 

blood from the periosteum [25].   
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Bone Remodeling.  The process of bone remodeling is to remove old bone tissue 

and replace it with newly formed bone.  It occurs throughout one’s lifetime and plays a 

dominant role in maintaining the structure of the skeleton, via the functions of various 

cell types.  The remodeling process is accomplished by osteoblasts and osteoclasts 

working together as basic multicellular units [26].  Osteoblasts are the bone forming cells 

that lay down the extracellular matrix and regulate mineralization, while osteoclasts are 

the multinucleated cells that resorb mineralizing surface [27, 28].  Osteocytes, derived 

from osteoblasts, are the most abundant in bone and are believed to have a primary role 

in the detection of mechanical signals [29].  The basic multicellular unit follows well-

defined steps; it begins with activation, followed by resorption, and then formation.  It is 

estimated that the total time for one remodeling cycle, from activation to formation is 12 

weeks [18]. 

Muscular Tissue.  Skeletal muscular tissues attach to bone, serve to produce 

movements and maintain posture [30].  Skeletal muscle fibers are multinucleate cells 

formed by the fusion of myoblasts.  The nuclei are arranged around the edge of the fiber 

and the interior of the fiber consists of protein filaments which are responsible for 

contraction.  Muscles have excellent blood supply with capillaries forming a network 

between fibers.  In mammals, the bulk of muscle fibers are supplied by the alpha 

motoneurons, innervating a number of muscle fibers [31].  Individual muscle fiber 

consists of bundles of small myofibrils, where sarcomeres – the repeating striated pattern 

formed by the thick and thin filaments, are apparent through electron microscopy [32].  

The molecular composition of filaments comprises of myosin, actin, troponin, and 
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tropomyosin.  The interactions of these proteins are the basic constituent in skeletal 

muscle contraction. 

 Muscle Contraction.  Contraction of muscle is initiated by neuromuscular 

transmission [31].  Calcium ions are released from the sarcoplasmic reticulum and binded 

to troponin, which in turn allow the binding of myosin and actin to occur.  The cross-

bridge interaction between myosin and actin is the basis of the sliding filament 

mechanism, in which contraction occurs due to the sliding motion of the thick and thin 

filaments, creating an overlapping region [33].  Once contraction is stopped, calcium ions 

are pumped back out to the sarcoplasmic reticulum, terminating the entire sliding 

mechanism. 

 

4. Bone Loss as a Characteristic of Osteoporosis 

 The removal of weight-bearing activity generates skeletal adaptive response, 

resulting in “disuse osteoporosis”.  Disuse osteoporosis is mainly experienced by 

astronauts in long-term space mission and patients with spinal cord injuries (SCI).  It has 

been established that significant and rapid bone loss often occurs in the lower extremities, 

i.e., femoral neck and pelvic.  It is estimated that 1-2% of site specific bone mineral 

density (BMD) is lost per month due to the exposure to microgravity [34-37].  In 6-

months spaceflight, cosmonauts experienced up to 6% and 3% decreases in tibia 

trabecular and cortical bone mass, respectively, and 13.2% loss of calcaneus broadband 

ultrasound attenuation [38, 39].  Other demonstrated that trabecular volumetric BMD was 

lost 2.2 to 2.7% per month at the hip and 0.7% per month at the spine [36].  Similarly, the 

lack of physical activity following SCI leads to reduction in bone mass is dramatic.  In a 
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study with 41 SCI patients, 61% of the patients were diagnosed with osteoporosis, 20% 

with osteopenia, and 34% fracture incidences [40].  During chronic immobilization, 

BMD measurements showed tremendous decrease at both femur (30% at femoral neck, 

25% at diaphysis, 48% at distal site) and tibia (45% at proximal site and 25% at 

diaphysis) [41, 42].  The quantity of bone loss in humans subjected to microgravity and 

SCI is comparable, yet the mechanisms may not be equivalent.  Re-ambulation after 

unloading allowed some site-specific bone mass to be restored but may not be completely 

recover back to normal condition [38, 39, 43].  Thus, intervention is continuously being 

developed through new investigation on the physiological mechanisms underlying disuse 

osteoporosis.  

 

5. Muscle Atrophy as a Characteristic of Osteoporosis 

 The interrelationship between muscular and skeletal tissues is an important topic 

in studying a major skeletal disease like osteoporosis.  The structural and functional 

adaptations of skeletal muscle to microgravity and disuse after SCI have been studied at 

various levels in link to the reduction of skeletal integrity.  In term of lower extremity 

muscle volume, studies reported a decrease of 10% in the quadriceps, 19% in the 

gastrocnemius and soleus after a 6-months space mission [44].  Computed tomography 

measurements of the muscle cross sectional area (CSA) indicated a decrease of 10% in 

the gastrocnemius and 10-15% in the quadriceps after short-term missions [45, 46].  

Similar results were concluded after SCI, where patients suffered significant 21%, 28% 

and 39% reduction of CSA in the quadriceps femoris, gastrocnemius, and soleus muscles, 

respectively [47, 48].    In addition to the whole muscle size, muscle fiber characteristics 
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were also modified due to inactivity.  Muscle fiber can mainly classify into two types; 

slow (type I) fibers play important role in maintaining body posture while fast (type II) 

fibers response to physical activity.  Under disuse condition, all fiber types were 

decreased in size, 16% for type I and 23-36% for type II [49, 50].  The atrophied soleus 

muscles were also undergone a shift from type I (-8% in fiber numbers) to type II fibers 

[50, 51].   

 The high incidence of falls in elderly women leads to increase fractures is closely 

associated with muscle weakness and sacropenia, a loss in muscle mass.  Approximately 

25% of osteopenic and 50% of osteoporotic postmenopausal women also have sacropenia 

[3].  It was determined that in premenopausal women, the prevalence of sarcopenia was 

1.5% but the percentage rose to 19.5% in postmenopausal women [3].  Quadriceps 

isometric strength was significantly decreased in ten postmenopausal women over a 39-

weeks longitudinal study [52].  However, the involvement of hormonal changes on 

physiological muscle adaptive response is not fully understood.  It is clear though, 

muscular adaptation due to lack or reduction of physical activity has a significant impact 

on osteoporosis. 

 

6. Musculoskeletal Responses in Functional Disuse Model 

 Hindlimb suspension (HLS) is a well-developed disuse model, where animal 

hindlimbs are lifted and suspended for the duration of the study, resulting in the 

unloading of the hindlimbs that normally have weight-bearing function.  There are 

similarities when comparing musculoskeletal adaptations between animal and humans 

models.  Site specificity is one such feature.  Bone loss after space missions was mainly 
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at the metaphysis and epiphysis regions of the lower extremities [53].  The occurrence of 

osteopenia subsequent to HLS is also site specific, in which only weight-bearing bone is 

negatively affected.  HLS studies with skeletally mature adult rats have resulted in up to 

20% reduction of trabecular BMD at the femoral neck and proximal tibia [54, 55].   

Cortical BMD reduction was not effected by the HLS as much as the trabecular bone site 

[54, 55].  Other studies have shown that HLS reduced calcium content by 7-12% at tibia 

and 11% at femur [56, 57].  Bone resorption biochemical markers increased after both 

human and rat HLS disuse models.  However, reductions in bone formation were not 

often mentioned in human spaceflight studies.  Histomorphometric analyses in HLS 

experiments indicated decrease in bone formation rate at various sites, i.e., 34% at the 

tibio-fibular junction [56], 65-88% at tibia mid-diaphysis periosteal surface [55, 58], and 

19% at distal femur metaphyseal trabecular bone surface [54].   

 Furthermore, hindlimb suspended muscles, i.e., soleus and gastrocnemius, 

undergo atrophy and slow-to-fast phenotype transition similar to human in spaceflight 

and after SCI.  Soleus atrophy was demonstrated in numerous HLS studies, reducing the 

soleus to body weight ratio by 30% and individual fiber CSA by 66% [59, 60].  HLS 

induces muscular adaptation via regulating cellular activities.  Satellite cells, myogenic 

precursor cells, have been shown to serve as a source of new myonuclei during 

regeneration [61, 62].  16-days HLS diminished satellite cell mitotic activity yet a period 

of reloading returned its mitotic activities to normal [60].  Other cellular activities, such 

as apoptosis, have also activated in response to muscle disuse [63].   
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7. Fluid Flow as a Mediator for Musculoskeletal Adaptation 

Musculoskeletal microvascular circulation provides for the supply of nutrients to 

and the removal of metabolites from muscle and bone.  Incomplete blood flow or 

discontinuous mechanical-driven fluid flow can reduce the nutrient supply placing the 

bone cells in a state of stress, initiating remodeling, and thus resulting in osteopenia [23, 

64].  Mechanical loading induced intracortical bone fluid flow, via matrix deformation 

and/or increased intramedullary pressure, has been shown to mediate bone adaptation in 

normal and disuse conditions [65, 66].  Increased intramedually pressure generates 

pressure gradients within the marrow cavity which can further induce interstitial fluid 

flow, initiating metabolic activities at the cellular level [67, 68].  Our previous work 

using avian model showed that bone subjected to oscillatory fluid flow via increased 

intramedually pressure resulted in significant new bone formation, which demonstrated 

anabolic fluid movement play a regulatory role in the remodeling process [23, 65].     

Other studies have demonstrated the interactions between blood flow to bone and 

bone remodeling.  One example showed that by ligating the nutrient artery for 5 months 

can cause removal of cortical bone but formation of periosteal bone [25].  In a goat 

model, blood was pumped into the marrow cavity to achieve continuous intraosseous 

pressures of 30-45mmHg for 10 days, and significant increase in BMD was observed 

[69].  It has been shown that venous occlusion can initiate periosteal bone formation.  On 

the contrary, arterial occlusion can reduce the oxygen pressure within pig femoral 

condyle from 40mmHg to 15mmHg [70].  The medullary gas composition was linked to 

osteogenesis, where oxygen consumption was high and is acquired for a specialized 

transport system to augment diffusion across the cortex [71, 72].    
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Inducing fluid flow via external mechanical stimuli on muscle adaptation is not 

well established.  Both voluntary and dynamic exercise appears to markedly increase 

blood flow to musculoskeletal tissue [72].  It is thought that muscle contraction promotes 

blood flow to bone and muscle based on the muscle pump system.  Skeletal muscle 

contains rich microvasculature, where contraction of the muscle compresses blood 

vessels.  Blood flow in arteries propagates to capillary beds, increasing the intravascular 

hydraulic pressure [64, 73].  On the other hand, muscle blood flow is promoted by 

expelling blood out of the venous capacitance vessels, thereby reducing venous pressure 

and creating a pressure gradient [72-74].  Increased pressure in the nutrient arteries can 

directly increase the intramedullary pressure and substantially increase the fluid volume 

in the marrow cavity, which drive fluid flow in bone.  Hence, it is thought that dynamic 

musculo-contraction may follow this mechanism to enhance fluid flow to bone and 

muscle, and potentially mediate musculoskeletal adaptive responses.  

 

8. Mechanical Loading as a Countermeasure for Osteoporosis 

Musculoskeletal tissue is responsive to mechanical stimuli and has the ability to 

adapt by altering its mass and morphology.  In the absence of weight-bearing activity, 

nutritional and endocrine interventions cannot maintain bone mass [2, 75].  Skeletal 

muscle contractions via daily activity impose large intrinsic loads on bone, and such 

loads have been shown to promote osteogenic responses in bone [76, 77].  Reduced 

muscle contractile activity decreases muscle blood flow, mass, tone, and strength in 

disuse environment, ultimately reducing postural stability and increasing fracture risk 

[73].   
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Mechanical signals are critical in regulating bone and muscle gene expression, 

cellular activities, tissue morphology, architecture, and function.  Evidence has indicated 

that dynamic low magnitude high frequency signals, such as vibration and muscle-

induced contraction, are osteogenic and able to inhibit osteopenia under disuse conditions 

[78-81].  These adaptive responses are highly dependent of mechanical parameters, i.e., 

strain rate and magnitude [65, 66, 68, 80].  It is hypothesized that these anabolic low-

level mechanical signals generate small mechanical strain information (10-100με), which 

integrates over time to produce a greater uniform strain stimulus on the skeleton [79, 82].  

Muscular adaptations to mechanical signals include muscle fiber size, density and slow-

to-fast fiber type transformation [83, 84].  The effects of externally applied mechanical 

force, i.e., electrical stimulation of muscles, on the musculature have been shown to 

produce changes not only within the muscle fibers, but also at the muscular 

microvasculature [85, 86].  The structural and functional remodeling of skeletal muscle 

microvasculature in respond to mechanical force, suggests that anabolic adaptation may 

influence fluid flow within the musculoskeletal system and alters blood supply to bone 

and muscle [64].   

  

9. Musculoskeletal Responses to Electrical Muscle Stimulation  

Functional electrical stimulation alters muscle morphology, biochemical, and 

mechanical properties [83, 87, 88].  However, discrepancies in various results implied the 

effectiveness of electrical stimulation is highly depended on the regimen.  Tissue 

adaptations are thought to be related to the increased blood flow induced by contraction 

[73, 89].  Although the underlying mechanism is still unclear, several hypotheses have 
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been considered.  The muscle pump theory, effecting both muscle and bone [64, 74], 

suggests that the expulsion of blood from the vasculature of skeletal muscle is the result 

of venous compression.  Thus, dynamic contraction repeats this pumping action and 

potentially increases fluid perfusion to musculoskeletal tissues [89].  Others proposed that 

skeletal muscle hyperemia is mainly the contribution of vasodilation due to the release of 

vasoactive substance from contracting muscle [90].  The role of both mechanisms 

remains controversial, perhaps muscle pump contribute to the immediate response of 

contraction while vasodilation generates the delayed effect. 

Similarly, the influence of electrical muscle stimulation on skeletal adaptive 

response is also inconclusive.  Zerath et. al. reported muscle stimulation partially 

maintain the anabolic response in unloaded trabecular bone, yet there was no effect in 

trabecular bone volume and microstructure [91].   

To further elucidate the immediate mechanical and fluid responses in bone, we 

have previously investigated the magnitudes of intramedullary pressure (ImP) and bone 

stain generated by dynamic el electrical muscle contraction in response to a broad range 

of stimulation frequencies (1, 2.5, 5, 10, 15 20, 30, 40, 50, 60 and 100 Hz).  By applying 

muscle stimulation, with 1 ms square pulse at 2 V, to quadriceps, our results indicated 

that the changes in ImP and strain to stimulation frequency were nonlinear at the femur 

[92].  Normal heart beat generated approximately 4 mmHg of ImP in the femur at a 

frequency of 5.37 ± 0.35 Hz.  The ImP reached a maximum of 45 ± 9.3 mmHg at 20 Hz 

(Figure 1).  The contraction of skeletal muscle generated fluid pressures in the marrow 

cavity of 17, 24, 37, 26, and 3 mmHg at frequencies of 1, 5, 10, 40, and 100 Hz, 

respectively (Figure 1).  The contraction of skeletal muscle generated femoral matrix 
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strains of 61, 87, 128, 78, 18, and 10 με at frequencies of 1, 5, 10, 20, 40, and 100 Hz, 

respectively (Figure 2). The maximum ImP was measured at 20 Hz but the maximum 

matrix strain was measured at 10 Hz (Figure 2).  With the stimulation frequency above 30 

Hz, values of matrix strain decreased by more than 75% of the peak strain at 10 Hz.  For 

frequencies from 40 Hz to 100 Hz, values of matrix strain were less than 20 με.   

Based on the strain data, we found that the stimulation applied at 1, 2.5, 5, and 10 

Hz to the skeletal muscle is equivalent to the loading frequency experienced by the femur 

(Figure 3).  With the stimulation frequency above 10 Hz (20 to 100 Hz), the loading 

frequency is corresponding to the number of tetanic contraction applied in a given time 

(Figure 4).  For example, stimulation at 20 Hz for 2 seconds followed by 8 seconds rest 

showed a loading frequency of 0.1 Hz (one contraction every 10 seconds). 

   

10. Summary 

 Many studies have demonstrated that a change in the mechanical environment, 

i.e., disuse, can have serious consequences.  The development of new intervention to 

prevent osteopenia and muscle atrophy is a critical task as the incidence of osteoporosis 

continues to rise.  The application of mechanical stimulus to induce adaptations at 

multiple affected tissues, i.e., muscle and bone, simultaneously is particularly attractive.  

Although with varied outcomes, the potential of electrical muscle stimulation as a 

countermeasure for disuse osteoporosis may be uncovered by modifying the stimulation 

regimen.  Hence, it is necessary to determine the mechanical parameters within muscle 

stimulation regimen that can affect the responsiveness of musculoskeletal tissues. 
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Figures 

Figure 1.1 

 

Graphs show mean ± SD values from the ImP measurement.  ImP in femur increased 
significantly with electrical frequency at 5, 10, 15, 20, 30, and 40 Hz. In the loading 
spectrum from 1 to 100 Hz, stimulation at 1 Hz generated an ImP of 18 mmHg.  A 
maximum ImP of 45 mmHg was measured at 20 Hz, which was 2.5 folds higher than 1 
Hz. a p <0.05 vs. baseline ImP; b p <0.01 vs. baseline ImP. 
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Figure 1.2 

Graphs show mean ± SD values from the bone surface strain measurement.  Dynamic 
muscle stimulation applied at various frequencies significantly increased bone strain.  In 
the loading spectrum from 1 to 100 Hz, stimulation at 1 Hz produced a strain of 62 με.  
Peak strain of 128 με was recorded at 10 Hz stimulation.  The strain magnitude was 
reduced by >75% of the peak strain for stimulation frequencies greater than 30 Hz. a p 
<0.01 vs. 1, 2.5, and 5 Hz; b p <0.01 vs. 10 Hz; c p <0.001 vs. stimulation 20 Hz and below.
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Figure 1.3 

Graphs show the fast fourier transform of the bone strain measurements from stimulation 
at 5 Hz (A), and 10 Hz (B & C).  The stimulation frequencies applied at 5 and 10 Hz is 
equivalent to the loading frequency experienced by the femur, as shown in A & B.  The 0.1 
Hz signal, observed in C, was generated by the number of contraction period per cycle (2 
seconds contraction per 10 seconds).  
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Figure 1.4 

Graphs show the fast fourier transform of the bone strain measurements from stimulation 
at 20 Hz.  (A) The stimulation frequency of a tetanic contraction does not reflect on the 
bone strain measurement.  (B) The loading frequency felt by the femur is corresponding to 
the number of tetanic contraction applied in a given time (once every 10 seconds).  
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II. Hypothesis and Specific Aims 
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Mechanotransduction induced by loading and fluid flow plays a vital role in bone 

and muscle remodeling processes.  Increased fluid perfusion in the musculoskeletal 

system during physical exercise has the potential to initiate adaptive responses in both 

tissues and enhance tissue interaction.  A change in the physiological and/or pathological 

environment, i.e., microgravity and functional disuse, can influence skeletal and muscular 

tissue quantity and quality. These alterations lead to major health concerns, such as 

osteoporosis and sarcopenia, effecting millions of individuals and posing a significant 

financial burden.  Bone loss and muscle atrophy are often associated with increased 

fracture risk, critically impact on the individuals’ morbidity and mortality.  In this study, 

induced dynamic skeletal muscle contractions will be investigated as a potential 

prevention and countermeasure for osteoporotic bone loss and muscle atrophy. 

The intimate relationship between skeletal muscle and bone mechanic has brought 

new insights for osteoporosis interventions.  Musculoskeletal fluid filtration may serve as 

a critical mediator for the interactions between muscle and bone, where an external 

stimulus may enhance such fluid flow and initiate adaptation.  Skeletal muscle 

contraction promotes blood flow within muscular tissue, increasing the intramedullary 

pressure and generating low-level deformation that further drives fluid flow to bone.  The 

potential of dynamic electrical muscle stimulation (MS) on the musculoskeletal 

regulatory responses was the main focus of this dissertation.  Mechanical components, 

i.e., stimulation frequency and contraction-to-rest ratio, were varied and used to optimize 

the adaptive responses in a functional disuse model.   
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Global Hypothesis: Dynamic MS can regulate osteogenic and muscular adaptations, 

which alleviates bone deterioration and muscle atrophy under a condition of functional 

disuse.   

The global objective of this dissertation was to evaluate the role of dynamic MS in 

prevention of bone loss and muscle atrophy, via four specific aims (S.A.) and sub-

hypotheses. 

S.A.1. Determined the effects of stimulation frequency within the dynamic MS regimen 

on disused skeletal tissue. 

Sub-hypothesis 1. Dynamic MS can prevent bone loss from disuse as a function of 

stimulation frequency dependant.    

• Applied dynamic muscle contraction with stimulation frequency at 1 Hz, 20 Hz, 

50 Hz, and 100 Hz, to a 4-week hindlimb suspended rat model. 

• Evaluated trabecular bone quantity and its microstructural properties of the femur 

and tibia using micro-computed tomography (μCT). 

• Evaluated the dynamic remodeling processes using fluorescent 

histomorphometric analysis. 

S.A.2. Optimized the skeletal adaptive response by inserting various contraction-to-rest 

ratios into a frequency-specific MS regimen, result based on S.A.1 (Chapter 2).  

Sub-hypothesis 3. Inhibition of bone loss due to disuse can be optimized by inserting a 

range of rest periods during dynamic MS.   

• Applied a frequency-specific MS with various contraction-to-rest ratios of 1 sec-

to-4 sec, 2/8, 4/6, and 2/28, to a 4-week hindlimb suspended rat model. 
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• Examined trabecular bone quantity and its network of the femur and tibia using 

μCT. 

• Evaluated the bone formation activity using histomorphometric analyses. 

S.A.3. Investigated the effects of stimulation frequency within the dynamic MS regimen 

on disused muscular tissues (Chapter 3). 

Sub-hypothesis 2. Dynamic MS can reduce muscle atrophy induced by the lack of weight 

bearing activity and the preventive degree of muscle atrophy is dependent to the 

stimulation frequency. 

• Assessed the cross-sectional area of muscle fibers and the number of fiber with 

central nuclei via standard H&E method. 

• Examined the number and size of type I and type II muscle fibers via ATPase 

staining. 

• Evaluated the regenerative response of muscle fibers using immunohistochemistry 

technique. 

S.A.4. Evaluated the skeletal muscle vasculature adaptation in response to the hindlimb 

unloading and daily muscle stimulus (Chapter 4).   

Sub-hypothesis 5. The skeletal muscles subjected to 4-weeks electro-musculo-contraction 

can regulate microvasculature adaptive response, i.e., increase the capillary density 

between muscle fibers.   

• Evaluated the capillaries that are embedded between muscle fibers via 

immunohistochemistry and ATPase staining. 
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III. The Effects of Frequency-Specific Dynamic Muscle Stimulation on 
Inhibition of Trabecular Bone Loss in a Disuse Model 
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Abstract 

 Clinical electrical stimulation has been shown to alleviate muscle atrophy resulting 

from functional disuse, yet little is known about its effect on the skeleton.  The objective 

of this study is to evaluate the potential of dynamic electrical muscle stimulation on 

disused trabecular bone, and to investigate the importance of optimized stimulation 

frequency in the loading regimen.  Fifty-six skeletally matured Sprague-Dawley rats were 

divided into seven groups for the 4-week experiment: baseline control, age-matched 

control, hindlimb suspended (HLS), and HLS with muscle stimulation at 1 Hz, 20 Hz, 50 

Hz, and 100 Hz.  Muscle stimulation was carried out for 10 minutes per day for 5 days 

per week, for 4 weeks.  The metaphyseal and epiphyseal trabecular regions of the distal 

femurs and proximal tibia were analyzed with microcomputed tomography and 

histomorphometry methods.  HLS alone for 4-week resulted in a significant amount of 

trabecular bone loss and structural deterioration.  Electrical muscle contraction at 1 Hz 

was not sufficient to inhibit trabecular bone loss and resulted in similar amount of loss to 

that of HLS alone.   However, bone quantity and structure were significantly improved by 

applying muscle stimulation at mid-frequency (20 Hz & 50 Hz).  Dynamic stimulation at 

50 Hz demonstrated the greatest preventive effect on the skeleton against functional 

disused alone animals (up to +147% in bone volume fraction, +38% in trabecular number 

and -36% in trabecular separation).  Similarly, histomorphometric analysis in the femur 

showed slight enhancement of bone formation indices, such as mineral apposition rate 

and bone formation rate.  These data clearly demonstrated the potentials of frequency-

specific dynamic muscle contraction in regulating skeletal adaptive responses under 

distress conditions.  Electrical muscle application, with a specific regimen, may be 
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beneficial to future orthopedic research in developing a countermeasure for disuse 

osteoporosis. 

 

Introduction 

Disuse osteoporosis is a common skeletal disorder in the elderly, in patients 

subjected to prolonged immobility or bed-rest, e.g., fracture and spinal injury, and in 

astronauts who participate in long-duration spaceflight.  Conditions associated with 

disuse osteoporosis are often identified as decreased bone mass and deterioration of the 

skeletal microarchitecture.  These physiological changes generate additional health 

complications, including increased risk of falls and fracture, and poor long-term recovery.  

Thus, there is a great need to develop a clinically applicable intervention for the 

prevention of progressive osteopenia.   

 Clinical electrical stimulation has been examined extensively in SCI patients to 

strengthen skeletal muscle and alleviate muscle atrophy with promising outcomes [93, 

94].  A few physical training studies further investigated this electrical technique to 

determine the effect on the skeleton and showed mixed results in bone density data [95-

97].  Electrical muscle stimulation (MS) with disuse animal models also demonstrated 

effectiveness in the musculoskeletal tissues.  Several investigators have shown that 

muscle contraction can prevent muscle atrophy to varying degrees, depending on the 

experimental regimen [98, 99].  When studying bone adaptive response to electrical 

stimulus, results were mixed.  Zerath et. al. found that electrical stimulation increased 

osteoblast activity after 3-weeks disuse, while Midura et. al. reported partial preventive 
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effect on osteopenia [91, 100].  One explanation for these discordant outcomes observed 

in both clinical and in vivo studies might be the selection of the applicable signals.   

One potential mechanism for the observed effect of MS in inhibiting skeletal 

deterioration is through the coupling of muscle and bone mechanotransduction in the 

skeleton.  Bone is more sensitive to dynamic stimulation rather than to static load.  

Specific mechanical parameters, e.g., frequency, cycle numbers, duration of stimulus, 

magnitude and rest-insertion, are found to be the key determinants in generating bone 

strain and bone fluid flow, all of which may be imperative to the mechanotransductive 

signaling cascade in bone modeling and remodeling [68, 101, 102].  Zhang et. al. showed 

knee loading at 15 Hz in mice was able to increase cortical cross-sectional area and 

enhance mineral apposition rate [103], while a preliminary vibration study at 30 Hz with 

premenopausal women demonstrated a significant increase in BMD [104].  The 

stimulation frequencies of various types of mechanical loads, e.g., direct compression, 

vibration, and fluid pressure, determined the outcomes of many in vivo, in vitro, and 

clinical trials [65, 103-107].   

Our group has demonstrated previously that various stimulation frequencies can 

generate different level of surface strain and intramedullary pressure in long bone.  Here, 

we hypothesized that daily induced dynamic muscle contraction can inhibit bone loss and 

maintain the trabecular network during a 4-week study using a functional disuse model, 

and that the adaptive response is dependent on the stimulation frequency.  To further 

explore the potential of electrical stimulation as a non-invasive approach to the skeletal 

system, our objective was to investigate the effect of dynamic electrical muscle 

contraction on disused trabecular bone.  In particular, we examined the importance of the 
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stimulation frequency in the inhibition of osteopenia in a hindlimb suspension (HLS) 

animal model. 

 

Materials and methods 

Experimental Design 

All experimental procedures were approved by the Laboratory Animal Use 

Committee at Stony Brook University.  Fifty-six 6-months-old female Sprague-Dawley 

retired breeder rats (Taconic, NY) were used to investigate the effects of frequency-

dependent dynamic muscle stimulation (MS) on skeletal adaptation under disuse 

environment.  They were housed individually in 18”x18”x24” (LxWxH) stainless steel 

HLS cages in a temperature-controlled room with a 12:12 hour light:dark cycle, and were 

provided standard rodent chow and water ad libitum.  Animals were transferred to these 

cages one week prior to the experiment start date in order to acclimate them to their 

environment.  Animals were randomly assigned to seven groups with n=8 per group: (1) 

baseline control, (2) age-matched control, (3) HLS, (4) HLS+1 Hz MS, (5) HLS+20 Hz 

MS, (6) HLS+50 Hz MS, and (7) HLS+100 Hz MS.  Functional disuse was induced by 

HLS, setup modified from Morey-Holton and Globus [108].  Briefly, animal’s tail was 

cleaned with 70% alcohol and lightly coated with tincture of benzoin.  Once the tail was 

dried and sticky, a tail harness was attached to the tail with a piece of surgical tape.  The 

tape was secured with two strips of elastic adhesive bandage; one over the end of the tape 

at the base of the tail and the other about half-way up to the end of the tail.  The tail 

harness was then attached to a swivel apparatus suspended from the top of the cage.  An 

approximately 30° head-down tilt was set to prevent contact of the animal’s hindlimbs 
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with the cage bottom.  The animal’s forelimbs were allowed full access to the entire cage 

bottom.  The body weight of each animal was carefully monitored throughout the study. 

Electrical MS Protocol 

 For the four experimental groups, dynamic MS was applied in conjunction with 

HLS for 4 weeks.  Muscle contraction was induced with two needle-size electrodes (L-

type gauge #3, Seirin, Weymouth, MA) under isoflurane anesthesia.  One electrode was 

placed at the right lateral proximal quadriceps and the other was placed at the lateral 

distal quadriceps.  The electrodes were then connected to a 100MHz arbitrary waveform 

generator (Model 395, Wavetek) to transmit a 1ms square pulse with various stimulation 

frequencies (1 Hz, 20 Hz, 50 Hz and 100 Hz) for 10 minutes per day, 5 days per week, 

for a total of 4 weeks (Figure 3.1).  Control animals (age-matched and HLS) were also 

subjected to anesthesia for the same amount of time per day as the experimental animals 

to account for any potential effect due to isoflurane inhalation.  A rest-insertion period 

(2seconds contraction followed by 8seconds rest) was added in the MS regimen to avoid 

muscle fatigue. 

Microcomputed Tomography (μCT) 

 After 4 weeks of study, animals were euthanized, and the right hindlimbs were 

harvested and preserved in 70% ethanol.  Using a high resolution μCT scanner (μCT-40, 

SCANCO Medical AG, Bassersdorf, Switzerland), the distal femur and the proximal tibia 

were scanned with a spatial resolution of 15 μm.  All images were evaluated using 

Gaussian filter, with specific sigma, support and threshold values of 0.5, 1, and 347, 

respectively. Three consecutive 750 μm regions of trabecular bone (M1, M2 and M3) 

were analyzed in the distal metaphysis, immediately proximal to the growth plate (Figure 



 30

3.2a).  M1 is the section closest to the diaphysis, M2 is the middle section between M1 and 

M3, and M3 is the section closest to the growth plate.  One 750 μm region of trabecular 

bone was also analyzed in the distal epiphysis of each femur (Figure 3.2a).  Two regions, 

750 μm for metaphysis and 375 μm for epiphysis, were evaluated at the proximal tibia 

(Figure 3.2b).  Values for bone volume fraction (BV/TV, given as %), connectivity density 

(Conn.D, 1/mm3), structural model index (SMI), trabecular number (Tb.N, 1/mm), 

thickness (Tb.Th, mm) and separation (Tb.Sp, mm) were evaluated for each region [109].   

 We had also analyzed the contralateral left femurs in the same fashion, as 

mentioned above.  Despite there was a systematic effect of the stimulation to the left limbs, 

the outcomes of the left femurs were reported but were not used for comparison.   

Static and Dynamic Histomorphometry  

Two intraperitoneal injections of calcein (10mg/kg) were administered to each 

animal two and 16 days prior to euthanasia.  After scanning with μCT, the distal portions 

of the femurs (10 mm) were cut and dehydrated with isopropanol.  The samples were 

then infiltrated and embedded with mixture of methyl methacrylate, n-butyl phthalate, 

and benzoyl peroxide.  Longitudinal slices were sectioned to 8 μm using a Leica 2165 

microtome (Leica, Wetzlar, Germany).  Histomorphometric measurements were made by 

tracing calcein labels in the trabecular bone at both metaphyseal and epiphyseal regions 

(5mm2 and 3mm2 per section, respectively, 3 sections per bone), using the Osteomeasure 

software (OsteoMetrics Inc, Decatur, GA).  Histomorphometric bone volume fraction 

(BV/TV – Histo, %), mineralizing surface (MS/BS, %), mineral apposition rate (MAR, 

μm/day), and bone formation rate (BFR/BS, μm3/μm2/yr) were determined [110].   

Statistical Analyses 
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 Results are reported as mean ± SD for body weight, μCT, and histomorphometric 

analyses. We used paired t-test to access the body weight differences at the beginning and 

the end of the study.  For all measurements, significance differences between groups 

were determined using the SigmaStat 2.03 (Systat Software Inc, San Jose, CA). Analysis 

of variance (ANOVA) with Tukey’s pairwise multiple comparison tests was performed 

on the μCT data with normal equal variance.   For analysis at the distal femoral 

metaphysis region, two-way ANOVA was used, with the experimental groups and the 

various metaphyseal regions as the two factors. One-way ANOVA was applied for all 

other μCT and histomorphometric data.  The level of significance was established at p < 

0.05.  

 

Results 

Body weight 

Throughout the entire experimental period, the animals’ body weight was 

monitored.  The body weights were not significantly different between groups at the 

beginning of the study, with an average of 320g ± 47g.  Age-matched control animals 

were able to maintain a steady body weight throughout the study, with only a -0.15% 

difference between the start and end date.  Animals subjected to 4-week functional disuse 

lost a significant amount of body mass.  These weight reductions were similar in HLS 

and HLS+MS groups, with -10% for HLS (p < 0.05), -8% for 1 Hz (p = 0.07), -9% for 20 

Hz (p < 0.05), -11% for 50 Hz (p < 0.01) and -8% for (p = 0.09).   

μCT – Femur M1 region 
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M1 is the distal metaphyseal region 1.5 mm above the growth plate (Figure 3.3).  

The lack of weight-bearing activity for 4 weeks significantly reduced trabecular bone 

quantity and quality, demonstrated by a 70% decreases in BV/TV, an 86% decrease in 

Conn.D, a 28% decrease in Tb.N, a 57% increases in SMI, and a 43% increase in Tb.Sp 

compared with baseline (p < 0.001).  Similar results were observed when compared with 

age-matched control (p < 0.001); decreases in BV/TV (66%) , Conn.D (86%) and Tb.N 

(26%), as well as increases in SMI (39%), and Tb.Sp (39%) were observed.  Trabecular 

BV/TV in electrically stimulated animals was significantly greater than that of disused 

bone.  Animals with MS at 20 Hz and 50 Hz showed an increase in BV/TV by 143% (p < 

0.05) and 147% (p < 0.01), respectively.  Stimulation at 100 Hz showed an 86% increase 

in BV/TV, but this change was not statistically different from the HLS group.  The other 

outcome measures of Conn.D, Tb.N and Tb.Sp were also significantly affected by MS at 

20 Hz, 50 Hz and 100 Hz frequencies.  There were up to 600% and 38% increases for 

Conn.D and Tb.N, and up to a 36% decrease for trabecular separation (20 Hz p < 0.01, 50 

Hz p < 0.001 and 100 Hz p < 0.05).  SMI and Tb.Th were not affected by the stimulus, 

regardless of its frequency.  The animals subjected to 4 weeks of 1 Hz MS showed the 

same level of bone loss and structural deterioration as did the HLS animals without MS. 

As for the contralateral left femur, the values of BV/TV were 0.17 ± 5%, 0.16 ± 

4%, 0.05 ± 4%, 0.05 ± 5%, 0.12 ± 7%, 0.13 ± 2%, and 0.09 ± 4% for baseline, age-

matched, HLS, 1, 20, 50, and 100 Hz, respectively.  Likewise, the values of Tb.N were 

3.7 ± 0.5, 3.6 ± 0.5, 2.6 ± 0.4, 2.6 ± 0.4, 3.3 ± 0.6, 3.5 ± 0.3, and 3.1 ± 0.6, respectively.  

Similar results were observed for Conn.D and Tb.Sp. 

μCT – Femur M2 region 
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M2, the distal metaphyseal region 750 μm above the growth plate, is a region 

with a moderate amount of trabecular bone under normal condition (Figure 3.4).  Four 

weeks of unloading with no MS and 1 Hz MS demonstrated significant trabecular bone 

loss.  Compared with controls, HLS animals experienced -54% for BV/TV, -77% for 

Conn.D, -29% for Tb.N and +45% for Tb.Sp (all p < 0.001).  In this region, 50 Hz MS 

was the only stimulation that showed positive statistically significant effects in all 

measured indices against functional disuse, with increased BV/TV (66%; p < 0.05), 

Conn.D (371%; p < 0.001), and Tb.N (41%; p < 0.001), and reduced Tb.Sp (31%; p < 

0.001).  The changes in trabecular bone parameters observed with 20 Hz and 100 Hz 

stimulations had a trend similar to those of the 50 Hz MS, but with smaller percentage 

differences (up to +48% for BV/TV, +241% Conn.D, +29% Tb.N, and -23% Tb.Sp).     

As for the contralateral left femur, the values of BV/TV were 0.24 ± 5%, 0.22 ± 

4%, 0.11 ± 5%, 0.09 ± 7%, 0.17 ± 8%, 0.18 ± 3%, and 0.12 ± 4% for baseline, age-

matched, HLS, 1, 20, 50, and 100 Hz, respectively.  Likewise, the values of Tb.N were 

4.1 ± 0.5, 4.2 ± 0.5, 2.9 ± 0.4, 3.2 ± 0.4, 3.9 ± 0.7, 4.0 ± 0.3, and 3.6 ± 0.5, respectively. 

μCT – Femur M3 region  

 M3, the distal metaphyseal portion directly above the growth plate, is a region 

with the most abundant trabecular network with 0.3±0.05 BV/TV and 4.72±0.64 Tb.N 

(Figure 3.5).  Disuse induced a 38% bone loss, 75% decrease in Conn.D, 30% reduction 

in Tb.N and 43% more spacing within this region.  Similar to the results reported for the 

M2 portion, 50 Hz MS resulted in the greatest preventive effects against disuse 

osteopenia, with increased BV/TV (40%; p < 0.05), Conn.D (305%; p < 0.001), and Tb.N 

(41%; p < 0.001), and reduced Tb.Sp (31%; p < 0.001).  While BV/TV was not 
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significantly altered by MS at 20 Hz (+26%) and 100 Hz (+20%), trabecular qualities, 

Conn.D, Tb.N and Tb.Sp, were improved (up to 226%, 28% and 24% respectively, p < 

0.001).   Like the other metaphyseal regions, SMI and Tb.Th were not affected by the 

stimulation.          

Similar to the M1 and M2 regions, the BV/TV values, of the contralateral left 

femur, were 0.30 ± 5%, 0.27 ± 5%, 0.17 ± 6%, 0.14 ± 8%, 0.22 ± 8%, 0.22 ± 4%, and 

0.18 ± 5% for baseline, age-matched, HLS, 1, 20, 50, and 100 Hz, respectively.  

Likewise, the values for Tb.N were 4.8 ± 0.6, 4.7 ± 0.7, 3.3 ± 0.4, 3.4 ± 0.7, 4.4 ± 0.8, 4.4 

± 0.5, and 3.1 ± 0.6, respectively. 

 

μCT – Differences between metaphyseal regions 

 Figure 3.6 summarizes the levels of changes in BV/TV and Conn.D in electrically 

stimulated experimental animals compared with those of disused bone in unstimulated 

animals at the three metaphyseal regions.  With the exception of 1 Hz, stimulation 

frequencies at 20 Hz, 50 Hz, and 100 Hz had greater effects on the trabecular bone 2.25 

cm away from the growth plate, closer to the diaphysis.  With MS at 50 Hz, the percent 

changes at M1 were significantly different from those measured at M2 and M3 for 

BV/TV (both, p < 0.001) and from those measured at M3 for Conn.D only (p < 0.05).  

Also, BV/TV inhibition at M1 was significantly higher (p < 0.05) than that of M3 with 20 

Hz MS.  Although following a trend similar to that of the above indices, at 50 Hz and 20 

Hz MS, the percent changes of the μCT measurements were not statistically significant 

between the three metaphyseal regions. 

μCT – Femur E region 
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 The epiphyseal trabecular bone was not significantly affected by the 4-week HLS.  

The percentage changes were minor versus the metaphyseal regions, with -5% BV/TV, -

44% Conn.D, -7% Tb.N, and +4% Tb.Sp.  In this region, MS did not induce any 

measurable effect on bone volume and trabecular integrity at any stimulation frequency.  

All stimulated values were comparable to age-matched and HLS animals, with up to 10% 

greater in BV/TV, 8% greater in Tb.N, and a 9% reduction in Tb.Sp.  These changes 

were not statistically significant.  

μCT – Tibia M region  

Four weeks of functional disuse reduced trabecular BV/TV by 25%, Conn.D by 

54% (p < 0.05), Tb.N by 9%, and increased Tb.Sp by 107% (p < 0.05) (Table 3.1).  

Trabecular bone loss was inhibited by 24% with MS at 50 Hz.  Comparing to the HLS 

control, the 50 Hz stimulation improved bone quality by maintaining Conn.D by +129% 

(p < 0.05), Tb.N by +30%, and Tb.Sp by -21% (p < 0.01).  MS at 20 Hz and 100 Hz also 

showed effects to the trabecular network, but these changes were not statistically 

different from the HLS group.  Similar to the results from the distal femur, MS at 1 Hz 

was not able to prevent bone loss and maintain the trabecular structure. 

μCT – Tibia E region 

Comparing to normal animals, HLS significantly lowered BV/TV by up to 18%, 

Conn.D up to 34%, Tb.N up to 24%, and increased marrow spacing by up to 29% (p < 

0.05 for all) (Table 3.1).  Trabecular BV/TV in electrically stimulated animals was 

significantly greater than that of disused bone.  Animals with MS at 20 Hz, 50 Hz, and 

100 Hz showed an increase in BV/TV by 20%, 19%, and 31% (p < 0.05), respectively.  

MS at those frequencies also significantly inhibited trabecular bone deterioration, with 
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higher values in Conn.D (up to 71%, p < 0.01), Tb.N (up to 33%, p < 0.01), and a 

decrease for Tb.Sp (up to 30%, p < 0.01) against disuse.    Like other regions, 1 Hz MS 

showed similar degree of bone loss and structural deterioration as did the HLS animals.  

Furthermore, Tb.N and Tb.Sp measured from stimulated femur at 20 Hz, 50 Hz, and 100 

Hz were also significantly different than those measured from 1 Hz.   

Static and Dynamic Histomorphometry  

 In the metaphyseal trabecular bone, BV/TV measured by the 2-D 

histomorphometric method, was 44% lower in HLS group than in age-matched controls (p 

< 0.001).  Using the Pearson Product Moment Correlation (SigmaStat 2.03, CA), this 

result was correlated with the BV/TV values from the μCT analysis of the M2 region, 

giving an R2 value of 0.84 (p < 0.05).  In other bone formation indices, HLS animals also 

showed significant decline in MS/BS (76%, p < 0.001), MAR (80%, p < 0.01) and 

BFR/BS (88%, p < 0.01).  As expected, 1 Hz MS showed no ameliorative effect.  

Electrical stimulation at 20 Hz, 50 Hz and 100 Hz demonstrated slight enhancement on 

these indices during the 4-week disuse, yet the amount of label in the trabecular bone was 

still far from that in the aged-matched control. MS at 50 Hz resulted in the greatest 

percentage increases in bone histomorphometry indices compared with those in 

unstimulated HLS: 54% for MS/BS, 150% for MAR and 60% for BFR/BS.  However, 

these differences were not statistically significant between the HLS and experimental 

animals due to the high variability between animals (Table 3.2).  Disuse had an 

insignificant effect on the trabecular BV/TV (-10%), similar to the results of the μCT 

analysis of the epiphyseal region.  Bone formation indices were reduced due to HLS 
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(54% for MS/BS, 150% for MAR and 60% for BFR/BS), and daily MS failed to prevent 

such reduction of bone formation activity.   

 

Discussion 

 The data strongly indicated that dynamic electrical stimulation was able to inhibit 

bone loss and trabecular architectural deterioration caused by a lack of daily weight-bearing 

activity.  The importance of selecting an effective loading regimen was investigated in this 

study, in which a wide range of stimulation frequency was tested to determine its effects on 

skeletal adaptive responses.  Throughout this study, we have referred to 1 Hz as low-

frequency, 20 Hz and 50 Hz as mid-frequency, and 100 Hz as high-frequency.   

From our results, we concluded that the effectiveness of dynamic MS was greatly 

dependent on the stimulation frequency.  In addition, the degree of effectiveness varied in 

different regions of the distal femur.  While low-frequency MS was unsuccessful in 

preventing osteopenia, mid-frequency MS applied to the quadriceps was able to maintain 

trabecular bone mass.  In this study, 4 weeks of functional disuse significantly reduced the 

metaphyseal bone volume fraction, mainly via a decrease in trabecular number, thereby 

reducing its connectivity and augmenting the marrow space.  Dynamic MS at the mid-

frequency range mediated bone remodeling process to preserve bone mass, trabecular 

number, and connectivity.  Although the changes in bone formation indices were not 

statistically significant, increases in MAR and BFR were quite promising.  The partial 

enhancement of bone formation may not fully explain our results; bone volume and 

structures in the metaphyseal regions were maintained at a level similar to that of age-

matched controls.   
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One limitation of our study is that we did not examine bone resorption, which may 

play a crucial component in regulating skeletal adaptation induced by MS.  Our 

methodology in ex vivo processing of the femurs precluded analysis of tartrate-resistant 

acid phosphatase as a marker of bone resorptive process; hence, resorption analysis will be 

the focus for future experiments.   

 The nonlinear relationship between femoral strain measured at the mid-diaphysis, 

and MS applied at various frequencies was previously examined by our lab.  Electrical 

muscle contraction produced longitudinal surface strain of ~60 με at 1 Hz, ~80 με at 20 Hz, 

and below 20 με at 50 Hz and 100 Hz.  Stimulation frequency at 10 Hz induced peak strain 

of ~125 με.  It has been hypothesized that strain information integrates over time [79], 

suggesting that low-level mechanical strain induced by mid-frequency electrical MS may 

dominate in the skeleton, and initiate osteogenic activities.  In response to a mechanical 

stimulus, bone cells have been shown to proliferate and to secrete extracellular matrix.  In 

addition, mechanotransduction induces biochemical signal cascades, including those that 

produce hormones and growth factors, which in turn affect the coupled processes of 

formation and resorption [102, 111-113].   

Previous experiments, using an 8 weeks disused turkey ulna model, demonstrated 

that a low strain magnitude (100 με) with high loading cycle number (108,000) was 

sufficient to maintain cortical bone mass [68].  Here, our 50 Hz and 100 Hz MS, which 

both induced extremely low-magnitude microstrain and displayed protective effects against 

disuse osteopenia, delivered only 6,000 and 12,000 daily pulses, respectively, to the 

skeletal muscle.  MS of 50 Hz or100 Hz generates tetanic muscle contraction, in which 

summation of subsequent stimuli occurs and skeletal muscles are not allowed to relax 
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during stimulation.  During induced tetanic contraction of the quadriceps, the femurs may 

be subjected to maximal dynamic compressive loading creating the measurable low-

magnitude bone strain.  Other studies with low-magnitude stimulus, e.g., vibration, have 

also been shown to enhance bone morphology, promote bone formation, and increase bone 

strength [107, 114, 115].  An important conclusion from these experiments is that small 

strain, e.g., induced by muscle contraction, might be one of the key determinants in 

regulating skeletal adaptation.    

Although there were no statistical differences between the 20 Hz, 50 Hz, and 100 

Hz experimental groups, our data indicated that mid-frequency MS resulted in greater 

percentage changes in all bone quantity and quality indices.  In addition to bone strain, 

another factor involved in mediating bone remodeling is bone fluid flow induced by 

intramedullary pressure (ImP) [116].  Similar to the strain profile, dynamic electrical 

muscle contraction also yielded a nonlinear ImP distribution.  Under normal conditions, a 

rat’s blood pressure produces ImP of up to 5 mmHg.  In the presence of MS, femur ImP at 

the mid-diaphysis was measured to be 18 mmHg at 1 Hz, peak 45 mmHg at 20 Hz, 20 

mmHg at 50 Hz and 4 mmHg at 100 Hz.  For MS with mid to high stimulation frequencies, 

the effect on trabecular bone was always greater at M1, closer to the mid-diaphysis.  This 

suggests that there may be an ImP gradient, perhaps generated by the induced muscle 

contraction, influencing the magnitude of mechanotransductory signals on the trabecular 

bone at the different regions.         

Previous ImP measurement in mice showed a 23% drop in ImP upon HLS, indicate 

a decrease in interstitial fluid flow via the cortex [117].  On the contrary, increasing the 

pressure gradient in HLS animals via venous ligation was able to compensate such drop in 
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ImP [117].  In vivo fluid pressure measurements have investigated the close relationship 

between loading frequency and fluid flow regulation in bone, where 20-50 Hz stimulation 

could initiate anabolic activities [116, 118].  In the absence of matrix deformation, an 

increase in ImP induced by direct manipulation of marrow cavity was able to inhibit 

resorption related to disuse by osteotomy [65].  These observations clearly pointed out 

that fluid flow can be altered by both ImP and bone strain.    

In addition, changes in the fluid environments i.e., pressure gradient and shear 

stress, have the potential to modulate bone remodeling via autocrine and paracrine 

signaling cascades, e.g., nitric oxide and prostaglandins [101, 117, 119].  With 50 Hz MS, 

bone cells on the trabecular surface may sense the 4-fold increase of ImP, accompanying 

with the low-magnitude strain (< 20 με), thereby activating mechanotransduction and 

increasing the transport of nutrients and other signaling molecules within the tissues.   

Both strain and ImP have the potentials to induce bone fluid flow, thus mediating 

adaptive responses in the trabecular bone.  Another limitation of this presented study was 

that by using MS, we were unable to isolate the two main fluid flow inducing factors 

using MS.  In order to investigate the influence of MS-induced ImP, a more invasive 

experimental design is required to eliminate the matrix deformation, in which muscle 

bundles might be disrupted or damaged in process.  In our system to examine the effects 

of dynamic electrical contraction in a functional disuse model, MS was delivered to the 

quadriceps muscles in an extremely minimal invasive manner, as the key concept in 

translational research.    The stimulation frequencies were chosen so that different 

combinations of strain and ImP would be achieved via electrically induced muscle 

contraction. 
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The interactive relationships between muscle and bone adaptations are not fully 

understood.  It is clear that MS promotes blood flow, yet the mechanism remains highly 

controversial.  One theory (muscle pump), suggests that at the onset of muscle 

contraction, veins within skeletal muscle are compressed thus increasing the 

arteriovenous pressure gradient and promoting blood flow to the vascular bed [74, 120, 

121].   The pressure gradient in the muscle vasculature may be relayed to the nutrient 

vessels in bone and further increasing ImP and inducing fluid flow in bone [64].  

Alternatively, vasodilation, with an onset of 5-20 seconds, might also play a role in the 

rapid release of metabolites, contributing to the initial blood flow response to tetanic MS 

[73, 90].  Aside from avoiding muscle fatigue, the pattern of 2 seconds stimulation with 

8s seconds rest inserted into our loading regimen was designed to address both theories, 

attempting to maximize the fluid perfusion and nutrient delivery to the musculoskeletal 

tissues.  Further investigations will concentrate on characterizing the effects of 

frequency-specific MS on muscular morphology and its vasculature, and exploring other 

mechanical parameters to optimize the dynamic MS regimen.   

It is important to note that microgravity and functional disuse affect both muscle 

and bone.  The potential of electrical muscle stimulation in reducing sacropenia and 

osteopenia would be an ideal clinical intervention.  The main objective of this study is to 

demonstrate that dynamic MS can prevent osteopenia in addition to sacropenia as 

reported by other investigators.  Furthermore, the skeletal adaptive responses induced by 

MS are highly depended on its stimulation frequency.  Although we evaluated only 

indices of bone formation, it is likely that inhibition of bone resorption activity is also 

contributory to the observed effects.  The findings from this study may assist in 
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development of future clinical interventions and beneficial to future countermeasure for 

disuse osteoporosis. 
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Figures and Tables 
 
Figure 3.1 

 
Electrical MS was applied with a 100MHz arbitrary waveform generator to transmit a 
1ms square pulse with at stimulation frequency of 1 Hz, 20 Hz, 50 Hz or 100 Hz for 10 
minutes/day, 5 days/week, for a total of 4 weeks.  Within the daily 10 minutes period, 
muscle contraction was induced for 2 seconds followed by 8 seconds of relaxation to 
avoid fatigue. 
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Figure 3.2 
 

  

  

Trabecular bone at three metaphyseal sections and one epiphyseal region of the distal 
femurs was evaluated using microcomputed tomography. GP = growth plate (arrow) ; M 
= metaphysis; E = epiphysis. 
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Figure 3.3 
 

 

Representative 3D μCT images of trabecular bone in the M1 region (750 μm, closest to 
femoral diaphysis).  Graphs show mean + SD values for bone volume fraction (BV/TV, 
%), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and 
separation (Tb.Sp, mm) at the M1 region.  MS at 50 Hz produced a significant change in all 
indices, compared with values obtained in 4-week HLS.  # p <0.001 vs. baseline; + p <0.001 
vs. age-matched; * p <0.05 vs. HLS; ** p <0.01 vs. HLS; *** p <0.001 vs. HLS.
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Figure 3.4 
 

 
Representative 3D μCT images of trabecular bone in the M2 region (750 μm, in between 
M1 and M3, 750 μm above the growth plate).  Graphs show mean + SD values for bone 
volume fraction (BV/TV, %), connectivity density (Conn.D, 1/mm3), trabecular number 
(Tb.N, 1/mm), and separation (Tb.Sp, mm) at the M2 region.  Only 50 Hz MS showed 
significant effects for all indices against 4-week HLS.  # p <0.001 vs. baseline; + p <0.001 
vs. age-matched; * p <0.05 vs. HLS; ** p <0.01 vs. HLS; *** p <0.001 vs. HLS. 
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Figure 3.5 
 

 
Representative 3D μCT images of trabecular bone in the M3 region (750 μm, 
immediately above the growth plate).  Graphs show mean + SD values for bone volume 
fraction (BV/TV, %), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 
1/mm), and separation (Tb.Sp, mm) at the M3 region.  Only 50 Hz MS demonstrated 
significant preventive effects for all indices against 4-week HLS.  # p <0.001 vs. baseline; + 
p <0.001 vs. age-matched; * p <0.05 vs. HLS; ** p <0.01 vs. HLS; *** p <0.001 vs. HLS. 
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Figure 3.6 
 

 

Graphs show the percentage differences between HLS and MS experimental groups ± SD 
values in all three metaphyseal regions for bone volume fraction (BV/TV) and 
connectivity density (Conn.D).  For MS with mid to high stimulation frequencies, the 
levels of effectiveness on trabecular bone against functional disuse alone were always 
greatest at M1 and least at M3.  ** p <0.001 vs. M3; * p <0.05 vs. M3; # p <0.001 vs. M2. 
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Table 3.1.  μCT Analysis of Proximal Tibia.   
 
 Baseline Age-

matched 
HLS 1 Hz 20 Hz 50 Hz 100 Hz 

Metaphysis        
BV/TV  
(%) 

0.17 
±0.06 

0.19 
±0.07 

0.14 
±0.07 

0.11 
±0.05 

0.14 
±0.09 

0.17 
±0.06 

0.13 
±0.04 

 
Conn.D 
(1/mm3) 

36.9 
±21.2 

45.0 
±25.7 

20.6 
±16.6 

a 

14.4 
±8.45 

41.3 
±33.8 

47.4 
±19.1 

* # 

38.3 
±11.8 

 
Tb.N 
(1/mm) 

2.97 
±0.73 

 

2.93 
±0.96 

 

2.67 
±0.35 

 

2.88 
±0.49 

 

3.39 
±0.64 

 

3.46 
±0.60 

 

3.22 
±0.23 

 
Tb.Sp 
(mm) 

0.22 
±0.05 

0.19 
±0.08 

0.40 
±0.06 

ab 

0.35 
±0.07 

ab 

0.32 
±0.05 

0.32 
±0.07 

** 

0.32 
±0.03 

 

Epiphysis        
BV/TV  
(%) 

0.42 
±0.04 

0.42 
±0.02 

0.34 
±0.03 

ab 

0.35 
±0.09 

0.41 
±0.11 

* 

0.40 
±0.04 

* 

0.45 
±0.06 

* 

Conn.D 
(1/mm3) 

47.0 
±7.90 

41.4 
±12.9 

30.9 
±12.4 

a 

32.1 
±7.99 

38.8 
±2.03 

52.9 
±11.4 

** # + 

40.8 
±5.50 

Tb.N 
(1/mm) 

6.92 
±0.17 

 

6.67 
±0.09 

 

5.24 
±0.21 

ab 

5.15 
±0.33 

ab 

6.99 
±0.22 

** # 

6.83 
±0.15 

** # 

6.87 
±0.29 

** # 

Tb.Sp 
(mm) 

0.17 
±0.01 

 

0.18 
±0.01 

 

0.22 
±0.01 

ab 

0.23 
±0.02 

ab 

0.17 
±0.02 

** # 

0.16 
±0.01 

** # 

0.15 
±0.03 

** # 
 
Values are mean ± SD for bone volume fraction (BV/TV, %), connectivity density 
(Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and separation (Tb.Sp, mm) at the M3 
region.  Only 50 Hz MS demonstrated significant preventive effects against 4-week HLS at 
both metaphysis and epiphysis regions of the proximal tibia.  b p <0.05 vs. baseline; a p 
<0.05 vs. age-matched; * p <0.05 vs. HLS; ** p <0.01 vs. HLS; # p <0.05 vs. 1 Hz MS. 
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Table 3.2.  Distal femur metaphysis histomorphometry.   
 
 Control HLS 1 Hz 20 Hz 50 Hz 100 Hz 
BV/TV - Histo 
(%) 

41.1±8.4 22.9±7.6 
** 

24.2±4.8 
* 

30.2±13 
* 

31.0±2.9 
* 

29.4±7.9 
* 

MS/BS  
(%) 

8.9±5.3 2.2±2.0 
** 

1.4±1.7 
** 

2.3±1.6 3.4±2.3 2.5±1.6 

MAR  
(μm/day) 

1.2±0.5 0.2±0.2 
* 

0.1±0.1 
** 

0.6±0.3 0.6±0.3 0.5±0.3 

BFR/BS 
(μm3/μm2/yr) 

41.0±25 0.1±6.9 
* 

1.7±1.7 
* 

7.3±5.6 8.2±5.9 8.1±6.8 

 
Values are mean ± SD.  BV/TV, bone volume/tissue volume; MS/BS, mineralized 
surface/bone surface; MAR, mineral apposition rate; BFR/BS, bone formation rate/bone 
surface.  * p <0.05, ** p <0.01 vs. age-matched. 
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IV. Alteration of Contraction-to-Rest Ratio to Optimize Trabecular 
Bone Response Induced by Muscle Stimulation 
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Abstract 

Dynamic electrical muscle stimulation as a preventive countermeasure for disuse 

osteopenia has shown to be successful.  The degree of inhibition of trabecular bone loss 

and deterioration of its microarchitecture depends on the stimulation parameters within 

the regimen.  The objective of this study was to determine whether the contraction-to-rest 

ratio is an important parameter to affect the skeletal adaptive responses under a functional 

disuse environment.  Fifty-six skeletally matured Sprague-Dawley rats were divided into 

seven groups for the 4-week experiment: baseline control, age-matched control, hindlimb 

suspended (HLS), and HLS plus muscle stimulation with a contraction-to-rest ratio of 

1/4, 2/8, 4/6, and 2/28.  Muscle stimulation was carried out for 10 minutes per day for 5 

days per week, for 4 weeks.  Trabecular bones at the distal femurs and proximal tibia 

were analyzed with microcomputed tomography and histomorphometry methods.  HLS 

alone for 4-week resulted in a 25 – 45% trabecular bone loss at the distal femur and 10 – 

25% at the proximal tibia.  Dynamic muscle stimulation, applied at 50 Hz frequency, 

with a 2/8 contraction-to-rest ratio demonstrated significant inhibition of trabecular bone 

loss against the 4 weeks disuse, with up to +74% in bone volume fraction, +164% in 

connectivity, +20% in trabecular number, and -18% in spacing (p < 0.05).  Stimulation 

with 1/4 and 4/6 also showed similar effects but with a lesser percentage differences 

when comparing to the HLS animals.  Similarly, histomorphometric analysis showed 

partial enhancement in mineralizing surface and mineral apposition rate.  The results 

from this study confirm the potentials of dynamic muscle contraction in regulating 

skeletal adaptive responses and illustrated the importance of the contraction-to-rest ratio 

for future study.   
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Introduction 

Musculoskeletal traumas, i.e., spinal cord injury and fracture, can impose short- 

and long-term consequences to bone.  Significant amount of bone mineral density (BMD) 

reduction at the lower extremities has been reported in numerous studies [41, 42, 122].  

Following acute spinal cord injury (< 6 months), BMD was reduced by 17 to 25% at 

various sites.  In addition to bone loss, such injuries can alter bone microarchitecture and 

increase lower extremity fracture incidence by 1 to 34% [16, 40-42, 122-124].  Therefore, 

successful interventions are necessary to prevent osteopenia and subsequent 

complications.   

With the exposure to daily activities, bone experiences repetitive bouts of 

mechanical loading.  Under disuse condition, due to injury or paralysis, external 

mechanical stimulus applied to bone has the potential to induce remodeling [77, 125, 

126].  Many in vivo studies have determined parameters, such as frequency, strain 

magnitude, strain history, and fluid pressure, within stimulation regimens to be influential 

to bone adaptation [79, 127-129].  The concept of inserting rest period has recently 

shown to enhance osteogenesis.  Short rest duration, e.g., 10 seconds, inserted into a low 

frequency loading regime augmented anabolic response at the periosteal surfaces of 

isolated avian ulnae [130].  Even with a 10-fold decreased in cycle numbers, rest period 

implemented into a high frequency signal significantly increased the bone formation rate 

of immobilized tibia [131].  These stimuli applied direct loading to the skeleton, 

generating bone strain on the order of 1000με.  It is thought that insertion of rest period 
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improves osteogenic responses by avoiding mechanosensitivity saturation in bone tissue 

[132].    

We have previously demonstrated that dynamic electrical muscle contraction has 

anti-catabolic effect on disused skeleton [133].  In particular, the level of osteopenic 

inhibition is depended on the stimulation frequency.  Whether inserting rest period into 

muscle stimulation (MS) regimen, with a specific frequency, can optimize bone’s 

adaptive response remains uncertain.  Another factor to be considered is the fluid flow 

induced by MS [73, 134, 135].  The contraction of skeletal muscle generates an 

intramuscular pressure gradient and increases venous circulation.  Once relax, 

intramuscular flows restore.  The duration of the contraction and relaxation may partially 

regulate the mean muscle flow rate and subsequently affects the fluid flow to the skeleton 

[89].  It has been shown that hindlimb suspension in rodents significantly reduced the 

intramedullary pressure (ImP) gradient and implied the decrease of interstitial fluid flow 

in bone [117].  On the contrary, dynamic MS, applied at mid-stimulation frequency, 

significantly increased the ImP [92].   

Given that dynamic MS can prevent osteopenia and the promising results from 

various rest insertion studies, altering the contraction-to-rest (C-R) ratio may enhance 

fluid perfusion in skeletal muscle and further drive fluid flow to bone.  Here, we 

hypothesized that the C-R ratio is a critical parameter within the MS regimen.  Its 

alteration can optimize the inhibition of trabecular bone loss and deterioration induced by 

the lack of weight bearing activity.    
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Materials and methods 

Experimental Design 

All experimental procedures were approved by the Laboratory Animal Use 

Committee at Stony Brook University.  Fifty-six 6-months-old female Sprague-Dawley 

retired breeder rats (Taconic, NY) were used to investigate the effects in varying the C-R 

ratio of dynamic muscle stimulation (MS) on skeletal adaptation under disuse 

environment.  They were housed individually in 18”x18”x24” (LxWxH) stainless steel 

HLS cages in a temperature-controlled room with a 12:12 hour light:dark cycle, and were 

provided standard rodent chow and water ad libitum.  Animals were transferred to these 

cages one week prior to the experiment start date in order to acclimate them to their 

environment.  Animals were randomly assigned to seven groups with n=8 per group: (1) 

baseline control, (2) age-matched control, (3) HLS, (4) HLS+1/4 (1 sec contraction-to-4 

sec rest) MS, (5) HLS+2/8 MS, (6) HLS+4/6 MS, and (7) HLS+2/28 MS.  Functional 

disuse was induced by HLS.  The description of the HLS setup was previously discussed 

in Chapter 1.  The body weight of each animal was carefully monitored throughout the 

study. 

Electrical MS Protocol 

 For the four experimental groups, dynamic MS was applied in conjunction with 

HLS for 4 weeks.  Muscle contraction was induced with two needle-size electrodes (L-

type gauge #3, Seirin, Weymouth, MA) under isoflurane anesthesia.  One electrode was 

placed at the right lateral proximal quadriceps and the other was placed at the lateral 

distal quadriceps.  The electrodes were then connected to a 100MHz arbitrary waveform 

generator (Model 395, Wavetek) to transmit a 1ms square pulse at a stimulation 
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frequency of 50 Hz for 10 minutes per day, 5 days per week, for a total of 4 weeks.  The 

contraction was applied for either 1 sec with 4 sec rest, 2 sec with 8 sec rest, 4 sec with 6 

sec rest, and 2 sec with 28 sec rest.  All animals, including the control groups, were 

subjected to anesthesia for the same amount of time per day to account for any potential 

effect due to isoflurane inhalation.   

Microcomputed Tomography (μCT) 

 After 4 weeks of study, animals were euthanized, and the right femurs were 

harvested and preserved in 70% ethanol.  Using a high resolution μCT scanner (μCT-40, 

SCANCO Medical AG, Bassersdorf, Switzerland), the distal femur was scanned with a 

spatial resolution of 15 μm and the proximal tibia was scanned with a resolution of 30 

μm.  All images were evaluated using Gaussian filter, with specific sigma, support and 

threshold values of 0.5, 1, and 347, respectively. Three consecutive 750 μm regions of 

trabecular bone (M1, M2 and M3) were analyzed in the distal metaphysis, immediately 

proximal to the growth plate.  M1 is the section closest to the diaphysis, M2 is the middle 

section between M1 and M3, and M3 is the section closest to the growth plate.  One 750 

μm region of trabecular bone was also analyzed in the distal epiphysis of each femur.  Two 

regions, 1.5 mm for metaphysis and 450 μm for epiphysis, were evaluated at the proximal 

tibia.  Values for bone volume fraction (BV/TV, given as %), connectivity density 

(Conn.D, 1/mm3), structural model index (SMI), trabecular number (Tb.N, 1/mm), 

thickness (Tb.Th, mm) and separation (Tb.Sp, mm) were evaluated for each region [109].   

Static and Dynamic Histomorphometry  
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Two intraperitoneal injections of calcein (10mg/kg) were administered to each 

animal two and 16 days prior to euthanasia.  After scanning with μCT, the distal portions 

of the femurs and the proximal tibia (10 mm) were cut and dehydrated with isopropanol.  

The samples were then infiltrated and embedded with mixture of methyl methacrylate, n-

butyl phthalate, and benzoyl peroxide.  Longitudinal slices were sectioned to 8 μm using 

a Leica 2165 microtome (Leica, Wetzlar, Germany).  Histomorphometric measurements 

were made by tracing calcein labels in the trabecular bone at the metaphyseal region (3 

sections per bone, 3mm2 per section), using the Osteomeasure software (OsteoMetrics 

Inc, Decatur, GA).  Histomorphometric bone volume fraction (BV/TV – Histo, %), 

mineralizing surface (MS/BS, %), mineral apposition rate (MAR, μm/day), and bone 

formation rate (BFR/BS, μm3/μm2/yr) were determined [110].   

Statistical Analyses 

 Results are reported as mean ± SD for body weight, μCT, and histomorphometric 

analyses.  Paired t-test was used to evaluate the body weight changes at the beginning and 

the end of the study.  For all measurements, significance differences between groups 

were determined using the SigmaStat 2.03 (Systat Software Inc, San Jose, CA). Analysis 

of variance (ANOVA) with Tukey’s pairwise multiple comparison tests was performed 

on the μCT data with normal equal variance.   For analysis at the distal femoral 

metaphysis region, two-way ANOVA was used, with the experimental groups and the 

various metaphyseal regions as the two factors. One-way ANOVA was applied for all 

other μCT and histomorphometric data.  The level of significance was established at p < 

0.05.  
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Results 

Body weight 

Animals’ body weight was carefully monitored via the course of the 4 weeks 

study.  The body weights were not significantly different between groups at the beginning 

of the study, with an average of 302g ± 30g.  Age-matched control animals maintained a 

steady body weight throughout the experiment, with a -0.46% difference between the 

start and end date.  Animals subjected to 4-week functional disuse experienced a 

significant body weight loss and that MS did not have an effect on the overall body mass.  

The weight reductions over the 4 weeks were 7% for the HLS control (p < 0.05), 1/4 MS 

(p < 0.01), and 2/8 MS (p < 0.001), 4/6 MS (p < 0.001), and 2/28 MS (p < 0.001).  

μCT – Femur M1 region 

M1 is the distal metaphyseal region 1.5 mm above the growth plate.  Four weeks 

functional disuse significantly reduced demonstrated by a 46% decreases in BV/TV, a 

51% decrease in Conn.D, a 12% decrease in Tb.N, a 23% increases in SMI, and a 13% 

increase in Tb.Sp compared with age-matched control (p < 0.01) (Figure 4.1).  Similar 

results were observed when compared with baseline control (p < 0.01).  MS with 2/8 C-R 

ratio showed the greatest prevention against disuse, with a 74% higher BV/TV (p < 0.05), 

164% in Conn.D (p < 0.01), 20% in Tb.N (p < 0.01), and a reduction of 18% in Tb.Sp (p 

< 0.01).  Statistically significance was also observed for the bone quality parameters 

between HLS and MS with 4/6 ratio, with +106% in Conn.D (p < 0.01), +17% in Tb.N (p 

< 0.01), and -14% in Tb.Sp (p < 0.05).  Stimulation with 1/4 and 2/28 ratios displayed 

similar preventive trend for trabecular deterioration but the percentage changes compared 

to disuse were not as astounding as the effects seen with 2/8 C-R ratio. 
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μCT – Femur M2 region 

M2 is the distal metaphyseal region 750 μm above the growth plate.  The removal 

of daily activity to the hindlimbs generated a significant 35% of trabecular bone loss and 

compromised the structural network by decreasing the Conn.D by 43% and Tb.N by 

17%, increasing SMI by 22% and Tb.Sp by 21%, p < 0.01 for all (Figure 4.2).  Like other 

regions, Tb.Th was not altered by 4 weeks disuse or MS.  Similar to M1, 50 Hz MS with 

2/8 ratio was the only stimulation that demonstrated positive significant effects in all 

measured indices against functional disuse, with increased BV/TV (39%; p < 0.05), 

Conn.D (109%; p < 0.01), and Tb.N (23%; p < 0.01), and reduced Tb.Sp (20%; p < 0.01).  

The changes in trabecular bone parameters observed with 1/4 and 4/6 C-R ratios had a 

trend similar to those of the 2/8 ratio, but with smaller percentage differences, up to 

+28% for BV/TV, +78% Conn.D (p < 0.01), +20% Tb.N (p < 0.05), and -17% Tb.Sp (p < 

0.05).  MS with 2/28 ratio produced only minimal, not significant, effects to the 

trabecular bone in this region.  Furthermore, the inhibition responses evaluated at M1 and 

M2 regions were compared and did not illustrate any significance differences for all the 

parameters.       

μCT – Femur M3 region  

 M3 is the distal metaphyseal portion directly above the growth plate.  This region 

had the most abundant trabecular network and the loss of bone due to disuse was 

significantly less than the loss measured in the M1 region (p < 0.05).  In contrast to the 

M1 and M2 regions, MS also induced the least amount of changes on the trabecular bone 

in the region.  Animals subjected to disuse alone experienced a 25% bone loss, 41% 

decrease in Conn.D, 15% reduction in Tb.N and 18% more spacing within this region (p 
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< 0.01) (Figure 4.3).  Trabecular BV/TV was not significantly affected by the 

stimulation.  However, 50 Hz MS with 1/4 and 2/8 C-R ratios maintained the trabecular 

structure, with as high as 64% and 19% enhancement in Conn.D and Tb.N, respectively, 

and 15% decline in the spacing (p < 0.05).  Like the other metaphyseal regions, SMI and 

Tb.Th were not affected by the stimulation.  The changes in BV/TV and Conn.D induced 

by MS in this metaphyseal region were significance difference than the effects observed 

in M1 (p < 0.05) but not in M2.                

μCT – Femur E region 

 The epiphyseal trabecular bone was not affected by the 4-week HLS or MS, with 

BV/TV of 0.35 ± 0.06% for HLS and 0.32 ± 0.05% for MS groups.  The percentage 

changes were minor versus the metaphyseal regions, with -1.2% BV/TV, -11% Conn.D, -

4% Tb.N, and +6% Tb.Sp.  MS did not induce any positive effect, regardless of the C-R 

ratio.  All stimulated values were not significant and comparable to age-matched and 

HLS animals, with approximately 9% lower in BV/TV, 7% greater in Tb.N, and a 7% 

reduction in Tb.Sp.   

μCT – Tibia M region  

Four weeks of functional disuse reduced trabecular BV/TV by 25% (p < 0.05), 

Conn.D by 33% (p < 0.05), Tb.N by 7%, and increased Tb.Sp by 19% (p < 0.05) (Table 

4.1).  Trabecular bone loss was inhibited by 27%, 39% (p < 0.05), and 33% with MS with 

C-R ratio of 1/4, 2/8, and 4/6, respectively.  Although most of the preventive outcomes 

induced by MS were not significantly difference, due to the high variability between 

animals, MS with the 1/4, 2/8, and 4/6 ratios still demonstrated improvement in bone 

quality by maintaining Conn.D by +24 to 44%, Tb.N by +13 to 18%, and Tb.Sp by -13 to 
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28%.  The group subjected to 2/28 ratio MS was not able to prevent bone loss and 

maintain the trabecular structure in this region. 

μCT – Tibia E region 

HLS significantly reduced BV/TV by 10%, Conn.D by 14%, and Tb.N by 6% (p 

< 0.05 for all) (Table 4.1).  Trabecular BV/TV was significantly greater in stimulated 

animals than that of the disused bone.  Animals with the ratio of 2/8 and 4/6 MS showed 

an increase in BV/TV by 22% and 23% (p < 0.05), respectively.  In this region, the 

changes for bone quality parameters were not statistically significance and were 

comparable to both HLS and age-matched controls. 

Static and Dynamic Histomorphometry  

 Trabecular BV/TV-Histo, measured by the 2-D histomorphometric method, was 

33% and 48% lower in HLS group than in age-matched controls (p < 0.001) at the 

metaphysis regions of femur and tibia, respectively (Table 4.2).  For the other bone 

formation indices, HLS animals also showed significant decline in MS/BS (68 - 74%, p < 

0.01), MAR (68 -71%, p < 0.01) and BFR/BS (83%, p < 0.01) in both areas.  Similar to 

the μCT results, MS with 2/8 C-R ratio demonstrated positive protection on the 

histomorphometric indices during the 4-week disuse with an increase of 26% in BV/TV-

Histo (p < 0.05), 142% in MS/BS (p < 0.05), 140% in MAR (p < 0.05) and 65% in 

BFR/BS.  The tibia metaphyseal region also showed an increase of 77% in BV/TV-Histo 

(p < 0.05), 170% in MS/BS (p < 0.05), 43% in MAR and 61% in BFR/BS.   In addition, 

MS with 1/4 and 4/6 ratios resulted in up to +130% for MS/BS, +88% for MAR, and 

28% for BFR/BS at femur, and up to +115% for MS/BS, 33% for MAR and 21% for 

BFR/BS at tibia.  The C-R ratio of 2/28 had the least effect in maintaining bone 
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formation.  Comparing to the age-matched control, the histomorphometric values 

measured from the stimulated groups were still lower by 13 – 72% in MS/BS, 29 – 70% 

in MAR, and 70 – 87% in BFR/BS. 

 

Discussion 

 The data from this study once again strongly signified that dynamic muscle 

stimulation has the potential to inhibit trabecular bone loss and architectural deterioration 

induced 4 weeks functional disuse.  Previously in chapter 1, we demonstrated the 

importance in selecting the stimulation frequency within the regimen to affect the skeletal 

adaptive responses [133].  Here, we investigated another critical parameter, C-R ratio, in a 

frequency-specific MS regimen to potentially optimize the preventive measure against 

disuse.  Our selection of the C-R ratios was based mainly on the number of individual 1 ms 

stimulation pulse applied to the muscle and the number of daily cycle number to bone. 

 As 50 Hz MS showed the greatest percentage of inhibition of bone loss and 

deterioration against disuse, we applied this mid-frequency for all of the experimental 

groups in this study.  One characteristic in applying MS greater than 20 Hz is the type of 

muscle contraction it produces – tetanic contraction.  The stimulation cycle number 

generated by the tetanic contraction (MS at > 20 Hz), that is sensed by the skeleton, is 

depended on the C-R ratio.  For example, 50 Hz stimulation with 2/8 C-R ratio (2 sec 

contraction followed by 8 sec rest period), delivered 100 stimulation pulse and a tetanic 

contraction once every 10 sec.  In a daily 10 minutes of stimulation, 50 Hz MS with 2/8 C-

R ratio delivered 6000 stimulation pulse to the quadriceps and a cycle number of 0.1 Hz to 

the femur.  Likewise, MS with 1/4 C-R ratio delivered also 6000 stimulation pulse but a 
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cycle number of 0.2Hz.  4/6 C-R ratio doubled the stimulation pulse to 12,000 with a cycle 

number of 0.1 Hz.  Lastly, 2/28 C-R ratio only delivered 2000 stimulation pulse and 20 

cycles daily.   

 Although the cycle number varied between groups, several implications can be 

drawn from this study.  First, doubling the cycle number from 1,200 to 2,400 applied to the 

femur during the entire study, by altering the C-R ratio from 2/8 to 1/4, did not enhance 

osteogenesis.  Given the equation derived by Qin et al., stimulation generated such small 

cycle number would need to compensate with higher strain level in order to maintain 

cortical bone mass [68].  Direct mechanical loading at 1 Hz generated greater than 1000 με 

and significantly increased cortical bone formation rate [136, 137].  However, MS at 50 Hz 

generated extremely low-level bone strain, which is below 10 με [92].  This discrepancy 

may be explained by the differences in stimulation and its frequency.  It has been shown 

that the strain magnitude decreases in an inverse relation with the induced loading 

frequency [138].  Extremely low-magnitude strain (< 10 με), perhaps arise through muscle 

activity, was measured thousands of times a day and may be a key determinant to maintain 

bone’s form and function [78, 118].  In addition, induced low-magnitude mechanical signal 

has the ability to be produced osteogenic responses on both cortical and trabecular levels if 

the stimulation is applied at high frequency (> 30 Hz) [78, 115, 118, 139].  Consistent with 

the observations from this study, MS at 50 Hz with 2/8 C-R ratio for 10 minutes per day 

was sufficient to inhibit trabecular bone loss and maintain its structure against 4 weeks of 

hindlimb suspension, partially by retaining the amount of mineralizing surface and the 

mineral apposition rate.  Even though 1/4 C-R ratio doubled the cycle number, the 

percentage of inhibition was not as great as the 2/8 C-R ratio, which implied that cycle 
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number may not be an important factor in dynamic MS and that other mechanisms, such as 

fluid perfusion in relation to the rest period, may be involved.   

Second, increasing the stimulation pulse from 120,000 to 240,000 deliver to the 

quadriceps, by changing the C-R ratio from 2/8 to 4/6, also did not augment the inhibition 

responses at the disuse femur and tibia.  It was stated that contraction period compressed 

the vasculature within the skeletal muscle, diminishing arterial blood inflow and that blood 

is rapidly expelled into the extramuscular venous circulation [74, 140, 141].  Muscle 

perfusion is recovered during the rest period [74].  Studies have confirmed that venous 

blood flow increased by 61 ml/min⋅100g during isometric tetanic contraction of canine 

sciatic nerve [89].  This augmentation in flow subsequently increased the oxygen uptake 

and the work performed by the muscle [89].  By examining the ratio of 2/8 and 4/6, we 

would like to maximize the contraction period yet avoiding muscle fatigue and reducing the 

contractility.  Despite there is no statistically significant between the two groups, our 

analyses showed that the adaptive responses from MS with 4/6 C-R ratio were comparable 

to the 2/8 C-R ratio, but the percentage changes comparing to the HLS were still lower for 

all the parameters.  Although no detrimental outcome was observed at the tissue level with 

the 4 sec of continuous tetanic contraction, vascular perfusion and the exchange of nutrient 

and waste in the vessels may be disrupted by the combination of longer contractile duration 

with the shorter rest period [135, 142].  Taken both implications into account, a more in 

depth experimental design for future study should investigate the true consequences of the 

various contractile and non-contractile periods.  Perhaps by extending the daily duration of 

the stimulation group, this way the same number of stimulation pulse and cycle number 

would be applied to the musculoskeletal tissues.   
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An alteration in the musculoskeletal fluid flow environment may also contribute to 

the osteogenic effects observed in this study.  The close relationship between muscle and 

bone hypothesizes that a change in vascular perfusion within skeletal muscle can indeed 

cascade to a change in fluid pressure in bone [92].  The decline in femoral ImP due to 

hindlimb suspension and the increase in femoral ImP induced by MS firmly demonstrated 

the importance of fluid flow in medicating bone physiological processes [92, 117].  Bone 

fluid flow can enhance mechanosensitivity at the cellular level has been illustrated via 

various studies [143-146].  Mechanical loading accentuates fluid shear stress on bone cells, 

thus releasing signaling molecules, e.g., nitric oxide, to further medicate bone remodeling 

[145, 146].  In addition to circumvent muscle fatigue, the rest period inserted into the MS 

regimen may potentially heighten the mechanotransductive responses by allowing flow 

within the small fluid channel in bone to recover from the damping effects after each 

stimulation, increasing the convective transport of nutrient and signaling molecules, and 

medicating bone adaptation [67, 147, 148].  

In conclusion, the devastation of bone loss associated with disuse osteopenia can 

lead to serious medical complications.  The application of dynamic MS has showed to be 

beneficial as a preventive intervention for such disease, and its effectiveness is highly 

depended on the stimulation parameter, i.e., frequency.  This study attempted to optimize 

the skeletal adaptive responses by varying the C-R ratio and to further alleviate trabecular 

bone deterioration due to the lack of daily weight bearing activity.  We showed that C-R 

ratio does play an important role in stimulating trabecular bone responses in both disused 

limbs.  Although a more in depth study is probably needed to determine the true effects of 

cycle number and the duration of rest insertion, the implications from this study presented 
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the significance of the C-R ratio with this non-invasive stimulation and the preliminary 

layout of future investigations.    
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Figures and Tables 
 
Figure 4.1 
 

 
μCT analysis of the trabecular bone in the distal femoral M1 region (750 μm, closest to 
femoral diaphysis).  Graphs show mean + SD values for bone volume fraction (BV/TV, 
%), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and 
separation (Tb.Sp, mm) at the M1 region.  MS at 50 Hz with 2/8 C-R ratio produced 
significant changes in all indices, compared with values obtained from 4-week HLS.  MS 
with 4/6 C-R ratio also demonstrated significant higher values for the bone quality 
parameters.  # p <0.01 vs. baseline; + p <0.01 vs. age-matched; * p <0.05 vs. HLS; ** p 
<0.01 vs. HLS. 
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Figure 4.2 
 

 
μCT measurement of the trabecular bone in the distal femoral M2 region (750 μm, in 
between M1 and M3, 750 μm above the growth plate).  Graphs show mean + SD values 
for bone volume fraction (BV/TV, %), connectivity density (Conn.D, 1/mm3), trabecular 
number (Tb.N, 1/mm), and separation (Tb.Sp, mm) at the M2 region.  50 Hz MS with 2/8 
C-R ratio showed significant effects for all indices against 4-week HLS.  MS with 1/4 and 
4/6 C-R ratios also provided significant protection on the trabecular bone structure.  # p 
<0.01 vs. baseline; + p <0.01 vs. age-matched; * p <0.05 vs. HLS; ** p <0.01 vs. HLS. 
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Figure 4.3 
 

 
μCT evaluation of the trabecular bone in the distal femoral M3 region (750 μm, 
immediately above the growth plate).  Graphs show mean + SD values for bone volume 
fraction (BV/TV, %), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 
1/mm), and separation (Tb.Sp, mm) at the M3 region.  50 Hz MS with 1/4 and 2/8 C-R 
ratios were able to maintain trabecular bone network during 4 weeks of the lack of weight 
bearing activity.  # p <0.01 vs. baseline; + p <0.01 vs. age-matched; * p <0.05 vs. HLS; ** p 
<0.01 vs. HLS. 
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Table 4.1. μCT Analysis of Proximal Tibia. 
 
 Baseline Age-

matched 
HLS 1/4 2/8 4/6 2/28 

Metaphysis        
BV/TV  
(%) 

0.19 
±0.07 

0.21 
±0.09 

0.16 
±0.07 

a 

0.19 
±0.10 

0.21 
±0.11 

* 

0.21 
±0.10 

* 

0.16 
±0.08 

 
Conn.D 
(1/mm3) 

28.5 
±13.3 

36.8 
±20.2 

24.6 
±14.1 

a 

34.0 
±20.8 

35.4 
±25.1 

 

30.6 
±18.2 

 

23.6 
±13.6 

 
Tb.N 
(1/mm) 

1.81 
±0.47 

 

2.16 
±0.98 

 

2.00 
±0.95 

 

2.27 
±0.98 

 

2.25 
±0.95 

 

2.35 
±0.85 

 

2.21 
±0.89 

 
Tb.Sp 
(mm) 

0.60 
±0.13 

0.56 
±0.23 

0.67 
±0.35 

a 

0.52 
±0.31 

 

0.58 
±0.28 

0.49 
±0.16 

* 

0.55 
±0.29 

 

Epiphysis        
BV/TV  
(%) 

0.50 
±0.08 

0.54 
±0.09 

0.48 
±0.12 

a 

0.56 
±0.04 

0.59 
±0.06 

* 

0.60 
±0.07 

* 

0.56 
±0.06 

 

Conn.D 
(1/mm3) 

39.2 
±3.71 

38.4 
±4.65 

33.0 
±6.25 

ab 

37.4 
±4.15 

36.1 
±4.83 

33.5 
±4.51 

 

35.8 
±3.42 

Tb.N 
(1/mm) 

7.34 
±0.35 

 

7.32 
±0.38 

 

6.86 
±0.32 

ab 

7.55 
±0.23 

 

7.58 
±0.20 

 

7.66 
±0.75 

 

7.38 
±0.18 

 

Tb.Sp 
(mm) 

0.15 
±0.01 

 

0.16 
±0.01 

 

0.17 
±0.02 

 

0.15 
±0.02 

 

0.14 
±0.03 

 

0.15 
±0.02 

 

0.16 
±0.01 

 
 
Values are mean ± SD for bone volume fraction (BV/TV, %), connectivity density 
(Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and separation (Tb.Sp, mm) at the M3 
region.  There was significant reduction of trabecular bone induced by HLS.  Stimulation 
with 2/8 and 4/6 ratio significantly inhibit bone against 4-week HLS at both metaphysis 
and epiphysis regions of the proximal tibia.  MS was not able to maintain the trabecular 
microarchitecture in the proximal tibia  b p <0.05 vs. baseline; a p <0.05 vs. age-matched; * 
p <0.05 vs. HLS. 
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Table 4.2. Distal femur and proximal tibia metaphysis histomorphometry.   
 
 Control HLS 1/4 MS 2/8 MS 4/6 MS 2/28 MS 
Femur Metaphysis      
BV/TV - Histo 
(%) 

36.1±7.2 24.3±5.3 
** 

27.1±8.2 
 

30.7±5.3 
# 

29.0±9.2 
# 

24.3±8.6 
 

MS/BS  
(%) 

9.11±3.6 2.37±1.1 
* 

5.45±3.3 
 

5.74±3.3 
# 

4.70±2.0 2.58±1.4 

MAR  
(μm/day) 

1.18±0.3 0.34±0.3 
* 

0.65±0.5 
 

0.83±0.5 
# 

0.58±0.5 0.49±0.5 

BFR/BS 
(μm3/μm2/yr) 

35.9±17 6.03±5.4 
* 

7.75±6.3 
 

9.95±7.5 5.88±5.0 4.58±5.8 

Tibia Metaphysis      
BV/TV - Histo 
(%) 

32.5±10 19.2±3.4 
** 

26.3±3.9 
 

34.0±4.7 
# 

24.0±9.5 
 

21.9±14 
 

MS/BS  
(%) 

8.92±2.8 2.88±0.5 
* 

6.20±2.8 
 

7.78±2.8 
# 

5.20±2.2 3.76±2.2 

MAR  
(μm/day) 

1.65±0.3 0.54±0.5 
* 

0.71±0.5 
 

0.77±0.3 
 

0.63±0.5 0.37±0.5 
* 

BFR/BS 
(μm3/μm2/yr) 

39.8±17 7.35±6.3 
* 

8.93±9.1 
 

11.8±4.5 7.76±6.1 5.63±4.2 

 
Values are mean ± SD.  BV/TV, bone volume/tissue volume; MS/BS, mineralized 
surface/bone surface; MAR, mineral apposition rate; BFR/BS, bone formation rate/bone 
surface.  * p <0.05 vs. age-matched, # p <0.05 vs. HLS. 
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V. The Effects of Dynamic Muscle Stimulation on Preventing  
Skeletal Muscle Atrophy in a Disuse Model 
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Abstract 

The potential effects of dynamic electrical muscle stimulation on muscle atrophy, 

associated with functional disuse, were the focus of the two present studies.  The 

stimulation regimens were to vary the stimulation frequency and the contraction-to-rest 

(C-R) period.  Skeletally matured Sprague-Dawley rats were divided into seven groups 

for the each study.  For the frequency study, the groups were baseline control, age-

matched control, hindlimb suspended (HLS), and HLS with muscle stimulation at 1 Hz, 

20 Hz, 50 Hz, and 100 Hz.  For the C-R study, the groups were baseline control, age-

matched control, HLS, and HLS with 1/4, 2/8, 4/6, and 2/28 C-R ratios.  Muscle wet 

weight, fiber cross-sectional area, number of central nuclei, type I and II fiber were 

evaluated.  The results showed that 10 minutes of daily stimulation could maintain 

muscle fiber types to the level similar to normal muscle.  However, the short duration 

could not compensate for the loss of muscle weight and the reduction of fiber area.  

Overall, the findings of these studies suggested that other parameter, i.e., duration of 

stimulation, may also influence the effect of dynamic muscle stimulation in addition to 

the selection of stimulation frequency and C-R ratios within the regimen.   

 

Introduction 

Decreases in muscle activity lead to muscle atrophy has been reported following 

space mission, spinal cord injury, bed rest, and aging.  The alteration in mechanical 

environment rapidly induces muscular adaptation in fiber size and metabolic properties 

[44, 49, 51, 149-151].  Short-term spaceflight caused significant losses in muscle volume 

by 5 to 17%, fiber cross-sectional area by 11 to 24%, and type I fiber by 6 to 8% [44, 49].  
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Likewise, 6 week post spinal cord injury caused a 15% lean muscle mass loss at the 

lower extremities and an averaged muscle cross-sectional areas reduction by 18 to 46% 

[152, 153].  These changes are often associated with increased muscle weakness and 

fracture risk [154].   

 As an intervention, functional electrical stimulation produces isometric 

contractions in replacement for the lack of muscle activity [155].  The induced 

contractions have been shown to increase muscle volume, muscle cross-sectional area, 

and improve fatigue resistance in human [156, 157].  However, the effects of this external 

stimulus were highly depended on the variability in the duration and frequency of the 

stimulation [93].     

 Small animal models have been extensively studied to mimic the condition of 

disuse [54, 108, 158, 159].  Similar to human, rodent studies displayed a loss of skeletal 

muscle mass, greatest in the postural muscles, and decreased in muscle force [160-163].  

Chemical-induced paralyzed limb in rat showed the highest decline (~40%) in muscle 

weight and fiber cross-sectional area in the soleus muscle [98].  The degree of muscle 

atrophy was not as profound in the tibialis anterior and gastrocnemius, ~20%.  Rat 

hindlimb unloading also supported these findings, where there was significantly 

reduction in both type I and type II muscle fibers area for the soleus and plantaris muscles 

[88].  In additional, hindlimb suspension decreased the percentage of type I muscle fibers 

by an approximately 40% while the number of type II fibers augmented by ~20% [88].   

Electrical stimulation applied to animals has reported various effects on the 

skeletal muscle morphology and biochemistry.  Numerous stimulation paradigms has 

been tested and generated mixed conclusion on the benefit of such stimulations.  The 
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discrepancies were mainly contributed by the applied stimulation frequency, the duration 

of the stimulation, and the type of muscle analyzed [83, 87, 164, 165].  Stimulation at 10 

Hz for 24 hours per day increased fatigue resistance yet decreased the size of the tibialis 

anterior muscles [166].  Lower frequency, such as 2 Hz, applied for 10 hours per day 

demonstrated a marked reduction in paralyzed soleus atrophy [98].  Most studies that 

showed positive effects of electrical muscle contraction at the tissue level have used 

extremely long stimulation protocols, from 2 to 24 hours.  In addition, the application of 

the stimulation frequency ranged from 1 to 100 Hz.   

The possibility in applying electrical muscle stimulation as a countermeasure for 

skeletal muscle atrophy against functional disuse was clearly illustrated by current 

clinical data and in vivo studies.  However, without an optimized protocol and with the 

long hours of stimulation, the application of electrical muscle stimulation for clinical use 

remains impractical.  Thus, we were interested in investigating the possibility to shorten 

the stimulation duration and optimizing our dynamic muscle stimulation protocol.  The 

optimization was evaluated in two separate studies: (1) by varying the stimulation 

frequency and (2) by altering the contraction-to-rest ratio.  The degree of muscle weight 

loss, fiber cross-sectional area decrease, the number of centralized nuclei, type I, and type 

II fibers were analyzed in these studies.   

 

Materials and methods 

Experimental Design 

The two experimental protocols were taken from Chapter 1 and 2.  The effect of 

dynamic muscle stimulation (MS) on preventing skeletal muscle atrophy induced by the 
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lack of daily activity was investigated.  The first study (n = 56) focused on the 

importance of stimulation frequency and the second (n = 56) targeted on the alteration of 

the contraction-to-rest (C-R) ratio.  Animals were randomly assigned to seven groups for 

each study with n=8 per group.  For study 1: (1) baseline control, (2) age-matched 

control, (3) HLS, (4) HLS+1 Hz MS, (5) HLS+20 Hz MS, (6) HLS+50 Hz MS, and (7) 

HLS+100 Hz MS.  For study 2: (1) baseline control, (2) age-matched control, (3) HLS, 

(4) HLS+1/4 (1 sec contraction-to-4 sec rest) MS, (5) HLS+2/8 MS, (6) HLS+4/6 MS, 

and (7) HLS+2/28 MS.  Functional disuse was induced by HLS, setup modified from 

Morey-Holton and Globus [108].  The body weight of each animal was carefully 

monitored throughout the study. 

Electrical MS Protocol 

 As stated in previous chapters, dynamic MS was applied via two needle-size 

electrodes (L-type gauge #3, Seirin, Weymouth, MA) under isoflurane anesthesia, for 10 

minutes per day, 5 days per week, for a total of 4 weeks.  One electrode was placed at the 

right lateral proximal quadriceps and the other was placed at the lateral distal quadriceps.  

The electrodes were then connected to a 100MHz arbitrary waveform generator (Model 

395, Wavetek) to transmit a 1ms square pulse with the appropriate application signal, 

either with various stimulation frequency (1 Hz, 20 Hz, 50 Hz and 100 Hz) or C-R ratio 

(1/4, 2/8, 4/6, 2/28).  Control animals (age-matched and HLS) were also subjected to 

anesthesia for the same amount of time per day as the experimental animals to account 

for any potential effect due to isoflurane inhalation.  After 4 weeks of study, the 

quadriceps (Quad), gastrocnemius (Gas), and soleus (Sol) of the stimulated limb were 

harvested immediately after sacrifice and their wet weights were recorded. 
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Histochemical Analysis 

 After the weight measurements, the tissues were cut to an approximate length of 

10 mm with a cross-sectional area of 25 mm2.  The samples were embedded with OCT 

compound (Tissue Tek), frozen in liquid nitrogen-chilled isopentane, and stored at -80°C 

until analysis.  Multiple 8 μm cross sections were cut with a cryostat (Lecia) at -18°C.  

Three sections were then stained with hematoxylin and eosin (H&E, Polyscience) for 

muscle fiber cross-sectional area (CSA, μm2) and central nuclei (CN, number per fiber) 

evaluation (Figure 5.1).  Three other sections were used for myofibrillar ATPase staining 

to characterize myosin isoforms.  For the ATPase staining, the Quad and Gas sections 

were immersed into alkaline preincubation solution at a pH value of 10.4 and the Sol 

sections were submerged into acid preincubation solution at a pH value of 4.6.  All 

sections were then incubated with ATP solution at a pH value of 9.4.  The fibers were 

classified as either type I or type II.  Two cross-sectional bright field images (670 μm x 

530 μm) were captured from each muscle section with a Zeiss microscope (AxioVision 

4.5, Germany) at 200X magnification.  All evaluations were performed with the ImageJ 

software, downloaded from the NIH, website.  For each analysis, 150 – 350 fibers were 

assessed per muscle section.     

Immunohistochemistry  

 Additional 8 μm cross-sections were cut from the Quad muscles for Pax7 

immuno-staining.  The primary antibodies anti-Pax7 (Developmental Studies Hybridoma 

Bank, Iowa City, IA) and anti-laminin (Sigma, St. Louis, MO) were used.  Pax7 is a 

transcription factor that expresses in satellite cells, and is thought to play critical roles in 

skeletal muscle development and regeneration.  Laminin is a marker for basement 
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membranes.  Two secondary antibodies were applied (Vector Laboratories, Burlingame, 

CA); the rat adsorbed fluorescein anti-mouse IgG was used to detect for Pax7 while texas 

red anti-rabbit IgG for laminin.  Working dilutions of these antibodies were 1:200 for 

Pax7 and the secondary antibodies and 1:500 for laminin in 1% bovine serum albumin 

(BSA), diluted with 1X phosphate-buffered saline (PBS).  The immuno-staining of Pax7 

and laminin was performed simultaneously.  Tissue sections were first fixed with 4% 

paraformaldehye in PBS, permeabilized with 0.5% of Triton X-100 diluted in PBS, and 

blocked with 1% BSA.  Primary antibodies were incubated with the sections overnight at 

4°C.  The secondary antibodies were incubated for one hour at room temperature.  Lastly, 

the sections were dehydrated with a series of ethanol (70%, 95%, and 100%), cleared 

with xylene, and mounted with Vectashield with DAPI (Vector Laboratories, 

Burlingame, CA).  Muscle fibers and satellite cells were visualized with a Zeiss 

microscope (AxioVision 4.5, Germany) with the FITC (Pax7), TRITC (Laminin), and 

DAPI (myonuclei) filters at 630X magnification.    

Statistical Analyses 

 All of the histochemical results are reported as mean ± SD.  For each analysis, 

significance differences between groups were determined using the SigmaStat 2.03 

program (Systat Software Inc, San Jose, CA). Analysis of variance (ANOVA) with 

Tukey’s pairwise multiple comparison tests was performed on the CSA, CN, type I and II 

muscle fibers data.   The level of significance was considered at p < 0.05.  
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Results 

Muscle wet weight 

The Quad, Gas, and Sol wet weight of the stimulated limbs were recorded after 

harvesting of study 2.  Individual muscle weight was normalized to the animal’s final 

body weight (Table 5.1).  HLS alone led to muscle weight loss of 22% in Quad (p < 

0.01), 17% in Gas (p < 0.01), and 43% in Sol (p < 0.001).  50 Hz MS with various C-R 

ratios had no influence on the hindlimb muscle weight and the average weight loss was 

similar to the one from HLS control.   Comparing to the age-matched control, the muscle 

weight loss was 21% in Quad (p < 0.01), 10 – 19% in Gas (p < 0.01), and 39 – 44% in 

Sol (p < 0.001).     

Histochemistry 

 Multiple representative H&E and ATPase images of the Quad, Gas, and Sol 

muscles cross-sectional were presented in Figure 5.2 – 5.4.  The morphological (CSA) 

and histochemical (fiber type) changes between the age-matched, HLS, and MS at 50 Hz 

could be visualized.   

Muscle Fiber Cross-Sectional Area (CSA) 

 In addition to the wet weight loss, 4 weeks of HLS induced quadriceps muscle 

atrophy by decreasing the muscle fiber CSA, 26% in study 1 and 29% in study 2  (p < 

0.01).  Electrical stimulation was directly applied to the quadriceps muscle.  Surprisingly, 

10 minutes of MS, regardless of the stimulation frequency or C-R ratios, was not 

sufficient to prevent muscle atrophy.  Comparing to the age-matched control, the degree 

of CSA decline varied with the stimulation frequency, -31% for 1 Hz, -27% for 20 Hz, -

19% for 50 Hz, and -42% for 100 Hz (p < 0.01 for all) (Figure 5.5).  The fiber CSA 
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subjected to stimulation at 50 Hz was 9% higher than the HLS (p < 0.05).  When we 

altered the C-R ratio within the 50 Hz MS, similar findings were observed (Figure 5.6).  

The percent decline in CSA versus the age-matched group was 29%, 23%, 31%, and 32% 

for 1/4, 2/8, 4/6, and 2/28 C-R ratios, respectively (p < 0.01).  Overall, 50 Hz stimulation 

with 2/8 as the C-R ratio showed a slight positive change (7 – 9%), not statistically 

significance (p = 0.2), against 4 weeks of disuse. 

 Although the Gas and Sol were not stimulated, we were interested to determine 

whether the movement induced by the quadriceps contraction has an effect on 

neighboring tissues and their morphologies.  The disused muscle CSA was significantly 

decreased by 18% in Gas (p < 0.01) and 49 – 59% in Sol (p < 0.001) (Table 5.2 & 5.3).  

The contraction at the Quad did not affect the CSA in these two muscle groups.  

Comparing to the age-matched animals, the CSA decline in the stimulation frequency 

study was 11 – 33% in Gas (p < 0.01) and 43 – 75% in Sol (p < 0.001), where 100 Hz 

MS had the highest decrease.  Similarly, the CSA in the C-R ratio study was reduced by 

11 - 27% in Gas (p < 0.01) and 53 – 59% in Sol (p < 0.001).  

Central Nuclei (CN) within Fibers 

 Although the difference in the number of CN per fiber between age-matched and 

disused was not statistically significance, the disused quadriceps increased the number of 

CN by 48% in the frequency study and 24% in the C-R ratio study.  These increases were 

prevented by the dynamic electrical stimulation with a specific regimen.  While 1 Hz MS 

showed an 82% increase in CN versus normal animals (p < 0.05), 50 Hz MS showed a 

37% and 57% reduction in CN per muscle fiber versus age-matched (p < 0.05) and HLS 

(p < 0.01), respectively (Figure 5.5).  MS at 20 Hz and 100 Hz also prevented the 
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occurrence of CN by 20% and 30% against disuse, respectively (Figure 5.5).   

Furthermore, changes in the C-R ratios within the 50 Hz stimulation regimen 

demonstrated significant decline of CN, with -38%, -41%, -35%, and -25% versus HLS 

for 1/4, 2/8, 4/6, and 2/28 C-R ratios (p < 0.05 for all), and -24%, -27%, -20%, and -7% 

versus age-matched for 1/4, 2/8, 4/6, and 2/28 C-R ratios, respectively (Figure 5.6).   

 Disused Gas and Sol also showed an increase in the number of CN per fiber, with 

28% and 29% in the frequency study and 34% and 13% in the C-R study, respectively 

(Table 5.2 & 5.3).  The number of CN per fiber was lower after daily MS was applied.  

Stimulation at 50 Hz with 2/8 C-R ratio demonstrated significant 30 – 42% decrease in 

the number of CN per fiber from both studies.  Likewise, comparing to HLS, the number 

of CN was 30 – 38% lower in the Sol from the stimulated animals.   

Muscle Fiber Characteristics 

 The numbers of type I and II muscle fibers are normalized to the total fibers 

analyzed.  Quad mostly contains type II fibers, the normalized fiber ratios of type I and II 

were 0.02 and 0.98, respectively.  Quad subjected to 4 weeks disuse alone and 1 Hz MS 

showed a decrease in type II fibers (up to 4%, p < 0.05) and an increase in type I fibers 

(up to 158%, p < 0.05).  Stimulation at 20 Hz was able to either maintain the fibers ratios 

to those of the age-matched control (Figure 5.5).  MS at 50 Hz and 100 Hz lower the type 

I fiber ratio, 72% and 87% versus normal animals (not significance), and 86% and 94% 

against HLS p < 0.01, respectively (Figure 5.5).  For the C-R ratio study, HLS and MS 

with 2/28 C-R ratio significantly increased the type I fiber ratio and decreased the type II 

ratio, as expected (p < 0.05).  Comparing to HLS the number of type I and II fibers were 
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significantly changed with 1/4 (p < 0.05), 2/8 (p < 0.01), and 4/6 C-R (p < 0.01) ratios 

(Figure 5.6).   

 In the Gas, no significance change in fiber type was observed between age-

matched, HLS, and experimental group.  Surprisingly, the Sol muscle seems to response 

to both disuse and MS to the Quad (Table 5.2 & 5.3).  This muscle group is dominantly 

occupied by type I fiber, the normalized fiber ratios of type I and II were 0.86 and 0.14, 

respectively.  Four weeks disuse significantly decreased the type I fiber ratio (20%) and 

subsequently increased type II ratio (121%)  (p < 0.01).  MS at mid to high frequency 

partially counteract the alterations seen in HLS, by increasing type I fiber ratio by 15% (p 

< 0.05).  Within the 50 Hz MS regimen, C-R ratios of 2/8 and 4/6 were also able to 

maintain the fiber ratio similar to those of the age-matched control.   

Immunohistochemistry 

 Satellite cells and basement membrane of the muscle were successfully visualized 

by Pax7 (Green) and laminin (Red) staining (Figure 5.7).  Pax7 is a transcription factor 

thus only expressed in the nucleus, as matched by the DAPI staining (Blue).  The Quad 

cross-sections from normal animals, and animals subjected to HLS, and HLS + 50 Hz 

MS all shown to have satellite cells.  However, the numbers of satellite cells within each 

sample were extremely small and difficult to locate, thus not suitable for quantification. 

 

Discussion 

 In this study, the 10 minutes daily dynamic MS partially induced conversion 

between myosin heavy chain isoforms but was inadequate to prevent the loss of muscle 

weight and fiber cross-sectional area due to functional disuse.  We have also explored the 
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efficacy of MS with different stimulation frequencies and C-R ratios on muscular 

adaptation induced by 4 weeks of HLS.  Taken together the results from chapter 1 and 2, 

the present data confirmed that the effectiveness of dynamic MS is highly dependent of the 

stimulation frequency and the C-R ratio but to a lesser degree. 

 Mechanical stimulations have been researched to alleviate muscle atrophy.  Long 

duration (10 – 24 hours) electrical stimulations at low frequency significantly prevented 

weight loss in soleus and tibialis anterior [98, 166].  However, others found that stimulation 

with higher frequency can maintain muscle mechanical properties, i.e. twitch and tetanic 

force, as well as reduce muscle weight loss and fiber CSA [83, 167].  Surprisingly, our 

dynamic MS, regardless of stimulation and C-R ratio, was unable to inhibit hindlimb 

muscle atrophy.  We have previously showed that dynamic MS, applied 10 minutes per 

day, can partially prevent trabecular bone loss in disused femur.  To our knowledge, this 

study was the first to examine the effect of such short-term duration (10 minutes) on disuse 

muscle.  Daily 30 minutes of electrical stimulation at 45 – 60 Hz was previously studied 

with healthy individuals [93].  Since the subjects did not experience any disuse-related 

muscle loss, the stimulation served as an enhancement and showed an increased in 

averaged CSA by 14% and in the number of type II fibers.  Taken other studies into 

consideration, longer daily stimulation (30 minutes to 1 hour) may be required to 

counteract the loss of function to the skeletal muscle and to induced changes at the tissue 

level.   

 The Quad and Gas muscles are examples of fast-twitch muscles, which is highly 

responsive to contraction with abundant of type II muscle fibers [51, 93, 168].  In contrast, 

the soleus is considered as a posture muscle (slow-twitch) with abundant of type I fibers 
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[51, 93, 168].  For our study, the percentages of type II and type I muscle fibers were 98% 

and 2% in normal Quad, 70% and 30% in Gas, and 14% and 86% in Sol, respectively.  

Other studies on fast-twitch muscle groups, i.e., extensor digitorum longus (EDL), also 

detected ~95% of type II fibers via histochemical analysis and myosin heavy chain (MHC) 

II isoform via protein analysis [87, 168, 169].  Soleus expressed ~85% of MHC II and 15% 

of MHC I [170].  It has been reported that slow-twitch fibers are more sensitive to HLS 

than fast muscle fibers, and that disuse induces slow-to-fast transformation [171, 172].  We 

found that to be partly true, in which the fiber type conversion was different based on 

muscle groups.  Inactivity decreased type II fibers and proportionally increased type I fibers 

in disused Quad, demonstrating a fast-to-slow transformation.  However, the changes were 

reversed for disused Gas and Sol [170].  Our stimulation at 1 Hz showed the similar muscle 

type transformation as HLS.  Chronic continuous stimulation at 10 Hz for 10 to 24 hours 

per day converted EDL and tibialis anterior muscle from fast to slow [87, 169].  Yet, MS at 

50 Hz and 100 Hz increased the number of type II fibers to almost 100% in the Quad in 

response to the contraction.  This discrepancy with previous results was possibly due to the 

type of MS, where we applied an intermittent signal with high stimulation frequency.   

The occurrence of centralized nuclei is a hallmark for regenerating skeletal 

muscle.  An increase in the number of central nucleus within the muscle fibers is a 

characteristic in many muscular diseases [173].  In normal muscle, less than 3% of fibers 

should have internal nuclei as observed in our analysis.  MS at mid to high frequencies 

reduced the numbers of CN to normal level, suggesting the skeletal muscle was not 

damage due to disuse or the stimulation.  Another indication for muscle development 

and/or regeneration is the detection of satellite cells.  Satellite cells, lie quiescent in the 
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basement membrane, are responsible for the generation of new myonuclei [174-176].  It 

has been hypothesized that impaired skeletal muscle has a lower number of satellite cells, 

thus fail to maintain muscle mass [62, 174].  However, the link between sarcopenia and 

satellite cell content has been inconclusive.  One study showed suppression of satellite 

cell mitotic activity occurs immediately upon unloading but histochemical analysis was 

not specific toward any satellite cell marker [62].  In a more detailed study with the 

elderly, the number of satellite cells decreased was in conjunction with the type II fiber 

atrophy [177].  The success of Pax7 immuno-staining demonstrated the existence of 

satellite cells in our study.  However, the changes in type II fibers were somewhat 

ambiguous and the detection for satellite cell was relatively low in all groups.  Thus, 

future study may consider other analysis to detect Pax7 expression in a more accurate 

manner.     

 The variation of stimulation frequencies within the dynamic MS regimen generated 

two types of isometric contraction at the quadriceps.  MS at low frequency, such as 1 Hz, 

produced isometric twitch, in which there is a rapid increase in muscle tension and then 

gradually return to normal [178].  MS at mid to high frequency, such as 50 Hz, generated 

isometric tetanus, where a peak muscle tension is achieved by a summation effect [83].  For 

our studies, we concentrated in determining the morphological and biochemical 

consequences of dynamic MS and did not focus on the functionality properties of the 

muscles.   Stimulation at 1 Hz induced twitch contractions, which fail to prevent muscle 

atrophy but was able to maintain maximum twitch tension [178].  Previous studies by 

Gorza et. al. measured the maximum tetanic tension of an innervated soleus to be 1.9 N and 

a denervated soleus to be 0.046 N.  The tension of the denervated muscle rose to 0.68 N 
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with stimulation at 15 Hz and 1.1 N with stimulation at 100 Hz [83].  Similar results were 

found with HLS rats subjected to isometric exercise, the tetanic force of the soleus was 

increased by 30% [162].  The degree of protection with the stimulation was less when 

measured in a fast-twitch muscle, such as extensor digitorum longus.  Nevertheless, the 

tension – frequency relation could potentially be one of the key elements in selecting the 

optimal stimulation frequency within the MS paradigm. 

 Another consideration in the design of MS regimen is the elevation of fluid flow 

induced by contraction.  Muscular contraction can raise intramuscular pressure and blood 

flow [179].  It is thought that rhythmical contractions increase venous outflow by 

compressing the arteries and veins, the vessels are refilled during relaxation [73].  This 

concept of muscle pump is well appreciated and may be a potentially mechanism in the 

effects of dynamic MS.  Treadmill exercise and 1 second of tetanic stimulation at 30 Hz 

both decreased arterial blood flow and increased venous blood flow at the onset of 

contraction [180].  Blood flow then returned to normal level during rest period.  In addition, 

blood expelled from the venous system increased as function of increased stimulation 

frequency [89].  Extensive researches also suggested other mechanisms, i.e., vasodilation, 

to explain the rapid increase in blood flow during the first few second of contraction [181, 

182].  Regardless of the possible mechanism, MS increased microvasucular fluid perfusion 

is undeniable.  Although 10 minutes daily MS failed to distinguish the significance 

between C-R ratios, the combination of the contraction and relaxation period should 

continue to be considered for future design of experiment.  Prolonged stimulation may 

enhance perfusion, augment oxygen and other metabolites delivery, and further protect the 

muscular tissues against the lack of functional activity. 
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 In conclusion, 10 minutes daily dynamic MS to the quadriceps may be too short to 

be effective in prevent skeletal muscle atrophy, induced by 4 weeks of HLS.  The variation 

of stimulation frequency has promising impacted on the histochemical and metabolic 

properties of the muscle fibers.  The shift in fiber types suggested the initiation of muscular 

responsiveness.  Although the mechanism between stimulation and tissue adaptation 

remain unclear, these studies demonstrated the importance in considering the type of 

contraction that is being applied and the changes in fluid perfusion that is being generated 

by the stimulation.  Future investigation may target on the duration of the stimulation, 

supplement with the appropriate stimulation frequency and C-R ratios within the dynamic 

MS regimen.   
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Figures and Tables 

Figure 5.1 
 

  
 
Representative H&E images of disused quadriceps taken at 200X (Top) and 400X 
(Bottom) magnification.  The bottom image was taken at the same region as the box 
shown in the top image.  Arrows indicate central nuclei.   
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Table 5.1.  Skeletal Muscle Wet Weight Normalized to Individual Body Weight  
 
 Baseline Age-

matched 
HLS 1/4 C-R 2/8 C-R 4/6 C-R 2/28 C-R 

Quadriceps 
(mg/g) 

8.47 
±0.40 

9.67 
±1.33 

7.52 
±0.34 

ab 

7.75 
±0.73 

ab 

7.78 
±0.61 

ab 

7.67 
±1.04 

ab 

7.59 
±1.01 

ab 
Gastrocnemius 
(mg/g) 

5.35 
±0.31 

5.22 
±0.32 

4.36 
±0.22 

ab 

4.58 
±0.31 

ab 

4.71 
±0.20 

ab 

4.25 
±0.26 

ab 

4.35 
±0.76 

ab 
Soleus 
(mg/g) 

0.45 
±0.03 

 

0.45 
±0.04 

 

0.25 
±0.03 

#* 

0.26 
±0.02 

#* 

 0.27 
±0.04 

#* 

0.26 
±0.03 

#* 

  0.25 
±0.02 

#* 
 
Normalized values are mean ± SD.  b p < 0.01 vs. baseline, # p < 0.001 vs. baseline, a p < 
0.01 vs. age-matched, * p < 0.001 vs. age-matched. 
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Figure 5.2 
 

 
Representative H&E (A, C, E) and ATPase (B, D, F) stained images of the quadriceps, 
taken at 200X magnification.  Age-matched (A & B); HLS (C & D); HLS + 50 Hz with 
2/8 C-R ratio (E & F).  Quadriceps sections were stained with alkaline solution (pH 10.4).  
Type I muscle fibers are shown in light color and type II fibers are shown in dark.  
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Figure 5.3 
 

Representative H&E (A, C, E) and ATPase (B, D, F) stained images of the 
gastrocnemius, taken at 200X magnification.  Age-matched (A & B); HLS (C & D); HLS 
+ 50 Hz with 2/8 C-R ratio (E & F).  Gastrocnemius sections were stained with alkaline 
solution (pH 10.4).  Type I muscle fibers are shown in light color and type II fibers are 
shown in dark. BV = Blood vessel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

100μm 100μm

100μm 100μm

100μm 100μm

II

I

II

I

II

I

BV

A B

C

E F

D

100μm100μm 100μm100μm

100μm100μm 100μm100μm

100μm100μm 100μm100μm

II

I

II

I

II

I

BV

A B

C

E F

D



 92

Figure 5.4 

 
 
Representative H&E (A, C, E) and ATPase (B, D, F) stained images of the soleus, taken 
at 200X magnification.  Age-matched (A & B); HLS (C & D); HLS + 50 Hz with 2/8 C-
R ratio (E & F).  Soleus sections were stained with acid solution (pH 4.6).  Type I muscle 
fibers are shown in dark color and type II fibers are shown in light.  
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Figure 5.5 
 

 
Graphs show mean + SD values for fiber cross-sectional area (CSA, μm2), number of 
central nuclei per fiber (#CN/Fiber), type II fiber per total fiber, and type I fiber per total 
fiber.  Compared to HLS, MS at 50 Hz produced a significant change in all indices.  a p 
<0.05 vs. baseline and age-matched; aa p <0.01 vs. baseline and age-matched; * p <0.05 vs. 
HLS; ** p <0.01 vs. HLS; # p <0.01 vs. 1 Hz. 
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Figure 5.6 
 

Graphs show mean + SD values for fiber cross-sectional area (CSA, μm2), number of 
central nuclei per fiber (#CN/Fiber), type II fiber per total fiber, and type I fiber per total 
fiber.  a p <0.05 vs. baseline and age-matched; aa p <0.01 vs. baseline and age-matched; * p 
<0.05 vs. HLS; ** p <0.01 vs. HLS. 
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Table 5.2.  Effects of Stimulation Frequency on Properties of Gastrocnemius & 
Soleus   
 
 Baseline Age-

matched 
HLS 1 Hz 20 Hz 50 Hz 100 Hz 

Gastrocnemius        
CSA 
(μm2) 

2704 
±442 

2923 
±795 

2401 
±260 

a 

2587 
±341 

a 

2126 
±417 

a 

2584 
±344 

a 

1953 
±994 

a 
CN 
(#/Fiber) 

0.010 
±0.005 

0.017 
±0.011 

0.023 
±0.017 

 

0.023 
±0.005 

0.017 
±0.009 

0.013 
±0.008 

0.018 
±0.008 

 
Type II Fibers 
(%) 

68.1 
±17 

 

70.0 
±14 

 

71.7 
±2.8 

 

72.9 
±9.8 

 

 79.0 
±12 

 

74.8 
±8.4 

 

74.0 
±3.6 

 
Type I Fibers 
(%) 

31.9 
±17 

30.0 
±14 

28.3 
±2.8 

 

27.1 
±9.5 

 

21.0 
±12 

 25.2   
±8.4 

 

 26.0 
±3.6 

 

Soleus        
CSA 
(μm2) 

3994 
±916 

3468 
±576 

1771 
±366 

# 

1946 
±383 

# 

1647 
±826 

# 

1605 
±599 

# 

855 
±106 

# 

CN 
(#/Fiber) 

0.035 
±0.053 

0.038 
±0.016 

0.049 
±0.019 

 

0.044 
±0.025 

0.049 
±0.027 

0.030 
±0.015 

 

0.013 
±0.005 

Type II Fibers 
(%) 

17.7 
±8.6 

 

14.2 
±5.6 

 

31.3 
±7.0 

ab 

27.7 
±5.0 

ab 

21.0 
±14 

* 

20.8 
±4.7 

* 

21.4 
±4.7 

* 

Type I Fibers 
(%) 

82.3 
±8.6 

 

85.8 
±5.6 

 

68.7 
±7.0 

ab 

72.3 
±5.0 

ab 

79.0 
±14 

* 

79.2 
±4.7 

* 

78.6 
±4.7 

* 
 
Values are mean ± SD for averaged fiber cross-sectional area (CSA, μm2), number of 
central nuclei (CN, #/fiber), type II and type I muscle fibers (%).  b p <0.01 vs. baseline; a p 
<0.01 vs. age-matched; # p <0.001 vs. age-matched; * p <0.05 vs. HLS. 
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Table 5.3.  Effects of C-R Ratio on Properties of Gastrocnemius & Soleus   
 
 Baseline Age-

matched 
HLS 1/4 C-R 2/8 C-R 4/6 C-R 2/28 C-R 

Gastrocnemius        
CSA 
(μm2) 

2859 
±495 

2688 
±554 

2217 
±239 

a 

2233 
±397 

a 

2385 
±856 

a 

1956 
±262 

a 

2097 
±291 

a 
CN 
(#/Fiber) 

0.009 
±0.005 

0.015 
±0.014 

0.020 
±0.011 

 

0.017 
±0.014 

0.014 
±0.011 

0.017 
±0.005 

0.018 
±0.011 

 
Type II Fibers 
(%) 

67.9 
±14 

 

71.0 
±3.3 

 

75.8 
±8.1 

 

77.9 
±3.4 

 

 74.3 
±4.4 

 

73.4 
±5.0 

 

74.0 
±6.4 

 
Type I Fibers 
(%) 

32.1 
±14 

29.0 
±3.3 

21.5 
±8.1 

 

22.1 
±3.4 

 

25.7 
±4.4 

 26.6   
±5.0 

 

 26.0 
±6.4 

 

Soleus        
CSA 
(μm2) 

3968 
±873 

3819 
±722 

1661 
±299 

# 

1731 
±319 

# 

1607 
±324 

# 

1632 
±202 

# 

1637 
±481 

# 

CN 
(#/Fiber) 

0.034 
±0.005 

0.043 
±0.014 

0.048 
±0.017 

 

0.032 
±0.017 

0.035 
±0.025 

0.037 
±0.031 

 

0.051 
±0.025 

Type II Fibers 
(%) 

18.8 
±21 

 

12.9 
±6.7 

 

26.9 
±5.8 

ab 

20.1 
±7.8 

 

15.2 
±8.9 

* 

16.9 
±3.9 

* 

23.7 
±8.4 

ab 

Type I Fibers 
(%) 

81.2 
±21 

 

87.1 
±6.7 

 

73.1 
±5.8 

ab 

79.9 
±7.8 

 

84.8 
±8.9 

* 

83.1 
±3.9 

* 

76.3 
±8.4 

ab 
 
Values are mean ± SD for averaged fiber cross-sectional area (CSA, μm2), number of 
central nuclei (CN, #/fiber), type II and type I muscle fibers (%).  b p <0.01 vs. baseline; a p 
<0.01 vs. age-matched; # p <0.001 vs. age-matched; * p <0.05 vs. HLS. 
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Figure 5.7 
 

 

Representative immuno-stained images of the quadriceps, taken at 630X magnification.  
Anti-laminin staining of basement membrane is shown in red; Anti-Pax staining for 
satellite cell (arrow) is shown in green.  Myonuclei are stained in blue with DAPI.  Scale 
bar = 20 μm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 98

VI. The Effects of Dynamic Muscle Stimulation on Skeletal Muscle  
Microvasculature in a Disuse Model 
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Abstract 

Alteration in the microvascular system may affect musculoskeletal tissues 

adaptation.  The objective of this study is to determine the effect of dynamic muscle 

stimulation on the capillary supply within skeletal muscle.  The capillary analyses were 

performed on the quadriceps muscles that were from the age-matched control, hindlimb 

suspended (HLS), and HLS with 50 Hz muscle stimulation with 2/8 contraction-to-rest 

ratio.  Capillary were visualized via immunohistochemical and ATPase stainings.  The 

capillary density and capillary-to-fiber ratio were evaluated.  Our results showed that 

there was no difference in capillary between the three groups.  However, the lack of daily 

activity significantly decreased the capillary-to-fiber ratio, while daily stimulation could 

maintain this ratio similar to the level measured in normal muscle.  Overall, capillary 

quantification suggests that dynamic muscle stimulation has the potential to regulate 

vascular adaptation which may further protect the musculoskeletal system under a 

condition of functional disuse. 

 

Introduction 

Skeletal muscle blood flow increases during contraction and restore to normal 

level during relaxation [89].  Capillary supply of muscle is important for delivery of 

oxygen and other nutrients to muscle cells [183, 184].  The relationship between the 

microvasculature and functional demand, whether it is decreased during disuse or 

increased during exercise, is unclear.  Many contradicted results have been reported for 

the change in the number of capillaries [185-187]. 
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Parameters that are frequently evaluated include the number of capillary per area 

and capillary-to-fiber (C/F) ratio.  Studies have shown that decreased muscle use led to 

muscle atrophy, capillary number reduction, and increased damage to the capillary 

endothelium [187-189].  In contrast, other studies that had undergone various forms of 

disuse, i.e., chemical-induced, denervation, hindlimb suspension, induced significant 

muscle loss but maintained microvascular network [189-191].  When taken the number of 

fibers into account, the C/F ratio demonstrated an increase by the augmentation of muscle 

activity and a decrease by disuse [86, 192].  The inconsistency in acquiring the effect of 

capillary in response to various functional demands remains uncertain.  The different in 

experimental designs, duration of study, types of stimuli, and muscle examined may 

contribute to the inconsistency.   

Exercise and electrical stimulation can induce adaptations in both skeletal and 

muscular tissues, by altering their morphologies and biochemical properties [133].  

Increased capillary supply has been observed in hypertrophic muscles in chickens, mice, 

and rats [193-195].  Although the mechanism for capillary growth is not know, it has 

been postulated that fluid flow-induced mechanical factors, such as shear stress and 

tension, are responsible to the microvascular adaptation [141].  Results proven that 

electrical stimulation with a specific stimulation frequency can augment intramuscular 

and intramedullary pressure, increased blood flow in muscle and perhaps to bone [64, 

141]. 

We have previously showed that dynamic muscle stimulation (MS) at 50 Hz with 

a contraction-to-rest (C-R) ratio of 2 to 8 seconds can prevent bone loss and induce 

muscle fiber transformation.  Thus, the objective of this study is to determine in effect of 
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this optimized MS signal on the skeletal muscle microvasculature.  In addition to 

musculoskeletal adaptation, we hypothesized that the optimal signal of MS can also 

generate changes to the microvasculature.    

 

Materials and methods 

All experimental procedures were approved by the Laboratory Animal Use 

Committee at Stony Brook University.  Details on the experimental design were 

previously described.  Animals were either allowed normal activities, subjected to 4 

weeks of hindlimb suspension (HLS) or HLS with MS at 50 Hz with 2/8 C-R ratio.  

Stimulation was applied at 2 V with 1 ms square pulse for 10 minutes per day, 5 days per 

week, for a total of 4 weeks.  The vasculatures of the quadriceps muscle were assessed.  

The tissues were embedded with OCT compound (Tissue Tek), frozen in liquid nitrogen-

chilled isopentane, and stored at -80°C until analysis.     

Immunohistochemistry  

 Multiple 8 μm cross-sections were cut from the Quad muscles for laminin, von 

Willebrand factor (vWF), and CD31 immuno-staining.  The primary antibodies anti-

laminin (anti-rabbit from Sigma, St. Louis, MO, anti-mouse from Developmental Studies 

Hybridoma Bank, Iowa City, IA), anti-vWF (anti-rabbit from Sigma, St. Louis, MO), and 

anti-CD31 (anti-mouse from Millipore, Bedford, MA) were used.  Laminin is a marker 

for basement membranes.  vWF is a blood glycoprotein, that is required for normal 

homeostasis, and reacts specifically with the cytoplasm of endothelial cells.  CD31, also 

called platelet-endothelial cell adhesion molecule-1, is a transmembrane glycoprotein and 

a surface marker for endothelial cells.  Two secondary antibodies were applied (Vector 
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Laboratories, Burlingame, CA); the rat adsorbed fluorescein anti-mouse IgG was used to 

detect for laminin purchased from DSHB and CD31, while texas red anti-rabbit IgG for 

laminin purchased from Sigma and vWF.  Working dilutions of these antibodies were 

1:500 for laminin (Sigma) and 1:200 for all other primary and secondary antibodies in 

1% bovine serum albumin (BSA), diluted with 1X phosphate-buffered saline (PBS).  The 

immuno-staining of vWF or CD31 and laminin was performed simultaneously.  Tissue 

sections were first fixed with acetone for 15 minutes, air dried, and blocked with 1% 

BSA for 1 hour.  Primary antibodies were incubated with the sections overnight at 4°C.  

The secondary antibodies were incubated for one hour at room temperature.  Lastly, the 

sections were dehydrated with a series of ethanol (70%, 95%, and 100%), cleared with 

xylene, and mounted with Vectashield with DAPI (Vector Laboratories, Burlingame, 

CA).  Muscle fibers and blood vessels were visualized with a Zeiss microscope 

(AxioVision 4.5, Germany) with the FITC (laminin from DSHB and CD31), TRITC 

(laminin from Sigma and vWF), and DAPI (myonuclei) filters.    

Histochemical Analysis 

 Additional 8 μm cross-sections were cut for demonstration of the muscle capillary 

network using hischemical ATPase method.  A modified ATPase protocol has been 

developed to simultaneously stain for capillaries and fiber types [196, 197].  However, 

we further modified the protocol to clearly visualize capillary only.  The sections were 

immersed into acid preincubation solution at a pH value of 4.2.  All sections were then 

incubated with ATP solution at a pH value of 9.4.  Twenty cross-sectional bright field 

images (150 μm x 120 μm) were captured from each muscle section with a Zeiss 

microscope (AxioVision 4.5, Germany) at 630X magnification.  All evaluations were 
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performed with the ImageJ software, downloaded from the NIH, website.  For each 

analysis, 75 – 100 fibers were assessed per muscle section.       

Statistical Analyses 

 All of the histochemical results are reported as mean ± SD.  For each analysis, 

significance differences between groups were determined using the SigmaStat 2.03 

program (Systat Software Inc, San Jose, CA). Analysis of variance (ANOVA) with 

Tukey’s pairwise multiple comparison tests was performed.   The level of significance 

was considered at p < 0.05.  

 

Results 

Immunohistochemistry  

 Blood vessels and basement membrane of the quadriceps muscles were visualized 

by vWF (Red) and laminin (Green) staining (Figure 6.1), and CD31 (Green) and laminin 

(Red) staining (Figure 6.2).  Both vWF and CD31 successfully stained larger vessels.  

However, capillaries were difficult to capture.  Thus, quantification of capillary density 

and C/F ratio were not performed based on these fluorescent sections. 

Capillary Density 

 From the modified ATPase staining, capillaries were clearly observed in black 

and counted (Figure 6.3).  Figure 3 shows representative cross-sectional images of the 

quadriceps from HLS and HLS with MS.  The capillary density was not statistically 

different between age-matched, HLS, and stimulated groups.  However, the capillary 

density was decreased by 9% due to 4 weeks of disuse, and only 3% with the stimulation 

(Figure 6.4).  
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Capillary to Fiber Ratio (C/F) 

 Taking into consideration that the numbers of muscle fibers, in a given region, 

were different between the age-matched control, HLS, and stimulated animals, the C/F 

ratios were evaluated (Figure 6.4).  The CF ratio of the HLS group was significantly 

lower than the normal control (p < 0.01) by 19%.  Although the C/F ratio was not fully 

maintain by MS at 50 Hz, it showed a 16% higher C/F ratio comparing to the HLS 

animals (p < 0.05).   

 

Discussion 

 The present data indicated that dynamic electrical stimulation was able to preserve 

the skeletal muscle microvasculature even with the occurrence of muscle atrophy induced 

by disuse.  MS at 50 Hz with 2/8 C-R ratio, for 10 minutes per day, was unable to prevent 

the reduction in muscle weight and fiber size.  Yet, the stimulation can maintain the fiber 

type I and type II ratio, and partially inhibited the decrease in capillary supply.   

 For this study, we chose three different staining methods to visualize the capillaries.  

vWF has been a well known endothelial cells and often used to stain human skeletal muscle 

biopsies [198, 199].  Although it has been widely used, some studies claimed that vWF 

could not capture some endothelial cell under certain conditions and only larger blood 

vessels were successfully stained [200].  Similar to our results, vWF clearly stained vessels 

of approximately 50 to 100 μm.  The detection of capillary was questionable.  The antibody 

incubation time with the sections was suggested to alter the staining quality, but was not 

confirmed.  CD31 has also been widely studied and shown to express strongly at 

endothelial cell-cell junction, on platelets and leukocytes [201].  To our surprise, the quality 
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of CD31 immuno-staining was the lowest and only large vessels were stained.  Perhaps 

further optimization of the protocol may provide better insight in capillary detection with 

CD31.  The use of histochemical ATPase method evidently demonstrated the capillaries 

surround the muscle fiber via endothelial ATPase enzyme activity.  ATPase method is 

often employed to differentiate muscle fiber type via the change of pH values.  It has been 

found that this method, with some modification, is capable to stain blood vessels as well 

[196, 197].  Since quadriceps contained abundant of type II fiber, alkaline ATPase method 

(pH of 9.4) would not be suitable since both fibers and vessels would stain black.  Here, we 

used a pH value of 4.2, which eliminate any enzyme activity of the fiber thus only blood 

vessels, including capillary were visualized.   

 The two parameter, capillary density and C/F ratio, have been accepted for general 

capillary quantification [202].  However, the change in capillary density may not truly 

reflect the change in capillary number in a given region, especially if there is an alteration 

in fiber size.  Many studies on the effects of aging and disuse have reported no change in 

capillary density while there was a significant decrease in C/F ratio [86, 203, 204].  Others 

have measured the capillary luminal diameter and demonstrated that average capillary 

diameter in rat soleus was 5.5 μm [203, 205].  Two weeks HLS was significantly reduced 

the capillary diameter to approximately 3 μm [204].  It was reported that the critical 

diameter is 2.45 μm for rat red blood cell to pass through and suggested that reduction in 

capillary luminal diameter would decrease oxygen delivery [206].  Unfortunately, the 

capillary luminal diameter could not be evaluated from our experiment due to the lack of 

perfusion, thus occlusion of vessels might occur. 
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 In healthy adult, 30 minutes daily electrical stimulation at 45 to 60 Hz increased 

quadriceps muscle fiber area and type II fibers [93].  The study also confirmed an augment 

in C/F ratio.  More interestingly the increase in C/F ratio was specific to type II muscle 

fiber.  Isometric stimulation at 4 Hz increased C/F ratio but did not affect the muscle 

mechanical properties [193].  It was concluded that mechanical stimulus induce capillary 

growth by regulating signaling molecules, i.e., fibroblast growth fact.  It is evident that 

mechanical stimuli applied to skeletal muscle can produce changes in the vasculature [85, 

207, 208].  The effects were highly depended on the type and magnitude of the stimulus 

[207, 208].  High-frequency, low-magnitude mechanical signals, such as vibration, has 

been shown to be anabolic to bone [115, 139].  However, 45 Hz whole body vibration 

decreased the number of capillary per fiber and the degree of suppression was varied at the 

different region of the soleus muscle [209].  This observation suggested that there might be 

local hemodynamic effect within the muscular tissue thus regional changes of vasculature 

may be different.  We have also demonstrated that 50 Hz MS signals increased 

intramedullary pressure and induced anti-catabolic effect in disused trabecular bone.  

Although our short duration stimulus did not have significant effect in protecting skeletal 

morphology, the stimulation increased type II fibers.  Most importantly, the augmentation 

of capillary supply suggests enhancement of fluid flow in the muscular tissues and perhaps 

to bone.   

 In conclusion, this study established the effect of dynamic muscle contraction on 

skeletal muscle microvasculature.  The various analyses also demonstrated the relevant 

technique in performing capillary quantification.  Although the mechanism in which 

mechanical stimuli alter skeletal, muscular, and vascular adaptations is not clearly defined, 
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our findings indicate the possibility in using dynamic MS to maintain physiological 

functions for this complex system.  
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Figures 
 
Figure 6.1 
 

 
Representative immuno-stained images of the quadriceps, taken at 630X (A & B) and 

1000X (C & D) magnification.  Anti-laminin staining of basement membrane is shown in 

green; Anti-vWF staining for blood vessel is shown in red.  Myonuclei are stained in blue 

with DAPI.  Scale bar = 20 μm for A & B and 10 μm for C & D. 
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Figure 6.2 
 

Representative immuno-stained images of the quadriceps, taken at 630X magnification.  
Anti-laminin staining of basement membrane is shown in red; Anti-CD31 staining for 
blood vessel is shown in green.  Myonuclei are stained in blue with DAPI.  Scale bar = 
20 μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 

A BA B
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Figure 6.3 
 

 
Representative ATPase stained capillary images of the quadriceps, taken at 1000X 
magnification.  HLS (A) and HLS + 50 Hz with 2/8 C-R ratio (B).  Sections were stained 
with acid solution (pH 4.2).  Capillaries are shown in black.  Scale bar = 10 μm.   
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Figure 6.4 
 

  

 
Graphs show mean + SD values for capillary density (/mm2) and the number of capillary 
per fiber (C/F ratio).  a p <0.01 vs. age-matched; * p <0.05 vs. HLS. 
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VII.  Global Discussion  

 



 113

The regulatory potentials of dynamic electrical muscle stimulation (MS) on 

musculoskeletal adaptation in a disuse environment were investigated in this dissertation.  

In order to optimize the effectiveness of the stimulus, we designed two in vivo 

experiments which were to vary the stimulation frequency and the contraction-to-rest 

ratio (C-R) ratio.  The skeletal, muscular, and vascular tissues of the lower extremities 

were evaluated and presented via the four specific aims.  Our results indicated that 

dynamic MS can indeed positively induce adaptive responses in these tissues.  In 

particular, the degree of responsiveness was differed depended on the applied stimulation 

frequency and C-R ratio.  Four major conclusions can be drawn from these studies: 

1. Stimulation at mid frequencies, i.e., 20 Hz and 50 Hz, inhibited trabecular bone 

loss and deterioration that would otherwise devastated by 4 weeks of functional 

disuse.  The inhibition was demonstrated by the increases in bone volume 

fraction, connectivity, trabecular number, and the decrease in trabecular spacing.  

Yet, stimulation at low frequency, such as 1 Hz, had no protective effect against 

disuse.   

2. 50 Hz stimulation with 2 seconds contraction followed by 8 seconds rest insertion 

showed the greatest percentage of prevention on the unloaded trabecular bone.  

On the other hands, tetanic contraction applied with a C-R ratio of 2/28 showed 

the smallest percentage changes against disuse. 

3. The 10 minutes daily stimulation did not ease skeletal muscle atrophy.  The fiber 

size of the stimulated muscle was similar to the one subjected to disuse.  

However, the stimulations at mid to high frequencies increased fast-twitch fibers 

in the quadriceps and soleus.   
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4. Compared to the hindlimb suspended animals, MS at 50 Hz with 2 seconds 

contraction followed by 8 seconds augmented the number of capillary per fiber in 

the quadriceps, but showed no difference in capillary density. 

These conclusions clearly illustrated the possibility of this non-invasive mechanical 

intervention to maintain morphological and functional modifications in multiple tissues, 

i.e., bone, muscle, and vessels, which were affected by the lack of weight bearing 

activity.  Our results implied an intimate relationship between the musculoskeletal and 

vascular systems.  Dynamic stimulation applied to the skeletal muscle may initiate a 

cascade of events that lead to changes observed in the four studies.    

 It is well known that rhythmic exercise leads to skeletal muscle hyperemia [140, 

210-213].  The mechanism relates to the increase in blood flow due to the onset of 

exercise has been researched extensively but remain elusive.  Some said contraction 

generates a pressure gradient within the microvasculature thus enhancing fluid perfusion 

[214].  Yet some showed the increased blood flow is independent of venous pressure and 

that rapid vasodilation was measured using Doppler ultrasound [212].  Perhaps, both 

mechanisms are involved, where the mechanical activity of muscle contraction and 

relaxation contribute to the pressure change and vasodilatory signals determine vascular 

conductance [213].  Regardless of the mechanism, the increase in blood flow is 

indisputable.  Whether it is the increase in shear stress or the existence of vasodilatory 

agents, such as nitric oxide, prostaglandins, contraction as a function of frequency and 

duration initiates microvasculature adaptation [93, 202].  The augment in the capillary 

number per fiber and capillary luminal diameter are two examples [193, 215, 216].  In 
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addition, enhancements of both convective and diffusive transports within the 

microvascular bed have been exhibited in stimulated muscle [217].   

 Increased capillary supply improves oxygen delivery, which in turn induce 

adaptation to the neighboring muscular tissue.  Although muscle atrophy due to inactivity 

was not inhibited in our study, the biochemical transformation suggests the short term 

stimulation can regulate muscle properties.  Other studies with longer duration of 

stimulation prevented weight loss in soleus and tibialis anterior [98, 166].  Stimulation with 

higher frequency (45 – 100 Hz) can maintain muscle mechanical properties, i.e. twitch and 

tetanic force, as well as reduce muscle weight loss and fiber CSA [83, 167].  Thus, it is 

reasonable to assume that stimulation duration is another crucial factor, in addition to 

frequency and C-R ratio, within the protocol to induce muscle morphological alteration.  

Perhaps, increasing the contraction from 10 minutes to 30 minutes may prevent the atrophy 

produced by the four weeks hindlimb suspension [93]. 

 We have previously measured the increased intramedullary pressure within the 

femur as a function of the stimulation frequency.  Our results showed that mid-frequency 

stimulation augmented the ImP by 2 to 4 folds.  Concurrently, low-level bone strain was 

recorded, where mid-frequency stimulation generated physiological strain of below 100 με.  

The fluid and mechanical responses induced by dynamic MS may lead to an initiation of 

mechanotranductive reactions. 

Earlier strain data demonstrated animal’s daily activity comprises of few high-

magnitude strain events and thousand of low-magnitude (< 10 με) strain events [78].  The 

data implied that the main contribution to strain history of a bone arises from muscle 

posture activity.  It is possible that by providing an external stimulus to deliver low-level 



 116

bone strain may compensate for the posture muscle activity in a functional disuse 

environment.  Speculation on how bone cells sense extremely small deformation has been 

proposed, in which signals are being amplified in the lacunar-canalicular porosity and 

sensed by osteocyte cell processes [218].  Osteocyte may then transduces the amplified 

signals to influence expression at the molecular level, i.e., growth factor, hormone [219]. 

Another mechanotransduction pathway, bone fluid flow, has also been discussed.  

Hindlimb suspension caused a reduction in femoral ImP [117].  It is hypothesized that 

interstitial bone fluid flow is required for cellular perfusion.  Both blood flow and 

mechanically induced fluid flow are needed for normal metabolic activity.  Stimulation 

enhances bone fluid flow, which may influence bone remodeling.  The increased ImP 

measured induced by dynamic MS amplified the interstitial fluid flow through the 

trabecular bone.  Subsequently, bone cells responses to the change in shear force, 

activating a series of aurtocrine/paracrine signaling cascade to modulate the remodeling 

processes [119, 220, 221].  Likewise, bone perfusion may also initiate bone remodeling 

via vascular mechanism.  Endothelium releases agents that further affect fluid flow to 

bone.  Blood vessels locate close to the basic multicelluar units, where remodeling 

activity takes place [222].  In our experiments, MS may ultimately inhibit the osteoclast 

activity since 50 Hz signal partially maintain bone loss against disuse but not through 

increasing bone formation.   

We emphasized that the studies presented in this dissertation provide fundamental 

understanding of the effects of dynamic MS on skeletal, muscular, and vascular tissues.  

However, there are a number of limitations that need to be addresses and considered for 

future studies.  First is to access the capillary luminal diameter.  The capillary luminal 
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diameter may clarify the vascular perfusion in relation to MS-altered blood flow and 

nutrient exchanges.  To access the luminal diameter, a perfusion fixation method should be 

use at the end of the study to avoid the occlusion of vessels after euthanasia.  The perfusion 

fixation method may also be the solution for our second limitation.  The potential anti-

catabolic response in the trabecular bone needs to be evaluated.  The existence of osteoclast 

on bone surface may be counted with the use of goldner trichrome stain to differentiate the 

osteoclast by their multinucleated morphology.  The golden standard to analyze resorption 

activity is to stain for tartrate-resistant acid phosphatase (TRAP), which is highly expressed 

in osteoclast.  The perfusion fixation may aid to preserve the enzymatic activity.  Lastly, 

previous studies clearly demonstrate that electrical stimulation has the capacity to reduce 

skeletal muscle atrophy due to disuse.  This was not evident in our analyses, in which the 

short duration stimulation was not sufficient to maintain the significant declined in fiber 

area, due to the 4 weeks hindlimb suspension.  However, the effective threshold of the 

stimulation duration may be elucidated by an additional experiment to vary the duration 

and determine its effect on the skeletal, muscular, and vascular tissues.   

Disuse osteoporosis associates with the alternations in musculoskeletal and, 

perhaps, vascular systems.  It is important to develop a non-invasive intervention that has 

the ability to counteract tissues loss and deteriorations in multiple physiologic systems.  

Given the results provided, dynamic MS may be such intervention.  It has the capability to 

inhibit trabecular bone loss and maintain its microstructure, initiate protein level changes to 

retain muscle fiber types, and induce microvascular adaptation by increasing the capillary-

to-fiber ratio.  Future studies should examine additional parameters that may optimize the 

protocol to intensify the adaptive responses. 
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