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Muscle weakness is a common clinical phenomena observed following bed rest, 

surgery, cast immobilization or chronic disease. The consequences of muscle 

dysfunction are far reaching and can include functional impairments, decreased motor 

control, reduced fitness and long term disability. As such, the maintenance and recovery 

of muscle function presents an important challenge to the field of rehabilitation sciences. 

The overall objective of this dissertation was to investigate the potential of virus-

mediated gene transfer of insulin-like growth factor-I (IGF-I) to maintain skeletal muscle 

size and function during cast immobilization and reambulation. A combination of 

magnetic resonance imaging (MRI), in vitro force measurements, immunohistochemical 

assays and real time-PCR techniques were performed in an animal model of cast 

immobilization to explore this objective. We investigated both the impact of IGF-I 

overexpression in the anterior compartment and posterior compartment hindlimb 

muscles. 

Our findings demonstrate that local overexpression of IGF-I results in significant 

increases in muscle mass, muscle fiber size and concomitant increases in muscle force 

production under normal loading conditions in both slow twitch and fast twitch muscles. 
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In addition, the relative gains in muscle size and force production are maintained during 

cast immobilization and reambulation. Thirdly, muscles overexpressing IGF-I show 

protection from muscle damage during early reambulation and evidence of enhanced 

muscle regeneration during later reambulation. Additionally, IGF-I receptor and binding 

proteins demonstrate concomitant molecular responses with IGF-I protein and mRNAs 

overexpression during cast immobilization and reambulation. Collectively, findings from 

this series of studies show that viral delivery of IGF-I can protect skeletal muscle from 

the deleterious effects of immobilization/disuse and accelerate the subsequent 

restoration of muscle function. These findings may also set the stage for possible 

clinical applications of gene therapy to ameliorate muscle weakness and atrophy and 

expedite muscle recovery following disuse or in chronic diseases associated with 

muscle wasting (e.g. cancer, AIDS).  
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CHAPTER 1 
LIMB DISUSE ANIMAL MODELS  

1.1 Introduction  

The loss of skeletal muscle mass secondary to inactivity or disuse is a common 

clinical phenomenon following surgery, immobilization, long-term bed rest, etc. In 

particular, the susceptibility of skeletal muscle to disuse-induced atrophy became the 

focus of attention after the Skylab mission of the mid-1970s, because morphological 

and physiological deleterious adaptation of skeletal muscle to inactivity were recognized 

to endanger the daily life of humans (396, 397). Given the ethical concerns associated 

with inducing muscle atrophy in humans, as well as limitations in performing invasive 

measurements in human subjects (18), it is not surprising that most mechanical disuse 

studies have been performed in animal models, which allow for more comprehensive 

collection of data from which mechanisms can be elucidated, as well as more controlled 

experiments.  

Because of the complexities and difficulties involved in investigating the 

mechanisms responsible for disuse muscle atrophy in humans, researchers have 

developed many experimental animal models to study muscle adaptations to disuse. 

The most common models include cast immobilization (19, 55), hindlimb suspension 

(30, 266, 363), denervation (26) and spinal cord injury (220, 310). These models have 

advantages and disadvantages in their ability to mimic the changes in muscle 

morphology and physiology seen with limb disuse in humans, and there are limitations 

in making comparisons among the findings obtained from different animal models. For 

example, hindlimb suspension unloads the muscles but allows for activity and is often 

used to mimic prolonged bed rest and spaceflight in humans. Casting immobilization of 
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a limb, on the other hand, permits minimal muscle activity when fixed in their shortened 

position (18, 19). Lieber commented “some models are very “clean” in terms of creating 

a reproducible response, but are not very relevant to real clinical problems, others are 

very relevant but so complex that they are difficult to decipher” (219). As a result, there 

are conflicting results in the literature on the effects of limb disuse on skeletal muscle 

adaptations.  

1.2 Cast Immobilization  

Cast immobilization has been used extensively in the clinical setting to help protect 

fractured bones from loading injury and allow for proper healing of the fracture site. It is 

well known that the most common complication of immobilization is the loss of muscle 

mass and strength (179). In a study on patients submitted to 8 weeks of cast 

immobilization following ankle surgery, Shaffer found a 45-63% decrease in ankle 

plantar flexor strength (331) and a 16-32% decrease in maximal muscle cross-sectional 

area (111). Similarly, the amount of strength loss in adductor pollicis muscle was ~22% 

in both you and old men after immobilization for 2 weeks (381). On the other hand, cast 

immobilization in animals is relatively easy to implement, non-invasive and can be 

targeted to affect specific muscles of interest. Immobilization in animals (rats) was first 

applied by Solandt et al. (1942) (105) and later modified by Fischbach and Robbins 

(1969) (122). These early investigators immobilized the calf muscle of the rat, using a 

needle inserted percutaneously through the calcaneus into the distal part of the tibia, 

and another needle inserted through the distal femur into the proximal tibia, so as to fix 

each joint at a right angle. Recently, Frimel et al. (139) established cast immobilization 

model for mice, which successfully induced muscle atrophy in either the anterior or 

posterior compartment of the hindlimbs by varying the angle of the ankle joint. 
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Therefore, this model of muscle atrophy is highly relevant for disuse studies in both 

slow- and fast-twitch muscles. In addition, this technique produces similar conditions 

that observed in patients subjected to cast immobilization.  

From the point of view of studying muscle plasticity, the hindlimb cast 

immobilization and hindlimb suspension models more closely mimic “decreased use” in 

which the upper and lower motor neurons are intact and muscle tension is extremely 

low. Compared to hindlimb suspension, cast immobilization may provide a “cleaner” 

model of muscle disuse (219). EMG studies of cast immobilized muscles (fixed in their 

shortened position) shows an 85~90% reduction in muscle activity compared to controls 

(122, 171). In contrast, hindlimb suspension only induces a transient decrease in EMG, 

which returns toward control values after 7 days of suspension (10). This is likely due to 

the fact that the hindlimb suspended animals can still perform dynamic muscle 

contractions of their hindlimbs. Secondly, although both models produce a large degree 

of atrophy, only the limb immobilization model has been shown to cause a significant 

amount of muscle atrophy in the fast-twitch EDL muscles, by fixing the muscle at resting 

or shorter than resting lengths (56). In contrast, in the hindlimb suspension model, the 

minimal atrophy is observed in the fast twitch EDL muscle (368). Finally, hindlimb 

suspension produces transient stress in the rats as evidenced by a small increase in 

adrenal gland mass and elevated plasma corticosterone levels, which is absent in the 

hindlimb immobilization model (256). In summary, while both suspension and 

immobilization models unload hindlimb skeletal muscles, it appears that the two models 

induce distinct physiological responses and may serve different research purposes.  
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1.3 Summary  

Models of disuse can be placed along a spectrum from a simple reduction in 

normal activity to complete lack of electrical activity in the muscles. When we draw a 

“spectrum of disuse” we can easily find the places of these models. Simply reducing 

normal activity levels represents the first element in a “spectrum of disuse”. More 

dramatic changes occur with prolonged bed rest or spaceflight, and in animal hindlimb 

suspension and immobilization models. The most severe model of muscle atrophy – 

spinal cord injury model combines unloading and disruptions of the neutral input to the 

muscles. In this study, we used mice cast immobilization model as a disuse animal 

model to study the effect of insulin-like grow factor-I (IGF-I) on both fast twitch and slow 

twitch muscles during cast immobilization/reambulation.
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CHAPTER 2 
SKELETAL MUSCLE PLASTICITY TO DECREASED LOADING CONDITIONS 

2.1 Introduction 

Skeletal muscle is capable of remarkable adaptations in response to altered 

loading and activity. Adjustments to mechanical demands initiate modified 

transcriptional programs which elicit a gain (hypertrophy) or loss (atrophy) in muscle 

mass. Muscle atrophy is characterized by a wasting or decline in overall muscle mass, 

and is associated with a number of deleterious adaptations (152). In contrast, muscle 

hypertrophy is defined as an increase in muscle mass (313), which in adult animal 

comes as a result of an increase in the size, as opposed to the number, of pre-existing 

skeletal muscle fibers (152). 

2.2 Structural Properties 

2.2.1 Muscle Weight 

The reduction in muscle weight with disuse has been well described in animal 

studies, and has also been extrapolated from decreases in limb girth measurements in 

humans (126, 193). The greatest decrease in muscle mass is observed during the early 

phase of disuse, with a prolonged period of inactivity resulting in little additional decline 

in mass. For example, Max et al. (238) (1971) found a muscle weight loss of 30% in rat 

gastrocnemius muscle, only 3 days after immobilization; at the end of the experimental 

period (15 days), the weight loss amounted to 50%. Similar findings have been reported 

by Herbison et al. (165). In that study a muscle weight reduction in the gastrocnemius of 

58% after six weeks of immobilization was reported.  

It should be noted that immobilizing muscles in a stretched position has been 

shown to delay the development of disuse atrophy or even produce a transient 
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hypertrophy in animal models. For example, Ferguson (1957) (120) showed that when 

the lower extremity of rabbits was immobilized with the ankle joint in a plantarflexed 

position (i.e., stretching the anterior compartment), the anterior tibialis muscle gained 

weight, but gastrocnemius showed atrophy. Similarly, Summers and Hines (1951) (358) 

found increasing atrophy in the shortened position compared to stretch or neutral 

position when comparing the effects of immobilization in the cat soleus muscle at 

different lengths. Collectively, previous studies show that disuse causes a significant 

decrease in muscle mass, with the greatest loss occurring during the early unloading 

period. However, this atrophy may be altered by certain stimuli, such as the muscle 

being positioned in a lengthened position. 

2.2.2 Muscle Fiber Size and Susceptibility of Different Fiber Types to Atrophy 

Following a period of inactivity, reductions in muscle mass and strength is 

associated with a decrease in muscle fiber cross-sectional area (CSA). In animals, 

muscles predominantly composed of type I (slow, oxidative) fibers are more susceptible 

to the effects of limb disuse. Tischler et al. (375) showed that following spaceflight, the 

weights of muscles composed of larger proportions of slow twitch fibers showed the 

greatest reductions in muscle mass. Specifically, the gastrocnemius, plantaris and 

soleus demonstrated reductions of 16%, 24%, and 38% respectively, but there was no 

change in the weight of fast twitch muscles, the tibialis anterior and extensor digitorum 

longus. Booth (55) reported that after four weeks of immobilization there was a 

decrease in the size of slow twitch fibers in the soleus, but the cross-sectional area of 

fast twitch fibers in the soleus muscles was not significantly changed. Interestingly, it 

was shown that the slow twitch type I fibers atrophied more than the fast type II fibers, 
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while in human studies, the fast type II fibers were at least susceptible to space-induced 

atrophy as the slow fiber type (107, 125, 398). 

2.2.3 Fiber Type Transition 

In addition to muscle atrophy from inactivity, rodent studies have shown a 

transition from slow twitch fibers to fast twitch fibers. Martin et al. (234) observed a 39-

50% decrease in the number of slow twitch fibers in soleus muscles, whereas the 

number of fast twitch muscle fibers in the plantaris and superficial region of medial 

gastrocnemius was increased after seven days of spaceflight in rats. This finding is also 

consistent with other studies which suggest that the increase in the number of fast 

twitch fibers is at the expense of a decrease in the slow twitch fibers after limb disuse 

(6, 29, 30, 67, 351). Histochemical studies also support the fact the there are significant 

increases in faster (type II) fibers and a decrease in slower (type I) fibers following 

disuse atrophy (28, 106, 232, 362). This slow-to-fast fiber transition after inactivity is 

also observed in human studies although the evidence in humans is limited (107, 363).  

Fiber type transitions during inactivity may represent a compensatory effect to 

minimize the devastating results of atrophy. As fast twitch fibers can generate much 

more power at a given contraction speed than slow twitch fibers, increasing the number 

of fast twitch fibers may be an attempt to compensate, but not entirely offset, the loss of 

power generating capacity during unloading caused by muscle atrophy and weakness 

(125, 243). 

2.2.4 Myonuclear Number and Domain Size 

Studies have shown a reduction in the number of myonuclei in spinal cord injury 

and hindlimb immobilization models (103, 341), and apoptosis (programmed cell death) 

has been indicated as a mechanism contributing to remodeling of skeletal muscle in 
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response to hindlimb unweighting (13). Apoptosis has been proposed to be controlled 

by three pathways: sarcoplasmic reticulum mediated, receptor mediated, and 

mitochondrial mediated (291). Roy et al.(309) introduced the concept “nuclear domain” 

in skeletal muscle plasticity which refers to the specific area of the myofiber that is 

controlled by a myonucleus. A decrease in the number of myonuclei during atrophy is 

coincident with the decrease of muscle fiber CSA (230), and it is also proportional to the 

myonuclear domain size (277, 341). 

The nuclear domain of fast twitch muscles is twice the size of the domain found in 

slow twitch muscles. In other words, the density of nuclear domain in slow twitch 

muscles is higher than in fast twitch muscles (376). Due to the difference in the muscle 

fiber type ratios, the question regarding myonuclear loss is whether specific fiber types 

are more or less sensitive to myonuclear shifts in comparison with the others (13). 

Several microscopic studies in adult rats found greater myonuclei loss in slow twitch 

muscle fibers than fast twitch fibers (12, 13, 49, 167). Similar findings were also 

reported in human studies (12, 13, 167, 254). However, this does not appear to be the 

case in neonatal muscle fibers of rats, in which the same amount of myonuclear loss 

was found in both fiber types (276). 

2.3 Muscle Metabolism 

2.3.1 Energy Metabolism 

Fiber type transitions during inactivity also result in a shift in energy metabolism 

from lipid as the primary fuel source to glucose. This is consistent with the fiber-type 

transition from slow to fast fibers, since fast twitch muscles have a greater dependence 

on glycolytic activity and have less capacity for lipid metabolism (126, 257, 303, 349). 

However, this greater reliance on glycolysis also appears to be the case for slow twitch 
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fibers. Several studies have shown a decreased capacity for lipid utilization and greater 

reliance on glucose for energy in both slow and fast muscles (126, 164, 211, 356, 375). 

Glycolysis is very effective for high intensity, short duration exercise which might also be 

part of the compensation for loss of slow twitch muscles. Interestingly, even though rats 

have larger proportions of IIb/x fibers in the vastus lateralis muscle compared to 

humans, disuse decreases succinate dehydrogenase activity more in the rats (151). 

2.3.2 Protein Turnover 

Protein maintenance is physiologically important to maintain lean body mass. All 

body proteins including muscle proteins are in a constant state of turnover, with 

concurrent synthesis and degradation. It has been reported that disuse leads to a 

negative nitrogen balance (89), decreased protein concentration (92), loss of contractile 

proteins (24), and decreased cytochrome c mRNA (24, 258). Loss of muscle protein 

with disuse occurs due to both a decrease in protein synthesis and an increase in 

protein degradation. A reduction in protein synthesis is thought to be the initial cause of 

protein turnover that results in the loss of protein as evident by a ~20% after two days of 

immobilization and slowly decrease to ~50% of original levels by seven days in rats 

(379). Molecular studies indicate that changes in translation occur very rapidly followed 

by transcriptional changes (20, 91, 168, 240, 357, 360, 367). The large majority of the 

protein loss after the first few days of immobilization has also been attributed to the 

increased protein degradation rate (367). During unloading, there is approximately a two 

day lag in the increase in myofibrillar protein degradation. The degradation increases up 

to ~200% above normal at day 15 and slowly returns to normal by day 24 of unloading 

in rats (367). In rodents, the greater susceptibility of anti-gravity, slow muscle fibers may 
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also depend on their more rapid rates of turnover and thus a higher rate constant for 

protein degradation compared to humans (367). 

The mechanism causing muscle-specific atrophy is characterized by increases in 

protein degradation processes, particularly the ATP-dependent proteolytic ubiquitin-

proteasome pathway (183). Three E3 ubiquitin ligases: Muscle Ring Finger 1 (MuRF1) 

(54), Muscle Atrophy F-box (MAFbx) also called Atrogin-1 (150) and E3α-II (208) have 

been identified as skeletal muscle specific atrophy markers. E3α-II mRNAs have been 

shown to be increased during cancer cachexia (208) however little is known about its 

mechanism. MuRF1 and atrogin-1 encode ubiquitin ligases, which function to conjugate 

ubiquitin to protein substrates (54, 150). Numerous distinct in vitro and in vivo models of 

skeletal muscle atrophy have shown to result in an upregulation of MAFbx/Atrogin and 

MuRF1 (54, 88, 91, 150, 212). Studies in genetically deficient mice further demonstrate 

that MuRF1 or atrogin-1 knockouts lose less muscle under atrophy conditions (54). 

2.4 Contractile Properties  

The structural changes summarized in the preceding sections lead to substantial 

modifications of muscle contractile function. The models of hindlimb immobilization and 

hindlimb suspension both lead to muscle atrophy with a preferential effect on slow 

twitch muscles in rodents, such as the soleus, changes towards the fast twitch muscle 

type. For example, in the atrophied soleus muscle the following changes have been 

noted: (i) the time to peak tension and the half relaxation time become shorter, (ii) the 

maximal shortening velocity becomes faster, (iii) tetanic tension and specific tension 

(i.e. tetanic force per cross sectional area) are usually reduced, and (iv) force and power 

generated are decreased (125, 143, 283, 288, 334, 377, 399). Contractile properties of 

most of the fast twitch muscles, such as tibialis anterior muscles, are generally 
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unaffected by limb disuse. Interestingly, data from human Skylab studies suggest that 

type II fibers are more susceptible to micro-activity induced strength loss compared to 

slow type I fibers in the vastus lateralis and soleus muscles (107, 123, 398). Similar to 

muscle mass loss, time dependent changes in protein turnover result in rapid strength 

loss during the initial stages of disuse, and the rate of loss slows down in the later 

stages of disuse (243). Compared with spaceflight and bed rest, immobilization appears 

to result in a more rapid decline in muscle strength (2). 

It is often observed that strength loss during inactivity is larger than the loss of 

muscle mass in the whole muscle (animal studies) and single fibers (humans), which 

may contribute to the decrease in specific force/tension during disuse (81, 165, 365, 

370, 398). The decrease in specific force may be due to a reduction in the ratio of 

surface electromyographical activity to mechanical response of the muscle (98, 202, 

251). Interestingly, the fall in specific tension is less than the increases in shortening 

velocity, which is found to counteract the fall in maximal power, at least at the muscle 

fiber level (398). 

Increased fatigability is a consequence of muscle atrophy, which greatly impacts 

muscle performance (249). There are a number of definitions of muscle fatigue that 

have been used including: 1) reduced maximal voluntary contraction (MVC) or power 

output, 2) a failure to maintain the required or expected power output, and 3) an 

increased effort to maintain force (11, 108, 224). Although researchers are familiar with 

the phenomenon of muscle fatigue, it is often difficult to determine the precise causes of 

fatigue. In general, the major sources of fatigue can arise from either central (afferent 

feedback or psychological motivation) or peripheral (neural transmission or muscular 
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activation or transmission) factors (50, 342). Muscle fatigue can refer to the capacity of 

the central nervous system to generate motivation, it can be the ability of the conducting 

pathways to deliver motor impulses to the muscle fibers, and it can be the intrinsic 

contractile properties of the muscle fibers themselves (52, 114). Early studies by Merton 

(249) suggested that increasing electrical stimulation immediately after maximal 

voluntary contraction (MVC) could not restore tension which indicated the fatigue could 

be entirely peripheral. However, later studies found that electrical stimulation of fatigued 

muscle could increase tension in about half of subjects examined during voluntary 

contractions (51). 

Researchers that study muscle fatigue seem to generally agree that the cause of 

fatigue is very specific to different activities-“task dependency of muscle fatigue” (21, 51, 

114). There are several examples to support this principle. First, it was shown that old 

men were more fatigable than young adults when performing maximal shortening or 

lengthening contraction (42). Second, women were observed to be more tolerable to 

fatigue under lower intensity contractions than men (72, 166, 175); but there was no 

difference between at maximal contractions (42, 72, 176). In addition, the duration of 

muscle contraction in different muscle fiber types also responded differently to electrical 

stimulation compared to voluntarily contraction (61, 63, 109). Collectively, these studies 

suggest that muscle fatigue could be attributed to multiple factors that depend on the 

intensity, duration and type of contractions, gender, and fiber types.  

In atrophied muscle, the significant effect on fatigability of muscle atrophy could be 

attributed to a greater number of motor units recruited to accomplish the same amount 

of work load because of slow twitch muscle fibers transitioning to fast muscle types 
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(233). It is well known that motor units which are recruited at a higher threshold 

demonstrate increased fatigue. Thus, in an atrophied muscle, more motor units are 

recruited to perform a given task, and consequently, fatigability is increased. In addition 

to motor unit recruitment, there might be several other causes of increased fatigability in 

atrophied muscle: i) fuel shift from lipid to glucose; ii) loss of blood supply to the 

atrophied muscles; and iii) oxidative stress and reactive oxygen species (ROS) (125, 

171, 291). 

2.5 Summary 

Muscle disuse atrophy is induced by muscle inactivity or decreased activity for an 

extended period (203). Many animal models such as hindlimb suspension, 

immobilization, and denervation are available to study the effects of disuse on skeletal 

muscle. Regardless of the inciting event, skeletal muscle atrophy is characterized by the 

loss of muscle mass, fiber size, force production and changes in fiber phenotype and 

metabolism. One might question whether skeletal muscle atrophy is simply the 

converse of skeletal muscle hypertrophy. However, during skeletal muscle atrophy, an 

entirely distinct process is stimulated, leading to a dramatic increase in protein 

degradation and turnover.
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CHAPTER 3 
RECOVERY OF ATROPHIED SKELETAL MUSCLE FOLLOWING DISUSE 

3.1 Introduction 

Morphological and functional properties of postural or antigravity muscles change 

significantly depending on weight bearing status. As described above, a reduction in 

weight bearing or physical activity leads to a reduction in muscle mass, fiber cross-

sectional area, total myonuclear number and a shift towards a fast fiber phenotype (160, 

173, 290). These changes are accompanied by an upregulation in gene expression 

involved in protein degradation, glycolysis, and growth arrest, as well as an attenuation 

of cell proliferation and differentiation, and fat metabolism (81, 96, 190, 229, 262, 268).  

When the factors causing atrophy are removed, muscle begins to recover. This is 

a more complicated process than activation of typical muscle growth programs for 

several reasons. First, disuse atrophy causes a molecular program leading to protein 

degradation and myonuclear loss; therefore it is tempting to speculate that this program 

must be turned off before muscle can regrow. Second, de novo formation of new 

myofibers can occur in some cases of hypertrophy, whereas muscle recovery from 

disuse normally starts from repairing existing muscle fibers. Third, although increased 

mechanical load is known to increase skeletal muscle mass, it also causes muscle 

injury in the initial reloading phase, which is later followed by muscle fiber regeneration 

(46). Finally, it has been demonstrated that atrophy negatively affects muscle precursor 

cells (satellite cells). Despite the fact that satellite cells are mobilized after reloading, the 

transient nature of the compensation in the satellite cell population is insufficient for 

extended periods of reloading (264, 328), while under hypertrophic conditions, the 
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morphology and functions of satellite cells are well preserved and easily respond to 

stimuli (254).  

3.2 Muscle Damage During Reloading 

Studies have found that when humans return to terrestrial gravity after being in 

microgravity environment in space for an extended period of time, muscle weakness, 

fatigue, impaired coordination and delayed onset muscle soreness were observed 

(301). Morphological changes such as segmental tearing of muscle fibers were 

observed five hours post-flight, and appeared similar to lesions seen after eccentric 

contraction (300, 301). Resuming normal activity also induced an increase in the serum 

creatine kinase (CK) (371). Similarly, in rodent studies, subsequent reloading of the 

hindlimbs by resuming normal cage activity initiates muscle fiber damage. Muscle 

damage during reloading has been linked to the inability of the muscle fibers to bear 

eccentric contractions and the consequent inflammatory process (49, 126, 193, 300). 

3.2.1 Early Structural Changes During Reloading 

During the early phase of muscle reloading following disuse, mechanical stress 

and consequent damage of some fibers is apparent. Numerous studies have 

demonstrated that reloading following short-term unloading induces damage to 

myofibers (e.g., Z-line streaming, sarcomere lesions), increased interstitial edema, 

disruptions in excitation-contraction (E-C) coupling, infiltration of inflammatory cells, and 

force decrement. These changes parallel those seen following a bout of eccentric 

contractions in normally loaded skeletal muscle (180, 193, 204, 205, 300, 301, 394). 

Activated capillary endothelial cells and high proportion of synthetically active fibroblasts 

with ribosomal endoplasmic reticulum was also detected, which indicates the secretion 

of connective tissue components and subsequently alters cell adhesion (136). 
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Increased sarcolemmal permeability and calcium influx into the damaged myofibers 

activates calcium-dependent, non-lysosomal muscle proteases such as calpain leading 

to further muscle fiber degradation (44, 343). 

3.2.2 Muscle Inflammation 

Muscle inflammation is one of the processes contributing to muscle injury/repair 

and begins at the onset of reloading. The possibility that inflammatory cells contribute to 

muscle injury is evident by the observation that significant elevations in muscle 

neutrophils and macrophages occur at the time point when the ultrastructural signs of 

injury are exacerbated (138). The number of neutrophils is elevated within just two 

hours of reloading and this is followed by morphological changes of muscle fibers after 

five hours of reloading (138, 289, 372). The concentration of neutrophils in the muscle 

peaks within 12 hours of perturbation (372), whereas the number of macrophages is 

significantly elevated at 24 hours reloading in a rat hindlimb reloading model (101). 

Dumont et al. reported that the level of neutrophils and macrophages did not return to 

normal until 14 days after reloading in a mouse model of hindlimb unloading (100).  

Current evidence indicates that it is not clear whether inflammation has a net 

negative or positive impact on muscles that experience modified loading, or whether it is 

possible to remove the negative consequences of inflammation while still maintaining its 

beneficial effects, by manipulating the muscle inflammatory response (371). Neutrophils 

are capable of initiating muscle injury and releasing reactive oxygen intermediates, such 

as peroxides and superoxide (100, 371). Yet, the depletion of circulating neutrophil 

populations before muscle injury does not appear to affect involuntary force production 

(221). Macrophages can promote muscle injury in vitro, but typical increase at a later 



 

29 

stage of reloading which is more related to muscle growth, regeneration and repair, 

such as satellite cell activation and proliferation (348, 373).  

Overall, activation of the inflammatory response plays an important role in 

proteolysis and removal of debris; it also leads to release of high concentrations of 

cytolytic and cytotoxic molecules (374). Because of the dual role of neutrophils and 

macrophages in both the inflammatory and healing processes, the temporal 

coordination of the processes occurring during the initial phase of reloading after disuse 

is critical for the successful recovery of muscle mass (65).  

3.2.3 Transcriptional Programming During Early Reloading 

Molecular studies indicate early, dynamic muscle adaptations within three days of 

reloading. These adaptations include: 1) an early transcriptional increase in cell cycle 

regulatory factors (CDK4, cyclin D1) and myogenic regulatory factors (MyoD and Myf6) 

expression; 2) enhanced gene expression of some mechano-sensitivity sarcomere 

alignment proteins (integrin 1, desmin, titin); 3) alterations in metabolic enzyme 

expression (carbohydrate uptake, glycolysis, fat metabolism) and muscle phenotype 

(MyHC I, IIa, and IIx); and 4) normalization of ubiquitin-proteasome-proteolysis and 

downregulation of mitochondrial-associated apoptotic pathways (68, 137, 155, 184, 352, 

353, 360, 401).  

3.2.4 Slow Twitch Muscles Are More Susceptible to Muscle Damage During 
Reloading  

Reloading following disuse results in the production of sarcomere lesions primarily 

in the antigravity muscles (e.g. adductor longus, soleus) (299, 387). There may be 

several reasons for this finding. First, the sequence of motor unit recruitment selectively 

activates slow-fiber motor units before fast-twitch during voluntary contractions (115, 
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149). In human studies, slow fibers are activated earlier than fast fibers during normal 

recruitment which is evidenced by recruiting fast fibers only after slow fibers are 

depleted of glycogen (125, 213). Second, it is reported that muscle precursor cells are 

only needed in the soleus muscle during regrowth from atrophy, but not in fast twitch 

muscles (104, 254). Finally, it has been clearly shown that atrophic muscle is more 

prone to injury (19, 369). The fact that antigravity muscles such as slow twitch soleus 

muscle is the most susceptible to disuse may make it more affected by the increased 

mechanical stress during reloading than fast twitch muscles. 

3.3 Muscle Regeneration Following Disuse and Reloading 

Tissue repair occurs in four interdependent phases: degeneration, inflammation, 

regeneration, and fibrosis. Muscle recovery after reloading can be considered a 

continuous sequence of inflammation and repair/regeneration. In young healthy 

muscles, sarcomere reorganization is visible after two days of reloading characterized 

by very wide Z-bands, which presumably prevents further damage and serves as a 

scaffold for the regeneration of contractile filaments (194, 205, 267). 

3.3.1 Protein Changes 

During reloading, upregulation of ubiquitin is progressively suppressed and protein 

synthesis is stimulated (359). Based on extensive data from the Booth lab, studies have 

shown that protein synthesis in the gastrocnemius muscle is significantly increased 

during the first six hours of immobilization and returned to control levels after four days 

of reambulation (57, 258, 259).  

Protein degradation remains elevated during the initial stage of recovery from 

disuse atrophy, which might be caused by muscle damage. Large numbers of 

lysosomal-like bodies are observed during the reloading phase (201, 410). After seven 
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days of recovery, proteolytic proteins and gene expression return to control values in a 

rat hindlimb suspension model (359). In human studies of cast immobilization, the 

expression of ubiquitin-dependent 20S proteasome and muscle-specific proteolytic 

genes MuRF1 and atrogin-1 return to baseline within 24 hours following cast removal 

(189). Therefore, stimulation of both protein synthesis and degradation results in 

elimination of abnormal proteins and allow for the reloaded muscle to return to previous 

levels following disuse atrophy. 

3.3.2 Satellite Cells as Adult Muscle Precursor Cells Contribute to Muscle 
Regeneration  

Ever since the concept of “nuclear domain” was introduced, more and more 

researchers have demonstrated that extended periods of disuse lead to the loss of 

myonuclei, while when muscles regenerate from atrophy, new myonuclei need to be 

added to maintain a certain volume of cytoplasm. During recovery of the soleus muscle 

following disuse atrophy, the 35% decrease in myonuclear number after 2 wk of 

hindlimb unloading was restored to control values (254).The primary source for the 

generation of new myonuclei in vivo in skeletal muscle are muscle stem cells, called 

satellite cells (261, 262, 335).  

Satellite cells are mononucleated cells that normally lie between the basal lamina 

and the plasma membrane of muscle fibers in a quiescent state (237). Young animal 

muscle contains 30% more satellite cells than old animals (146). Recent data suggest 

that satellite cells alone are sufficient to mediate extensive regeneration of damaged 

adult skeletal muscle in vivo (78), and contribute to muscle growth after atrophy (254). 

Upon muscle injury resulting from mechanical stress, the satellite cells are 

activated, at which point they are considered myoblasts, and depart from quiescence 
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and enter the G1 phase of the cell cycle. After several rounds of proliferation, the 

majority of the satellite cells differentiate and fuse to form new myofibers or repair 

damaged myofibers (329). Satellite cell mitotic activity is required for hypertrophy (308), 

and it is higher in the reloading muscle compared to normal control rats (264). The 

number of satellite cells gradually increases in response to reloading (195, 236).  

The importance of satellite cells is because they can fuse together, or with existing 

myofibers, and they have self-renewing capability (78) (15). Satellite cell self-renewal is 

a necessary process. Without this process recurrent muscle regeneration would rapidly 

lead to the depletion of the satellite cell pool. Upon activation, a large proportion of 

satellite cells proliferate and differentiate to provide new myonuclei for growing muscle. 

The remaining satellite cells return to the quiescent state, thereby replenishing the 

satellite cell pool (329). Satellite cell self-renewal may result from an asymmetric 

division generating two distinguishable daughter cells (79).  

The process of satellite cell activation and differentiation during muscle 

regeneration is modified by myogenic regulatory factors, growth factors, macrophages 

and other factors. Myogenic regulatory factors are muscle specific helix-loop-helix 

transcription factors that regulate muscle specific genes (82, 227). MyoD and Myogenin 

are the primary factors that are expressed in activated satellite cells, and they are 

necessary for satellite cell proliferation and differentiation (82, 405). At the molecular 

level, activation and proliferation of satellite cells is characterized by the rapid 

upregulation of MyoD (329). The expression of myogenin is also upregulated in cells 

beginning their terminal differentiation program. A variety of alterations in the 

surrounding environment of the satellite cell, including platelet-derived growth factor, 
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basic fibroblast growth factor, leukemia inhibitory factor, and insulin-like growth factor 

(IGF-I), are all known to stimulate muscle-precursor-cell mitotic activity (58, 161). 

3.4 Summary 

This chapter provided a synopsis of how structural and functional properties of 

skeletal muscle adapt with different loading states imposed on the muscle. Muscle 

disuse diminishes skeletal muscle mass and strength and causes alterations in 

metabolism and fiber phenotypes. When physical activity or normal loading conditions 

are resumed, skeletal muscle recovers from atrophy. In the early reloading phase, 

muscle injury dominates the recovery process; in the later reloading phase, 

regeneration of damaged fibers occurs, as well as increases in the number of myonuclei 

and transformation of muscle fiber types, are part of the normal course of 

reestablishment of normal characteristics of atrophied muscles (137)
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CHAPTER 4 
EFFECTS OF IGF-I ON SKELETAL MUSCLE 

4.1 The IGF-I System 

The Insulin-Like Growth Factor I (IGF-I) was first identified in 1957 (255). It was 

named on the basis of both its insulin-like activity and growth promoting properties 

(302). IGF-I has three unique characteristics: its mediation of the skeletal growth-

promoting actions of growth hormone (GH), its mitogenic properties, and its mimicry of 

the actions of insulin. The IGF-I family includes the ligand IGF-I, the IGF-I receptor, and 

IGF-binding proteins (IGFBPs), which are involved in all phases of mammalian growth 

(160). 

4.1.1 IGF-I  

Mature IGF-I is a 70-amino-acid single chained polypeptide with structural 

homology with pro-insulin. The majority of circulating IGF-I is produced by the liver 

(endocrine action) under the control of pituitary growth hormone (197, 260). There are 

several important differences between insulin and IGF-I. IGF-I is a more primitive 

hormone than insulin, produced by multiple tissues and it has the capability of acting in 

an autocrine/paracrine fashion (197). The affinity of IGF-I to insulin receptor is only 

1/100th of the potency of insulin (250). In addition, only a small amount of liver-derived 

IGF-I circulates as a free hormone, and over 99% of plasma IGF-I is bound to special 

carrier proteins, called IGF-I binding proteins (IGFBPs); the most important of which 

seems to be IGFBP-3 (188). The biological significance of IGF-I in skeletal muscle was 

most demonstrated when depression of the circulating and tissue levels of the somatic 

growth factor environment, through surgical hypophysectomy, resulted in a robust 

increase in the expression of IGF-I mRNA and peptide in overloaded muscles (4, 93). 
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4.1.2 IGF-I Receptor 

The various biological actions of IGF-I are mediated mainly by interacting with its 

cell surface receptor- type I (IGF-IR). IGF-IR is a heterotetrameric tyrosine protein 

kinase consisting of two extracellular α-subunits responsible for ligand binding and two 

transmembrane β-subunits possessing tyrosine kinase activity (407).  

Despite the striking similarity in overall structure between insulin receptor and IGF-

IR (~60% homology at the amino acid sequence level with the insulin receptor), IGF-IR 

and insulin receptor developed their own identities and spectrum of activities. Insulin 

primarily functions as a regulator of metabolism (388). In contrast, IGF-I appears to be 

one of the primary regulators of the growth of organisms (248, 297). Thus, one might 

predict that IGF-I receptor might be more potent than the insulin receptor in mediating 

differentiation and survival by stimulating DNA synthesis and mitogenic events (53, 

354).  

Mice lacking insulin receptors are born with modest growth retardation (~10%) 

(226). IGF-I receptor deficient mice, on the other hand, show severely impaired growth 

(reaching only ~45% of normal size) and have multiple abnormalities, including lung, 

neurologic, skin and bone defects. These mice also die within minutes after birth of 

respiratory failure (206, 222, 278). Baudry et al. showed that IGF-IR can represent an 

alternative to the insulin receptor for metabolic signaling (41). Transgenic MCK–KR–

hIGF-IR (MKR) mice overexpress a dominant-negative IGF-IR specifically in skeletal 

muscle, and exhibit significantly lower levels of muscle mass and hypoplasia than wild 

type mice (121). 
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Upon ligand binding, the intrinsic tyrosine kinase of the IGF-IR is activated, and 

this results in autophosphorylation of tyrosines on the intracellular portion of the β units 

and triggers the appropriate downstream pathways.  

4.1.3 IGF Binding Proteins  

The functions of IGF-I are not only complicated by its receptor, but also by a family 

of at least six binding proteins (IGFBPs 1–6), which are responsible for modulating the 

actions of IGF-I (74). IGFBPs are found in the circulation and widely expressed in adult 

tissues at different levels. IGFBPs are multifunctional proteins that transport IGF-I in the 

circulation to their location and alter IGF-I binding ability to its receptors. Approximately 

95% of circulating IGF-I is carried by IGFBP-3 and acid-labile subunit (ALS), which 

forms a ternary complex and is essentially confined to the vascular compartment (177).  

IGFBPs were first thought to be primarily responsible for extending the half-life of 

IGF-I and inhibiting IGF-I binding to its receptors (354). Thus, tissue IGF bioactivity was 

determined by the circulating IGFs, and also the local expression of IGFs, IGFBPs and 

proteases. Proteases cleave IGFBPs into smaller fragments thereby releasing IGF-I and 

increasing the availability of circulating free IGF (25). Now it is realized that IGFBPs can 

localize in the extracellular matrix, modulate IGF-I’s effectiveness and exert IGF-I-

independent effects on various tissues, as well as act as a localized storage depot for 

IGF-I (345, 354). Binding IGFBPs to IGFs may have a dual role: on the one hand, 

IGFBP blocks the interaction between IGFs and IGF-IR; on the other hand, it can 

protect IGFs from proteolytic degradation and, thus enhance the action of IGFs by 

increasing their bioavailability in local tissues (77, 141, 298). 

Among the six IGFBPs, skeletal muscle produces IGFBP-3,-4,-5, and -6, with 

IGFBP-3 and -5 being the most abundant (338). While IGFBP-3 is primarily involved in 
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IGF-I transport as mentioned above, IGFBP-4 is believed to inhibit the actions of IGF-I 

whereas IGFBP-5 can either inhibit or stimulate proliferation and differentiation 

depending on culture conditions in vitro (117, 131, 279). 

4.2 IGF-I Actions on Skeletal Muscle  

4.2.1 Introduction 

Knock-out models of IGF-I, the receptor or IGFBPs have demonstrated that every 

component of the IGF-I system is very important in muscle growth and development 

(403). Mouse embryos lacking IGF-I have impaired development and the pups die 

immediately after birth, because they cannot breathe (290) and demonstrate 

“generalized organ hypoplasia… including the muscles.” (222).  

The importance of IGF-I has also been studied by the opposite approach. Using 

transgenic mice with systemic IGF-I overexpression, Mathews et al. found that muscle 

and bone growth were increased approximately 30% when circulating levels of IGF-I 

were 50% above control values (235). Furthermore, Adams showed that the muscles of 

rats with surgical hypophysectomy responded to increased loading, despite a drastic 

depression in growth hormone (4). It has become increasingly clear that IGF-I may be 

acting as an autocrine and paracrine signal, thereby playing a major role in the 

development, growth, differentiation, and maintenance of skeletal muscles, both in 

culture and in intact animals (86, 93, 225, 282). Unlike other growth factors, IGF-I is 

reported to have a variety of anabolic effects on skeletal muscle and it stimulates both 

myoblast proliferation and differentiation (113, 128, 129, 131). 

4.2.2 Anabolic Actions of IGF-I 

The fact that IGF-I mediates many anabolic effects has been reported through in 

vivo and in vitro experiments by many investigators (14, 54, 96, 99, 162, 186, 244, 252, 



 

38 

306, 384) and even on human cells (182). In these experiments, IGF-I acts both by 

stimulating protein synthesis and inhibiting protein degradation pathways. This well-

established ability of IGF-I to mediate anabolism could clearly contribute to the 

hypertrophy process in skeletal muscle.  

4.2.2.1 IGF-I and protein synthesis 

Hypertrophy of skeletal muscle is a multidimensional process and IGF-I is involved 

in this process. In human exercise studies, IGF-I mRNA and protein expression in 

muscles has been found to increase after either single bouts of aerobic exercise (33, 

158, 198) or periods of strength training (207, 286); and even in older men and women 

after 10 weeks of strength training (339). Numerous studies employing in vivo animal 

models known to induce muscle hypertrophy also demonstrate that muscle expression 

of IGF-I increases very early in the hypertrophy process. These studies also show that 

increased IGF-I is localized to the myofibers of the affected muscles (47, 85, 110).  

The importance of local muscle-produced IGF-I in response to hypertrophy is 

emphasized by the normal growth seen in mice that lack the circulating ‘liver’ form of 

IGF-I (340), and increased IGF-I mRNA levels in the overloaded muscles of surgical 

hypophysectomy rats (4, 93). The central role of IGF-I in muscle growth and 

hypertrophy has led to suggestions that IGF-I administration might prevent age-

associated myofiber loss, necrosis of dystrophic myofibers (36) and myofiber atrophy 

resulting from spaceflight or disuse (383). 

The various studies cited in the previous sections clearly suggest a cause and 

effect relationship between the hypertrophy process and increased, GH-independent, 

autocrine/paracrine IGF-I expression in skeletal muscle. Therefore, understanding the 
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downstream signaling mechanism induced by IGF-I that are required for hypertrophy in 

skeletal muscle is of great importance (Figure 4-1).  

a) The IGF-I/PI3K/Akt/mTOR pathway: Genetic disruption of PI3K and/or the 

mammalian target of rapamycine (mTOR) gene result in decreases in cell size (411, 

412). Furthermore, myotube hypertrophy induced by IGF-I can be inhibited by a 

pharmacological inhibitor of PI3K (307). The requirement for mTOR-mediated signaling 

in hypertrophy has been demonstrated pharmacologically (54, 307). mTOR can be 

activated downstream of PI3K/Akt; it can also be activated by IGF-I directly (64, 159). 

Once activated, mTOR can increase protein synthesis in skeletal muscle by modulating 

at least 2 signaling pathways: the p70S6 kinase (p70S6K) pathway and PHAS-1 (also 

known as 4E-BP) pathway (181). mTOR activates p70S6K, a positive regulator of 

protein translation (389); on the other hand, mTOR inhibits the activity of PHAS-1, a 

negative regulator of the protein initiation factors eIF-4E (312). It is also interesting to 

point out that stimulation of p70S6K might be secondary to the blockade of PHAS-1 

when mTOR is activated (275).  

Therefore, the PI3K/Akt/mTOR pathway can induce hypertrophy, by enhancing the 

translation of mRNAs encoding ribosomal proteins and elongation factors; integral 

components of the protein synthesis machinery (366).  

b) The IGF-I/PI3K/Akt/GSK3β pathway: Glycogen synthase kinase 3β (GSK3β) 

is another substrate of IGF-I/PI3K/Akt downstream target. Phosphorylation of Akt results 

in the inactivation of GSK3β (84). Expression of a dominant-negative form of GSK3β 

has been shown to induce myotube hypertrophy, which is a way to mimic Akt activity 

(306). GSK3β blocks protein translation by inhibiting the expression of eIF2B protein 
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(147). GSK3β might be an attractive target for pharmaceutical intervention because 

inhibition of this kinase produces the desired effect. There is a concern whether 

inhibition of GSK3β is sufficient to induce hypertrophy. Interestingly, overexpression of a 

dominant-negative GSK3β increases muscle fiber cross-sectional area and completely 

prevents the atrophic effects of glucocorticoids in rats (321). 

c) Other pathways: New evidence suggests that IGF-I induced hypertrophy is 

independent of PI3K signaling pathways (270). Myogenic differentiation is dependent 

upon nuclear export of a histone deacetylase (HDAC) (245). IGF-I and the 

calcium/calmodulin-dependent protein kinase (CaMK) can stimulate the phosphorylation 

of HDAC, thereby exporting HDAC out of the nuclei and facilitating the hypertrophic 

action of IGF-I (228).  

Calcineurin, a serine/threonine phosphatase activated by calcium/calmodulin, is 

also established as a link with IGF-I (270, 330). Overexpression of IGF in C2C12 mouse 

(330) or L6E9 rat (270) myoblasts has shown to result in calcineurin-mediated 

hypertrophy. 

4.2.2.2 IGF-I and protein degradation 

It has been shown that IGF-I reduces atrogin-1 and MuRF1 expression and 

attenuates muscle wasting in diabetic rats (253) and in C2C12 myotubes, even when 

atrophy is induced by serum deprivation or a synthetic glucocorticoid, dexamethasone 

(355). The mechanism by which Akt inhibits atrogin-1 and MuRF1 upregulation was 

demonstrated to involve the FOXO family of transcription factors, a subgroup of the 

Forkhead box O (FOXO) family of transcription factors (215, 318, 355). IGF-I activates 

the PI3K/AKT pathway, which in turn results in phosphorylation of the FOXO proteins, 

Phosphorylation of the FOXO transcription factors results in excluding ubiquitin ligases 
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genes from the nucleus (60), which prevents transcription of the atrogin-1 and MuRF1 

genes. This finding demonstrated a novel role for PI3K/Akt, not only in stimulating 

muscle hypertrophy, but also inhibiting the induction of atrophy signaling. This is 

important because it shows that during atrophy, deactivated PI3K/Akt may not only lead 

to decreased protein synthesis, but also cause increases in protein degradation rate, 

actin cleavage, and expression of muscle ubiquitin ligases. 

4.2.3 IGF-I and Satellite Cells 

It is obvious that IGF-I acts in an autocrine/paracrine factor mediating skeletal 

muscle hypertrophy (284). However, the importance of IGF-I-induced actions on muscle 

satellite cells may be less evident. After birth, skeletal muscle fibers become terminally 

differentiated and cannot undergo mitotic division or directly increase their myonuclear 

number (i.e., myonuclear division) (70). As discussed earlier, muscle hypertrophy 

requires addition of new myonuclei to maintain a certain ratio between myonuclei and 

the size of myofibers (i.e. nuclear domain) (363). In this case, satellite cells, which are 

small mononucleated skeletal muscle stem cells, appear to be mobilized to enter 

activation, proliferation and differentiation processes.  

In order to distinguish the effects of IGF-I on anabolism versus proliferation in 

muscle, Barton-Davis et al. used radiation to eliminate satellite cells in mice (36). 

Overexpression of IGF-I through adenoviral delivery enhanced muscle mass by only 

about 7% in the radiated muscles compared to 15% enhancement in non-irradiated 

controls. This suggested that IGF-I acts to promote muscle recovery by stimulating 

anabolism of muscle fibers as well as by activating satellite cell proliferation and 

differentiation. Among the well characterized growth factors, IGF-I is the only one that 
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has been consistently reported to facilitate each of these processes in satellite primary 

cell culture and muscle cell lines (294). 

The effects of IGF-I on proliferation and differentiation are temporally separated. 

The proliferative response is mediated by the Ras–Raf–MEK–ERK pathway (80), which 

stimulates the expression of proliferation protein-MyoD; whereas the pathway leading to 

differentiation involves the activation of PI3K /Akt pathway (380), which stimulates 

prodifferentiation protein-myogenin (8). 

In satellite cell culture, the muscle regenerative markers myoD and myogenin are 

reported to be present in activated but not in quiescent satellite cells. It was found that 

myoD mRNA increased prior to proliferation, while the appearance of myogenin mRNA 

was found to coincide with differentiation (294). IGF-I has been shown to stimulate gene 

expression of both myoD and myogenin in various conditions (293, 294). These 

seemingly contradictory results emphasize the role of IGF-I in cooperating with other 

mitogenic factors to stimulate either proliferation or differentiation, or both. Under most 

in vitro conditions, by assessing cell morphology and other markers of myogenesis the 

stimulation of muscle cell growth by IGF-I exhibits a strikingly biphasic concentration 

dependency curve; high IGF-I concentrations favor proliferation, whereas lower IGF-I 

concentrations seem to promote differentiation (80, 130, 132, 294). Besides that, it is 

clear that there is a temporal link between the two effects: 1) a proliferative (mitogenic) 

response to IGF-I that lasts 24 to 36 hours and 2) this is followed by myogenic 

differentiation (132). 

4.2.4 IGF-I and Apoptosis in Skeletal Muscle  

IGF-I has been reported to act as a survival factor that prevents apoptosis in some 

tissues (97). It has been shown that actin is a substrate of the apoptotic protease and 
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caspase-3-mediated fragmentation of actin occurring during atrophy (97). In addition, 

Lee et al. (2004) showed that caspase-2 activates the pro-apoptotic protein Bax (215). 

Activation of caspase-3 and cleavage of actin were prevented by supplementing with 

IGF-I (54). In addition, activation of PI3K/Akt inhibits proapoptotic proteins of the Bcl-2 

family (Bax, Bad) and also induces anti-apoptotic proteins of the Bcl-2 family (Bcl-X) 

(54). Therefore, the signaling pathways of IGF-I are highly complex, and its effects on 

skeletal muscle atrophy/hypertrophy acts not only via regulations of protein synthesis 

and degradation, but also on apoptosis, myoblast proliferation and differentiation (Figure 

4-1) (263). 

4.3 IGF-I Isoforms in Skeletal Muscle 

The fact that IGF-I can act either as a circulating hormone or as a local factor has 

driven scientists to further study the structure of different isoforms of IGF-I. The IGF-I 

gene is comprised of six exons, and depending on alternative splicing, there are at least 

four different IGF-I isoforms in rodents (400). The different isoforms vary in structure 

and function and are referred to as local (class 1) and circulating (class 2) IGF-I. Class 1 

and 2 denote the use of exon 1 or 2, respectively, and class A and B denote the 

absence or presence of exon 5, respectively (39, 332, 400). The rodent IGF-IA and IB is 

equivalent to human IGF-IEa and IGF-IEc, respectively. IGF-IEc is sensitive to 

mechanical loading induced by stretch or damage and this has prompted this isoform to 

be termed “mechano growth factor” or MGF (406). MGF has been proposed to be a 

potent form of IGF-I for promoting skeletal muscle hypertrophy. Barton used viral 

mediated gene carried either IGF-IA or IGF-IB to study the effects of these two isoforms 

on skeletal muscle hypertrophy in young and old mice (39). It turned out that both IGF-

IA and IGF-IB were equally effective in increasing muscle mass in young mice, whereas 
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only IGF-IA overexpression produced significant increases in muscle size of old mice. 

Further studies are needed to determine the production, distribution and stability of IGF-

IA and IGF-IB in skeletal muscle under different conditions. 

4.4 Adeno-Associated Virus Based Gene Therapy in Skeletal Muscle 

Gene therapy has become a rapid emerging field for a treatment for a variety of 

genetic and acquired diseases. A spectrum of viral and nonviral-based vectors have 

been used on skeletal muscle because of its accessibility and capability to maintain and 

express the target genes (34, 229, 265, 402). Nonviral-based vectors include plasmid 

DNA alone, liposome-complexed DNA, etc (402). Although nonvrial-based vector 

delivery can reach the desired expression quickly, it is associated with transient 

transgene expression in vivo and needs repeated delivery; and it only affects dividing 

cells in vitro and in vivo (217). Adeno-associated virus (AAV) is a relatively new viral 

gene delivery system. One of the attractive advantages of this system is its broad range 

of infectivity, including both dividing and nondividing cells (9, 133-135, 191, 192). More 

importantly, recombinant AAV (rAAV) vectors have all the viral sequences removed, 

they are nontoxic and elicit a minimal immune response (45). In addition, AAV viral 

particles are very stable, resistant to many physical and chemical factors and readily 

purified and concentrated (271). All these properties make it convenient for gene 

therapy. 

AAV consists of two open reading frames (OPFs) flanked by inverted terminal 

repeats (ITR) (317, 347). AAV packages and delivers a single-stranded (ss) DNA 

genome that is transcriptionally inactive until it is converted into a double strands (ds) 

(391). Conventional rAAV vector replication in vivo is a rate-limiting step because it 

requires the second (complementary)-strand synthesis (239). By using half size of the 
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wild-type genome, the rAAV is packaged into a self-complementary double-stranded 

molecule (239). This recent technology is more efficient to induce earlier transgene 

expression by bypassing the requirement for host-dependent leading strand synthesis 

(391, 404).  

Many serotypes of AAV have been isolated and have a broad host range. All rAAV 

vectors used currently are based on AAV type 2 (314). It is shown that AAV1 is 

considerably more efficient than AAV2 vectors in gene delivery to adult rat brains (62, 

280, 390). AAV serotype 8 vector is of particular interest because of its exceptionally 

high gene transfer efficiency and has very high tropism for skeletal muscle (142, 272, 

392). Previously, Barton has successfully used rAAV mediated IGF-I gene transfer to 

study aging-related loss of skeletal muscle function (35, 40). Therefore, muscle can be 

efficiently transfected by AAV to reach stable transgene expression. This technique 

shows great promise as a therapeutic intervention for a variety of genetic and clinical 

medical conditions. 

4.5 Summary 

The studies cited in this section emphasize the importance of the role of IGF-I in 

mediating skeletal muscle adaptations and suggest the following conclusions: 1) IGF-I 

operates in both autocrine and paracrine modes in skeletal muscle; 2) IGF-I stimulates 

myofiber anabolic processes and satellite cell proliferation and differentiation; and 3) 

IGF-I protects myofibers from apoptosis and contributes to myofiber survival.
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Figure 4-1. IGF-I signaling in skeletal muscle modified from Mourkioti F(263). 
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CHAPTER 5 
OUTLINE OF EXPERIMENTS 

5.1 Overall Objective 

1. To investigate the potential of IGF-I enhancement to guard skeletal muscle from the 

deleterious impact of immobilization/disuse. 

2. To study the effect of IGF-I gene transfer on muscle damage and recovery of muscle 

size and function following cast immobilization. 

3. Further elucidate the role of IGF-I in the regulation of muscle size under varying 

loading/activity conditions  

5.2 Experiment One: Assess the Effect of Viral Mediated IGF-I Gene Transfer on 
the Anterior Compartment Fast Twitch Muscles Following Cast Immobilization  

5.2.1 Experimental Design 

Recombinant adeno-associated virus vector serotype 1 (rAAV-2/cap1: AAV-2 

genomes pseudopackaged into AAV-1 capsids) for IGF-I (rAAV-IGF-I, MLC1/3 

promoter) was injected in the anterior compartment of one of the hindlimbs of young 

C57BL6 female mice (3 weeks of age; n = 24). At 20 weeks of age, these mice were 

randomly allocated into 4 groups (n = 6/group): 1) normal weight-bearing; 2) 2 wk cast 

immobilization; 3) 1 wk reambulation; and 4) 3 wk reambulation. For the cast 

immobilization procedures, both hindlimbs were immobilized with the knees extended 

and the ankles in 60°of dorsiflexion to maximize atrophy of the tibialis anterior (TA) and 

extensor longus digitorum (EDL) muscles. TA and EDL muscles were removed from 

both legs after 2 weeks of cast immobilization and after 1 and 3 weeks of free cage 

reambulation. In vitro force mechanics was implemented to measure EDL muscle 

strength. Immediately following force mechanics, muscle wet weights were measured 

and immunohistochemistry was performed to quantify EDL muscle fiber cross-sectional 
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areas (CSAs). Quantitative real-time PCR was used to quantify mRNA expression 

levels of IGF-I, IGF-I receptor (IGF-IR), IGF binding protein 3 (IGFBP-3), IGF binding 

protein four (IGFBP-4), and IGF binding protein 5 (IGFBP-5). ). Markers of muscle fiber 

regeneration were determined using hematoxylin & eosin staining for central nuclei and 

immunofluorescence techniques using monoclonal antibodies to detect Paired box 

protein Pax-7 and embryonic myosin. 

5.2.2 Specific Aims and Hypotheses  

Specific Aim 1: 

Hypothesis a: IGF-I gene transfer induces an increase in EDL muscle mass, 

muscle strength and muscle fiber CSAs under normal loading conditions. 

To characterize the effect of IGF-I gene transfer on the 

morphological and functional properties of a fast twitch muscle (extensor digitorum 

longus muscle) under altered loading conditions.  

Hypothesis b: EDL muscles overexpressing IGF-I will show greater muscle mass 

and strength during as we well as post-cast immobilization, compared to PBS injected 

EDL muscles. 

Specific Aim 2: 

Hypothesis a: Four months after injection, IGF-I mRNA expression levels are 

significantly elevated in the IGF-I gene transfer TA muscles.  

To determine the impact of IGF-I gene transfer on mRNA 

expression of IGF-I and its related receptor and binding proteins during cast 

immobilization and after 1 week and 3 weeks of reambulation in a fast-twitch muscle 

(tibialis anterior muscle). 

Hypothesis b: IGF-I gene transfer will not only alter IGF-I mRNA expression but 

also induce concomitant alterations in IGF-IR, IGFBP-3, IGFBP-4, and IGFBP-5 mRNA 

expression during different loading conditions. 
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Specific Aim 3: 

Hypothesis a: IGF-I gene transfer increases the number of EDL muscle fibers 

with central nuclei and muscle fibers expressing Pax-7 compared to PBS injected EDL 

muscles under normal loading conditions.  

To assess the impact of IGF-I gene transfer on markers of muscle 

regeneration in the fast-twitch muscle (EDL muscle) during 1 week and 3 weeks of 

reambulation.  

Hypothesis b: Reambulation will induce a greater regenerative response in IGF-I 

overexpressing muscles, as evidenced by more central nuclei, and increased Pax-7 and 

embryonic myosin expression. 

5.3 Experiment Two: To Assess the Effect of Viral Mediated IGF-I Gene Transfer 
on the Posterior Compartment Muscles Following Cast Immobilization  

5.3.1 Experimental Design 

Recombinant adeno-associated virus vector for IGF-I (rAAV-IGF-I, CBA promoter) 

was injected in the posterior compartment of one of the hindlimbs of 48 young C57BL6 

female mice (3 weeks of age). At 20 weeks of age, these mice were randomly divided 

into 6 groups (n = 8/group): 1) normal weight-bearing; 2) 2wk cast immobilization; 3) 2d 

reambulation; 4) 5d reambulation; 5) 10d reambulation; 6) 21d reambulation. In the cast 

immobilization group, both hindlimbs were immobilized with the knees extended and the 

ankles in 160° to maximize atrophy of the soleus muscle. The soleus (SOL) and 

gastrocnemius (GAST) muscles were removed from both legs after 2 wks of cast 

immobilization or after cage reambulation. Magnetic resonance imaging was conducted 

in vivo at 4, 8, 12, 16 weeks after IGF-I gene transfer and 2 weeks of cast 

immobilization as well as at 2, 5, 10, or 21 days during reambulation. Changes in the 

maximal muscle CSAs of the triceps surae (GAST and SOL) were assessed using MRI. 
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Muscle transverse relaxation time (muscle T2), which is indicative of muscle damage 

and/or edema, was measured using in vivo T2 weighted MRI. In vitro force mechanics 

was used to measure soleus muscle strength. Immediately following force mechanics, 

muscle wet weights were measured. Immunohistochemistry, hematoxylin & eosin 

staining, and real-time PCR were used to quantify markers of muscle regeneration 

(central nuclei, embryonic myosin and Pax-7) and expression of myogenic regulatory 

factors (MyoD mRNA) in the soleus at different loading time points.  

5.3.2 Specific Aims and Hypotheses 

 Specific Aim 1: 

Hypothesis a: IGF-I gene transfer leads to an increase of the cross-sectional area 

of the triceps surae (GAST and SOL) muscles under normal loading conditions. The 

increase in muscle wet weight, tetanic force and muscle CSAs observed in IGF-I 

overexpressed muscles under normal loading conditions is maintained during cast 

immobilization and reambulation. 

To study the effect of IGF-I gene transfer on the size and 

strength of a slow-twitch muscle (soleus) during cast immobilization and early 

reambulation.  

Hypothesis b: IGF-I gene transfer induces a faster recovery of contractile 

properties in the soleus muscle during reambulation following cast immobilization.  

Specific Aim 2: 

Hypothesis a: IGF-I gene transfer will not alter the muscle T2 relaxation properties 

of the soleus muscle during normal loading conditions or cast immobilization. 

To non-invasively monitor muscle damage in the postural soleus 

muscle of AAV1-IGF-I and contralateral PBS injected hindlimbs during early 

reloading/reambulation following cast immobilization.  
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Hypothesis b: Early reambulation will cause an increase in muscle T2 relaxation 

time of the soleus muscle following 2 weeks of cast immobilization, especially in the 

PBS injected soleus muscle.  

Specific Aim 3: 

Hypothesis a: The expression of markers of muscle regeneration will be greatly 

enhanced in the soleus muscles during the reloading phases after cast immobilization, 

especially in IGF-I transfected muscles. 

To assess the impact of IGF-I gene transfer on muscle 

regeneration and myogenic regulatory factors in the soleus muscle during early 

reambulation following cast immobilization.  

Hypothesis b: IGF-I transfected soleus muscles will demonstrate a greater 

response in mRNA expression of MyoD during early reambulation compared to the PBS 

injected muscles.  
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CHAPTER 6 
EXPERIMENT ONE: ASSESS THE EFFECT OF VIRAL MEDIATED IGF-I GENE 
TRANSFER ON THE ANTERIOR COMPARTMENT FAST TWITCH MUSCLES 

FOLLOWING CAST IMMOBILIZATION  

6.1 Abstract 

Insulin-like growth factor I (IGF-I) is a potent anabolic and myogenic factor that 

plays a critical role in muscle hypertrophy and muscle regeneration. The purpose of the 

current study was to examine the effect of IGF-I overexpression on muscle size and 

strength under altered loading conditions. In addition, we investigated concomitant 

molecular responses in IGF-I receptor and binding proteins (BPs). Thirdly, we 

determined the impact of IGF-I overexpression on markers of muscle regeneration 

following cast immobilization. rAAV-IGF-I or PBS (control solution) was directly injected 

into the anterior compartment of one of the hindlimbs of each mouse at 3 weeks of age. 

Four months after injection, a greater increase in muscle mass, tetanic force and fiber 

size was observed in the EDL muscle with IGF-I overexpression, compared to the PBS 

injected limb. After 2 weeks of cast immobilization and 1 and 3 weeks of free cage 

reambulation, the relative gains in muscle mass, force production and fiber size in the 

AAV1-IGF-I injected muscles were maintained. Changes in IGFBP-5 mRNA expression 

during cast immobilization and reambulation paralleled those of IGF-I, while IGFBP-3 

expression changed inversely to IGFBP-5. IGF-I gene transfer resulted in significant 

increases in central nuclei and Pax-7 expression, indicative of muscle regeneration, 

during normal weight bearing and cast immobilization compared to the contralateral, 

PBS injected EDL muscles. Enhanced muscle regeneration was observed during early 

reloading (one week of reambulation). Therefore, local overexpression of IGF-I in fast 

twitch muscles results in muscle hypertrophy and the relative gains in muscle mass and 
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strength are better maintained during cast immobilization and reambulation compared to 

contralateral limbs. IGFBP-5 may play an important role in mediating the effect of IGF-I 

during varied loading conditions. 

6.2 Introduction 

Skeletal muscle fibers are characterized by high plasticity that involves constantly 

adapting to external stimuli (e.g., mechanical overload), by changing structural, 

functional and physiological properties (3). A consequence of an extended period of 

reduced load on skeletal muscle is atrophy. The results of these negative muscular 

changes are far reaching and may include development of functional limitations, 

decreased motor control, loss of fitness, and long term disability. Although skeletal 

muscle has an inherent capacity to recover from these maladaptations, the 

maintenance and recovery of muscle function after disuse can be slow, and in many 

cases, inefficient and incomplete (273, 350). Therefore, understanding the mechanisms 

involved in muscle atrophy and regrowth are important for the development of 

therapeutic approaches to reduce the loss of muscle function and promote muscle 

recovery following disuse.  

When skeletal muscle is challenged with an increased mechanical load, there are 

rapid increases in autocrine/paracrine growth factors that activate signaling 

mechanisms that promote skeletal muscle hypertrophy (5, 315). One such growth factor 

is insulin-like growth factor I (IGF-I), which plays an important role in the formation and 

growth of skeletal muscle (121). Overloading of skeletal muscle produces hypertrophy 

and is associated with increases in IGF-I mRNA and peptide level (4). It has been 

shown that adeno-associated virus (AAV) can effectively deliver the IGF-I gene to 

skeletal muscle and initiate a hypertrophic process, similar to that observed from 
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exercise strength training (39, 216). Experimental manipulations of muscle IGF-I levels 

have been shown to induce muscle hypertrophy in vivo. For example, expression of 

IGF-I has been correlated with muscle hypertrophy in various transgenic mouse lines 

(35, 76, 269). Furthermore, in models of muscle atrophy, such as glucocorticoid 

treatment or denervation, IGF-I overexpression has been found to have positive effects 

on muscle size (320). Moreover, viral mediated gene transfer of IGF-I has been 

reported to block or counter muscle loss in aging (37) and muscular dystrophy mice 

models (38). These studies suggest that IGF-I has the potential to attenuate muscle 

atrophy from disuse or accelerate the recovery of skeletal muscle following a period of 

inactivity.  

IGF-I activity is modified by its receptor (IGF-I receptor, IGF-IR) and a family of 

binding proteins (IGFBPs). Mice lacking the IGF-IR exhibit marked muscle hypoplasia 

and die soon after birth due to respiratory failure (222). Also, mice with a dominant 

negative IGF-I receptor have smaller skeletal muscles than control mice (121). IGF-

binding proteins (IGFBPs) are multifunctional proteins that transport IGFs in circulation, 

localize IGFs in specific cell types, and alter binding characteristics of IGFs to receptors 

(177). Six different IGFBP proteins have been cloned and sequenced (354). Initially, 

IGFBPs were thought to function as proteins that extend the half-life of IGFs in the 

circulation and also inhibit the binding of IGF to specific receptors, such as insulin 

receptors (354). Since IGF-I concentrations in the serum are 1,000 times higher than 

those of insulin they can interfere with normal functioning of the cell (327). It is now 

known that IGFBPs can localize in the extracellular matrix, modulate IGFs’ interaction 

with a receptor, and/or act as a localized storage depot for IGFs (354). Thus IGFBPs 
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likely modulate IGF-I’s effectiveness and exert IGF-I-independent effects on various 

tissues. Although the interactions of IGFBPs and IGF-I have been previously 

investigated, relatively little is known about the changes in IGFBPs gene expression in 

skeletal muscle with IGF-I overexpression during altered loading patterns.  

Thus, the purposes of this study were: 1) to determine the impact of viral mediated 

IGF-I gene transfer on EDL muscle mass and strength after 2 weeks of cast 

immobilization and following one and three weeks of cage reambulation; 2) to determine 

transcriptional changes of IGF-I, IGF-IR, IGFBP-3, -4, and -5 in response to 

overexpression of IGF-I during cast immobilization and reambulation; 3) to compare the 

markers of muscle regeneration (Pax-7, embryonic myosin, central nuclei) in the IGF-I-

injected limbs to the contralateral PBS injected limbs during the reambulation phase 

following 2 weeks of cast immobilization in the fast twitch muscles.  

6.3 Material and Methods 

6.3.1 Animals and Viral Injection 

This study was conducted with approval from the Institutional Animal Care and 

Use Committee of the University of Florida. Twenty-four female C57BL6 mice (3 weeks 

of age) were studied. A recombinant AAV plasmid (pSUB201) was constructed using 

the entire rat IGF-I cDNA which encodes for IGF-I, a myosin light chain (MLC) 1/3 

promoter and enhancer, and SV40 polyadenylation sequence as previously described 

(35, 36). A recombinant AAV serotype 1 (rAAV-2/cap1: AAV-2 genomes 

pseudopackaged into AAV-1 capsids) was prepared by the University of Pennsylvania 

Vector Core, following published procedures. Reverse transcription PCR analyses has 

shown persistent, local expression of the myosin light chain-driven IGF-I mRNA up to 9 

months post-injection (35). The effects of IGF-I production have also been shown to be 
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local (35). Figure 6-1 demonstrates expression of the MLC-driven IGF-I mRNA in the 

tibialis anterior muscle 3 months following direct muscle injection of the recombinant 

AAV.  

Under isoflurane anesthesia, the anterior compartment of one hindlimb was 

injected with 5 x 1010 viral particles in 85µl of phosphate-buffered saline (PBS). This 

method of delivery targeted the tibialis anterior (TA) and extensor digitorum longus 

(EDL) muscles, allowing the entire muscles surface to be bathed in virus solution. The 

contralateral limb was injected with the same volume of sterile PBS. Previous studies 

have shown that PBS injection did not cause any significant changes in muscle mass 

and body weight (35, 40). Once these mice were recovered from anesthesia, they were 

sent back to animal facilities for future studies.  

Four months after injection, viral-injected mice were randomly assigned into four 

(n=6 each condition): 1) noncasted; 2) two weeks of cast immobilization (2wk Immob); 

3) 1 week of free cage reambulation (1wk Reamb); and 4) three weeks of free cage 

reambulation (3wk Reamb) as described below. The animals were housed in an 

accredited animal facility room controlled for temperature (22 + 1°C), humidity (50 + 

10%), and light (12h light/dark cycle). Mice in the noncasted group remained in their 

cages and experienced only normal in-cage activity.  

6.3.2 Cast Immobilization 

Both hindlimbs were performed under isoflurane anesthesia with hip and knee 

joints fixed at ~160° and ~180°, respectively, as previously described (139). In order to 

unload the TA and EDL muscles, the ankle was fixed at 60°. The plaster of Paris cast 

encompassed both hindlimbs and the caudal fourth of the body (superior to the wings of 

the ilium). The animals were free to move using their forelimbs and they ate and drank 
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ad libitum. The mice were monitored on a daily basis for chewed plaster, abrasions, 

venous occlusion, and problems with ambulation. In addition, the mice were checked 

daily for fecal clearance. Following 2 weeks of cast immobilization, six mice were 

sacrificed. The remaining twelve mice were allowed to freely reambulate in their cages 

for either 1 week or 3 weeks following cast immobilization.  

6.3.3 Force Measurements 

In vitro force mechanics were performed on both hindlimb muscles as previously 

described (35). Briefly, EDL muscles were immersed horizontally in Ringer’s solution, at 

25°C, equilibrated with 95% O2/5% CO2, pH = 7.4. The distal tendon was tied to a 

nonmovable post and the proximal tendon attached to a servomotor (Aurora Scientific, 

Inc., Aurora, Ontario, Canada). Muscle length was adjusted to the optimal length (Lo) at 

which maximal twitch force was reached. EDL maximal tetanic forces were determined 

using 120 Hz–500 ms supramaximal electrical pulses. Stimulation was delivered via two 

parallel platinum electrodes that were positioned along the length of the muscle. 

Immediately following force mechanics, muscle wet weights were measured. 

Muscles for histology measurements were pinned at resting lengths and cooled in liquid 

nitrogen melting with isopentane; muscles for other measurements were snap frozen in 

liquid nitrogen. Muscles were stored at –80 0C.  

6.3.4 Muscle Morphological and Regeneration Assessment 

Frozen cross sections (10µm) from the mid-belly of the EDL muscle were 

subjected to hematoxylin & eosin (H&E) staining to assess the proportion of central 

nuclei in the muscle fibers. Immunohistochemistry was used to determine the muscle 

fiber size and assess the distribution of embryonic myosin and paired box transcription 

factor seven (Pax7). Sections were incubated with rabbit anti-laminin (Neomarker, 
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Labvision, Fremont, CA) and mouse anti-embryonic myosin MHC antibodies (DSHB, 

Iowa City, IA) (4ºC overnight), followed by incubation with rhodamine-conjugated anti-

rabbit IgG (Nordic Immunological Laboratories) and Fitc-conjugated anti-mouse IgG 

(Nordic Immunological Laboratories). A mouse blocking kit (BMK-2202, Mouse on 

Mouse, Vector Lab) was used in staining of Pax7. Pax7 staining has previously been 

shown to correspond well to satellite cell content (385). Primary antibody mouse anti-

Pax7(R&D) and secondary antibody Alexa 488 (Invitrogen-Molecular Probes) were 

used. These slides were mounted with Vectashield mounting medium with DAPI (Vector 

lab). Image acquisition was performed on a Leitz DMR microscope with a digital camera 

(Leica Microsystems, Solms, Germany). The NIH image J program (version 1.62) was 

used to analyze the data. The pixels setting used for conversion of pixels to micrometer 

were 1.50 pixels- 1µm2 for a 10X objective. The average positive number per 100 

muscle fibers was quantified from a sample of 150-250 fibers on randomly selected 

slides.  

6.3.5 RNA Isolation and Assessment of mRNA Abundance for Real-Time  
Quantitative PCR 

Total RNA from frozen TA muscle samples was isolated with TRIzol Reagent 

(Invitrogen Life Technologies, Carlsbad, CA). Briefly, approximately 30 mg of muscle 

was cut in 1.0 ml of TRIzol Reagent using an RNase-free razor blade homogenizer. 

Each muscle sample was centrifuged, incubated and precipitated. After isolation RNA 

was dissolved in DEPC-treated water and stored at –80 ºC. The resulting RNA was 

quantitated by optical density at 260 nm.  

One microgram of total RNA was reverse transcribed to cDNA with the 

SuperScript III First-Strand Synthesis for RT-PCR kit (Invitrogen Life Technologies, 
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Carlsbad, CA) and a mix of oligo(dT) (100 ng/reaction) and random primers (200 

ng/reaction) in a 20 µl total reaction volume according to the manufacturer’s 

instructions. Following reserves transcription (RT), samples were stored at -80ºC for 

PCR reactions.  

Real-time PCR was performed using the protocols and detection systems of ABI 

PrismTM 7900 Sequence Detection System (Applied Biosystems). The reaction 

components for a single 20ul reaction contained 10ul TaqMan Universal PCR Master 

Mix, 1 ul primers mix and 9 ul RNase-free water. Primer sequences were selected from 

NCBI database and purchased from Applied Biosystems (IGF-I: Rn00710306_m1; IGF-

IR: Mm00802831_m1; IGF-BP3: Mm00515156_m1; IGF-BP4: Mm00494922_m1; IGF-

BP5: Mm00516037_m1; and 18S ribosomal RNA (18S rRNA):18S-4319413E). Each 

assay contains primer and specific intron-spanning FAM or VIC-labeled (18S ribosomal 

RNA)TaqMan-MGB probes. The standard curve was calculated automatically via 

software by plotting the Ct values against each standard of known concentration and 

calculation of the linear regression line of this curve. The “delta-delta Ct method” (364) 

was used to calculate the relative expression ratio [2-∆∆CT] based on the change in 

threshold values (Ct). The normalization of the target genes with an endogenous 

standard was done via the reference gene (18S ribosomal RNA) expression and 18S 

expression was not different at any time points. All samples and standards were run in 

duplicate or quadruplicate. 

6.3.6 Determination of IGF-I Protein Concentration 

Frozen TA muscles were rinsed with PBS to remove excess blood, homogenized 

in 1 mL of 1X PBS using FastPrep Homogenizer and Isolation System (Thermo Fisher 
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Scientific, Franklin, MA) and stored overnight at -200C. The homogenates and serum 

were then centrifuged for 5 minutes at 5000 x g. The supernatants and serum were 

utilized for measurements of total IGF-I in a commercially available ELISA kit specific for 

rodent IGF-I (R&D Systems, Minneapolis, MN). IGF-I concentration was calculated 

based on a standard curve generated from recombinant mouse IGF-I. This kit detects 

total rodent IGF-I, and the measurements are not affected by the presence of IGF-I 

binding proteins or IGF-II (40). This kit has been validated for the determination of rat 

IGF-I at 30-3000 pg/ml with an intra-assay precision of ~4.3% and an inter-assay 

precision of ~6.0% (40). All samples were measured on a micro-plate reader at 450nm 

in duplicate. 

6.3.7 Data Analysis 

Data are presented as means±SEM. Using SPSS software (version 16.0) a two-

way ANOVA was used to analyze the main effects of injection, loading, or an interaction 

effect of the two. Paired t-tests were used for comparisons between rAAV-1 injected 

and contralateral, control limbs. A one-way analysis of variance was used to compare 

all variables within the same injection groups. Post-hoc testing for ANOVAs was 

performed using a Bonferroni test. A significance level of p<0.05 was used for all 

comparisons.  

6.4 Results 

1) Validation of IGF-I gene transfer: Prior to using the rAAV virus coded with 

IGF-I cDNA, we injected the same virus carrying the LacZ gene into the anterior 

compartment of the mice hindlimbs. LacZ is a common reporter gene which encodes 

the protein β-galactosidase. This enzyme causes bacteria expressing the gene to 

appear blue when grown on a medium that contains the substrate analog X-gal (209). In 

http://en.wikipedia.org/wiki/Beta-galactosidase�
http://en.wikipedia.org/wiki/X-gal�
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our experiments, close to 100% of EDL muscle fibers showed positive staining for LacZ, 

which indicated that gene transfer was efficient (Fig 6-2).  

2) Effects of IGF-I overexpression under normal loading conditions: IGF-I 

overexpression caused significant increases in EDL muscle wet weight (~20%, Figure 

6-3A, p < 0.05), tetanic force (~18%, Figure 6-3B, p < 0.05), and fiber CSA (~20%, 

Figure 6-4A, p < 0.05) during normal weight bearing conditions compared with the 

contralateral EDL muscles, respectively. Changes in muscle size were matched by 

changes in muscle force, such that there were no changes in specific force with IGF-I 

overexpression. Similar increases in a second anterior compartment muscle, tibialis 

anterior (TA), muscle weight were also seen (data not shown).  

To estimate the extent to which IGF-I, IGF-IR and its binding proteins were 

affected by IGF-I gene transfer under normal weight bearing, we analyzed the mRNAs 

expression levels for IGF-I, IGF-IR and IGFBP-3, 4 and 5 in the TA muscle. Dramatic 

increases in IGF-I mRNA (185 fold) and protein (26 fold) levels were observed following 

the IGF-I gene transfer (Table 6-1, Figure 6-5). IGFBP-5 mRNA expression was 

significantly higher (~70%) in the TA muscle overexpressing IGF-I compared with the 

contralateral control limb (p <0.05). However, no significant changes in IGF-IR, IGFBP-3 

or IGFBP-4 mRNA were detected in the transfected TA muscles (Table 6-1). 

Under normal loading conditions, there was a significant higher baseline level of 

central nuclei (Figure 6-6) and satellite cells (Pax-7 positive fibers; Figure 6-8) in the 

IGF-I injected EDL muscles compared to the PBS-injected contralateral limb. 

Serum IGF-I protein levels did not show any significant difference between rAAV-

IGF-I (500 ± 20 ng/ml) and PBS (510 ± 14 ng/ml) injected groups. 
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3) Effects of IGF-I overexpression during cast immobilization: Two weeks of 

cast immobilization without IGF-I overexpression resulted in significant decreases in 

EDL muscle wet weight (17%), muscle fiber CSA (23%), tetanic force (40%) and 

specific force (34%) compared to control muscles (normal loading) (Figures 6-3, p < 

0.05).  

Immobilization with IGF-I overexpression caused similar decreases in EDL weight, 

tetanic force and specific force. However, the relative gains in muscle weight, muscle 

fiber CSA and tetanic force that were present before immobilization were preserved with 

IGF-I overexpression (Figures 6-3, p < 0.05). 

Cast immobilization increased IGF-IR and IGFBP-3 mRNA levels in the TA muscle 

by, on average, ~60% and ~80% respectively; in contrast, IGFBP-5 mRNA decreased 

by ~80% (p < 0.05) in the PBS injected TA muscles. Similar changes in IGF-I, IGFBP-3 

mRNA levels, and IGFBP-5 mRNA were observed in IGF-I injected TA muscles. Cast 

immobilization did not change IGF-I mRNA and IGF-I protein levels significantly 

compared to baseline in either group under normal weight bearing conditions (Figure 6-

5, Table 6-1). We also did not detect significant changes in IGFBP-4 mRNA expression 

after cast immobilization (Table 6-1). 

Following cast immobilization, there were greater central nuclei and Pax-7 positive 

fibers in IGF-I injected EDL muscles compared to PBS-injected EDL muscle (Figure 6-6, 

6-8). There was no expression of embryonic myosin positive fibers during normal 

loading and cast immobilization in the EDL from either group (Figure 6-9). 

4) Effects of IGF-I overexpression during reambulation:  After one week of 

reambulation (1wk Reamb), specific force returned to its baseline levels, while EDL wet 
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weights and tetanic force remained significantly below baseline after one week (p<0.05) 

but returned to baseline levels within three weeks of reambulation (3wk Reamb) in both 

IGF-I injected and PBS injected muscles (Figure 6-3). However, the absolute tetanic 

force in the IGF-I injected EDL muscle at 1week of reambulation was almost the same 

as that of the noncasted PBS-injected muscles. Especially, after 3 weeks of 

reambulation, the difference in tetanic force between IGF-I and PBS-injected EDLs was 

evident. Of particular interest, after three weeks of reambulation there was a shift in 

EDL fiber CSAs towards larger muscle fibers (CSA > 1400 µm) in the IGF-I injected 

muscles, as shown in Figure 6-4E. 

IGF-I mRNA increased significantly after the first week of reambulation following 

immobilization and returned to control levels after 3 weeks of reambulation in PBS 

injected TA muscles. In both IGF-I- and PBS-injected TA muscles, IGFBP-3 mRNA and 

IGF-IR mRNA (which had both increased with cast immobilization) returned to baseline 

after 1 week and 3 weeks of reambulation respectively. Also in both groups, IGFBP-5 

mRNA expression (which had decreased during immobilization), showed a significant 

increase from baseline after 1 week of reambulation. After 3 weeks of reambulation, 

IGFBP-5 mRNA returned to baseline in PBS-injected muscle, but it remained elevated 

in the IGF-I-overexpressing muscle. No significant differences were detected in IGFBP-

4 mRNAs expression in the TA muscles of both groups after 1 week or 3 weeks of 

reambulation (Table 6-1) 

IGF-I protein levels were elevated at 1 week of reambulation in both IGF-I 

overexpressed and PBS-injected TA muscles (p < 0.05) and returned to pre-

immobilization levels by 3 weeks reambulation. There was also a significantly larger 
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increase in IGF-I protein levels (Figure 6-5) at 1week reambulation in the AAV-IGF-I 

injected muscles (significant interaction effect, loading x injection, p < 0.05).  

Importantly, we observed a greater increase in the markers of muscle regeneration 

in IGF-I injected EDL muscle after one week of reambulation compared to the PBS-

injected muscles. In the control muscles, < 0.5% and < 0.3% of the fibers contained 

central nuclei and embryonic myosin, respectively. In EDL overexpressing IGF-I, the 

proportion of centrally nucleated and embryonic myosin fibers increased to 2% and 

1.2%, respectively (p<0.05, Figures 6-6 and 6-9). Pax-7 positive myonuclei were 

increased up to a 12 fold after 1 week reambulation in the IGF-I injected muscles 

following cast immobilization (p<0.05, Figure 6-8). 

6.5 Discussion 

In this study, local delivery of IGF-I by AAV virus-mediated gene transfer to the 

EDL muscle of mice resulted in an 18-20% increase in EDL muscle mass (wet weights), 

fiber CSA and tetanic force. These gains were maintained in proportion to baseline 

levels throughout immobilization and reambulation, suggesting that IGF-I 

overexpression does protect skeletal muscle from the deleterious effects of 

immobilization. Evidence of enhanced muscle regeneration was observed in IGF-I 

overexpressed muscles at 1 week of reambulation with an increased prevalence of 

central nuclei, embryonic myosin and Pax7 positive fibers. In addition, after 3 weeks of 

reambulation, a greater proportion of muscle fibers with larger CSAs were observed in 

IGF-I injected EDL muscles, suggesting that hypertrophy contributed to the increase in 

muscle mass. To our knowledge, this is the first study to detect the effect of viral 

mediated IGF-I gene transfer on the IGF-I, IGF-I receptor and its binding proteins, 

IGFBP-3, IGFBP-4 and IGFBP-5 mRNA expression in the TA muscle during cast 
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immobilization and following reambulation. Our data showed that gene expression of 

IGF-IR and IGFBP-3 and IGFBP-5 is acutely regulated during adaptive changes 

induced in skeletal muscle by unloading and reloading. We also verified that the 

regulation of IGF-I transcriptional and translational expressions exists under these 

loading conditions.  

Our cast immobilization model was successful in causing muscle atrophy in the 

EDL as previously shown (139), and immobilization produced changes in muscle fiber 

CSA and force that paralleled the changes in muscle mass. This model induced 20% 

atrophy of the EDL which is greater than reported previously in the EDL using hindlimb 

suspension models (83, 157). In addition, 3 weeks of reambulation was sufficient to 

restore normal muscle size, confirming that the disuse model and time course for 

evaluation were appropriate. To our knowledge, this is the first investigation to quantify 

the decline of tetanic muscle force after 2 weeks of cast immobilization and its recovery 

with reambulation.  

IGF-I is a potent factor for growth in a number of tissues. Limiting its expression in 

the local skeletal muscle without causing circulating changes by a fast muscle specific 

promoter is the primary goal of IGF-I gene transfer (269). In our model, the increased 

muscle mass and muscle force measured before cast immobilization are consistent with 

that reported by Barton et al. using a rAAVs vector delivery system for IGF 

overexpression (35, 39). In addition, our results are also consistent with increases in 

muscle mass and force seen in transgenic mice overexpressing IGF-I (269). These 

results, in conjunction with an extensive body of literature regarding the hypertrophic 
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and anabolic effects of IGF-I in vitro, lead us to suggest that this growth factor acts in an 

autocrine and/or paracrine mode to mediate the hypertrophy process in skeletal muscle.  

In the present study, unloading reduced IGF-I mRNA expression in the PBS 

injected muscle. Some studies have also reported the same findings regarding IGF-I 

expression in atrophic muscle in various disuse models. For example, Awede et al. 

reported that unloading by hindlimb suspension resulted in loss of soleus muscle mass 

(20%) associated with a 30% decrease of IGF-I mRNA (23). However, other studies 

showed that neither 5 weeks of unilateral limb suspension in human (154) nor 4 days of 

spinal cord isolation in rat (156) resulted in a decrease in IGF-I mRNA. Furthermore, 

some studies even indicate an increase in IGF-I mRNA in human muscle during chronic 

disuse (296) and rat muscle following spinal cord isolation (199). Overall, the effect of 

unloading on IGF-I levels seems to be variable among the previous models utilized.  

Unlike the ambiguous results of studies examining the role of IGF-I in muscle 

atrophy, numerous studies have consistently shown that IGF-I plays a critical role in 

mediating muscle mass after a variety of exercises and training programs. A number of 

studies have shown that increased load on muscles can significantly increase 

expression of IGF-I and the loading sensitive IGF-I isoform, mechano growth factor 

(MGF) (22, 39, 148). In addition, a number of studies demonstrate that IGF-I mRNA and 

peptide levels increased during compensatory hypertrophy in both animal models and 

humans (3, 4, 30, 47). In the present study, reloading-induced regrowth of the EDL and 

TA muscles was associated with increased IGF-I mRNA and protein levels.  

Additionally, the preservation of skeletal muscle mass and muscle fiber CSA with 

local overexpression of IGF-I has been reported in models of skeletal muscle atrophy 
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involving glucocorticoids and denervation (295). Schakman et al. found that local 

overexpression of IGF-I protein by gene transfer attenuated skeletal muscle atrophy 

induced by glucocorticoids (320). Similarly, Rabinovsky et al. used a transgenic IGF-I 

mouse model to demonstrate that IGF-I intensifies muscle regeneration after 

denervation by accelerating the myogenic differentiation pathway (295). In contrast, 

Criswell et al. reported that local overexpression of IGF-I did not prevent atrophy of the 

hindlimb muscles during hindlimb suspension (83). However, in that study the absolute 

muscle mass of the TA and EDL muscle in IGF-I transgenic animals after 2 weeks 

suspension was equivalent to that of weight bearing muscles that had not undergone 

suspension in wild-type mice. Similarly, in our study we found that while IGF-I did not 

impact the rate of atrophy, IGF-I overexpressed muscles were larger and produced 

more force compared to PBS-injected muscles, before as well as after 2 weeks cast 

immobilization.  

We also found that AAV-IGF-I injected muscles demonstrated an increased 

prevalence of large muscle fibers (>1400µm) at 3 weeks of reambulation. Although 

muscle mass and tetanic force was greater throughout reambulation in the IGF-I 

injected muscles compared to contralateral PBS injected muscle, we found that IGF-I 

did not impact the rate of atrophy or the recovery during reambulation. The recovery 

rate in muscle wet weight and tetanic force following cast immobilization was not 

significantly different in rAAV-IGF-I injected muscles compared to contralateral limbs. 

One explanation for these findings not showing a greater effect on the rate of recovery 

following IGF-I administration is that significant mechanical loading and activity is a 

necessary factor to optimize the effects of IGF-I (7). Since the EDL muscle is not a 
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primary antigravity muscle in rodents (292) (112), we anticipate that the (re)loading 

experienced in this muscle from normal cage activity is relatively low. Therefore, the 

effect of IGF-I administration may be more pronounced in the antigravity muscles, such 

as the soleus. Further examination of this muscle is warranted. 

It has been shown that the number of myonuclei decreases in a variety of atrophy 

models, such as denervation (386), spinal cord transection (103), spaceflight (13, 167) 

and hindlimb suspension (12, 87). Thus, in order to maintain a certain “nuclei domain”, 

the transcriptional and translational demands placed on myonuclei are attenuated. On 

the other hand, functional overload requires a satellite cell-induced increase in 

myonuclear number (378). Schiaffino et al. demonstrated that satellite cell proliferative 

activity is increased during the early stages (3 days) of the compensatory hypertrophy of 

the rat soleus or EDL that accompanied synergist ablation (323, 324). In the present 

study, increases in mechanical loading following immobilization significantly enhanced 

the expression of markers of muscle regeneration in both IGF-I- and PBS- injected 

groups. These observations suggest that recovery of the loss of myonuclei numbers 

due to disuse is required for the regrowth of skeletal muscle from inactivity induced 

atrophy. 

Satellite cells are critical for the regeneration of muscle tissue after injury (337). 

Jennische et al. showed that IGF-I immunoreactivity was detected in the cytoplasm of 

myoblasts and myotubes and in satellite cells during muscle regeneration (185). Pax-7 

has been identified as a satellite cell-specific marker and its function in satellite cell 

specification, survival, proliferation and self-renewal is consistent with its expression in 

all satellite cells. In this study, there were significantly more centrally nucleated fibers 
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and satellite cell activity (Pax7) in IGF injected compared to PBS injected limbs during 

early reloading, suggesting that IGF-I overexpression successfully augmented muscle 

regenerative capabilities. In addition, we found shifts in fiber sizes towards larger fibers 

with IGF-I overexpression after 3 weeks of reambulation. Interestingly, there was a 

trend towards increased muscle mass and muscle force with IGF-I overexpression from 

1 to 3 weeks of reambulation. Collectively, those results provide further support that 

IGF-I enhances muscle recovery. Although no studies have specifically evaluated the 

regenerative capabilities of muscle with reambulation after a period of disuse, Lee et al. 

examined the roles of IGF-I overexpression with resistance training in rats and found 

that the combination of resistance training plus IGF-I overexpression resulted in 

significantly elevated muscle mass and force than either treatment alone (216). Since 

the gains in the aforementioned study were noted after 8 weeks of resistance training, it 

is possible that 3 weeks was not sufficient time to fully reveal the gains in muscle mass 

and force that may have occurred following IGF-I overexpression. 

The role of the IGF-IR in mediating changes in muscle function with 

overexpression of IGF-I is still not clear. Studies have demonstrated that IGF-IR is 

essential during early normal development (121), and other investigations have 

suggested that the in vivo effects of growth hormone (GH) on muscle mass and strength 

are primarily mediated by activation of the IGF-IR (198). More recently, Spangenburg et 

al. found that increased mechanical load can induce muscle hypertrophy independent of 

the function of IGF-IR (346). The present study found that IGF-IR mRNA level was 

elevated after cast immobilization and dropped back to baseline levels with 

reambulation. If IGF-IR plays a role in muscle atrophy or hypertrophy, it is possible that 
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an elevation of IGF-IR during atrophy may offer a compensatory mechanism to 

attenuate muscle atrophy by increasing the availability for IGF-I binding.  

It is less clear how the cellular effects of IGF-I may be influenced by its binding 

proteins. IGF-I binding proteins modulate the effectiveness of IGF-I (344)(Spangenburg 

2003). Among the six known IGF binding proteins, IGFBP-4 and IGFBP-5 have been 

shown to play an important role in skeletal muscle adaptations, while IGFBP-3 appears 

to impact the availability of free circulating IGF-I (23, 117, 131, 153). In the present 

study, IGFBP-5 mRNA levels were significantly reduced following 2 weeks of cast 

immobilization and increased above baseline in both AAV-IGF-I and PBS-injected 

muscles after one week of reambulation. In contrast, IGFBP-4 mRNA expression was 

not significantly altered at any of the time points. Hypertrophic conditions such as 

electromyostimulation (48) and overload (1, 4, 23) have been reported to be associated 

with increases in IGFBP-4 mRNA, whereas findings in regard to IGFBP-5 have been 

less consistent (23, 31, 345, 353). IGFBP-5 has been shown to both stimulate and 

suppress cell survival, proliferation, and differentiation (16, 17, 43, 408, 409). 

Interestingly, in our study, IGFBP-5 mRNA returned to baseline in control muscles, but 

remained elevated in AAV-IGFI injected muscles following 3 weeks reambulation. In 

addition, changes in IGFBP-5mRNA during cast immobilization/reambulation paralleled 

those of IGF-I, while IGFBP-3 expression changed inversely to IGFBP-5 and IGF-I. Few 

studies have investigated changes in IGFBP-3 with unloading, yet IGFBP-3 is thought to 

play a critical role towards modulating the availability of IGF-I in the bloodstream (23). 

Since IGFBP-3 is reported to suppress the proliferation of the cultured porcine 

myogenic cells (163) unloading-induced increases in IGFBP-3 may inhibit the 
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proliferation of muscle satellite cells or IGF-I binding to its receptors. The lack of clarity 

regarding the regulation of IGF binding proteins across studies may also be a result of 

transient increases in mRNA that are extremely sensitive to the timing of the 

measurements or because of transcription in binding protein levels through mechanisms 

of regulation which are yet unknown. 

In conclusion, local delivery of recombinant AAV1-IGF-I into fast twitch, lower limb 

muscles resulted in muscle hypertrophy and a concomitant increase in muscle strength 

during normal activity. Importantly, relative gains in muscle size and force production 

observed under normal loading conditions were maintained during cast immobilization 

and reambulation. In addition, the results of this study showed that overexpression of 

IGF-I contributed to muscle regeneration during reambulation as evident by increased 

percentage of central nuclei, satellite cell activity, and expression of embryonic myosin. 

These results that local overexpression of IGF-I was effective in maintaining muscle 

morphology and function following cast immobilization are consistent with the notion 

that IGF-I may be an effective therapeutic intervention in certain clinical setting. The 

findings of the current study also demonstrated that gene expression of IGF-I, IGF-IR 

and its binding proteins, IGFBP-3 and IGFBP-5 in predominately fast twitch muscles 

were regulated during unloading and regrowth from limb immobilization. The absence of 

an increase in IGFBP-4 expression was unexpected. Alterations in IGFBP-5 mRNA 

most closely paralleled the changes in IGF-I during cast immobilization and 

reambulation, while IGFBP-3 mRNA expression changed inversely to IGFBP-5mRNA. 

Further experiments are necessary to determine how IGF-I receptor, IGFBP-3 and 

IGFBP-5 modulate IGF-I function in skeletal muscle. 
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Figure 6-1. Schematic diagram of the rAAV-IGF-I gene construct modified from 

Barton-Davis ER(35).  

 
Figure 6-2. Lac Z expression (blue stained muscle fibers) in the injected EDL muscles 

at different magnifications. Bar=100µm 
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Figure 6-3. A) EDL wet weights. B) EDL tetanic force. C) EDL specific force. Values 
are means±SEM. * indicates significant difference within each loading time 
point between IGF-I injected and PBS injected muscles. † indicates that 
muscles at this loading time point was significantly different from 
noncasted group. (p<0.05)

A 
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Figure 6-3. Continued 

 

Figure 6-4. EDL fiber cross-sectional area (µm2) (n=6/group at each time point) (A). 
Fiber type size distributions as a percentage of total fibers before casting 
(B), after casting (C), after 1 wk reamb (D), and after 3 wks reamb (E). 
Note the fiber size shift in muscle injected with IGF-I by 3 wks reamb. 
Values are means±SEM. * indicates significant difference within each 
loading time point between IGF-I injected and PBS injected muscles. † 
indicates that muscles at this loading time point was significantly different 
from noncasted group. (p<0.05) 

C 
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Figure 6-4. Continued
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Figure 6-4. Continued
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Figure 6-5. TA IGF-I protein levels. Noncasted (n=6); 2 wk Immob (n=6); 1 wk Reamb 
(n=6); 3 wk Reamb (n=6); Values are means±SEM. * indicates significant 
difference within each loading time point between IGF-I injected and PBS 
injected muscles. † indicates that muscles at this loading time point was 
significantly different from noncasted group. An interaction of group (IGF-I 
injected vs PBS injected) and time was detected where IGF-I injected 
muscles had a significant higher increase in IGF-I protein (not indicated on 
figure). (p<0.05) 
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Figure 6-6. Presence of central nuclei (%) in IGF-I- and PBS- injected muscle A) 

Cross-sections of EDL muscle stained with hematoxylin and eosin. Central 
nuclei (arrows) were most apparent after 1 wk reambulation in IGF-I 
injected muscle. B) Percentage of central nuclei at each time point. Values 
are means±SEM. * indicates significant difference within each loading time 
point between IGF-I injected and PBS injected muscles. † indicates that 
muscles at this loading time point was significantly different from 
noncasted group. An interaction of group (IGF-I injected vs PBS injected) 
and time was detected where IGF-I injected muscles had a significant 
higher increase in central nuclei and embryonic myosin positive fibers (not 
indicated on figure), p<0.05. Bar=50µm. 
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Figure 6-7. Immunofluorescent staining of muscle cross-sections for Pax7. A) Cross-
sections of EDL muscle stained with laminin. B) Cross-sections of EDL 
muscle stained with Pax7. C) Cross-sections of EDL muscle stained with 
laminin + DAPI + Pax7..
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Figure 6-8. Satellite cell activity in muscle fibers for IGF-I- and PBS- injected muscle. 
A) Cross-sections of EDL muscle stained with laminin + DAPI + Pax7. 
Pax7 positive fibers (arrows) are most apparent after 1 wk reambulation in 
IGF-I injected muscle. B) Percentage of Pax7 positive fibers at each time 
point. Values are means±SEM. * indicates significant difference within 
each loading time point between IGF-I injected and PBS injected muscles. 
† indicates that muscles at this loading time point was significantly different 
from noncasted group. An interaction of group (IGF-I injected vs PBS 
injected) and time was detected where IGF-I injected muscles had a 
significant higher increase in Pax7 positive fibers (not indicated on figure), 
p<0.05. Bar=25µm. 
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Figure 6-9. A) Cross-sections of EDL muscle stained with monoclonal antibody 
against embryonic myosin isoform (green). Muscle fibers expressing 
embryonic myosin were most notable after 1 wk reambulation in IGF-I 
injected muscle. B) Number of fibers expressing embryonic myosin per 
100 fibers Values are means±SEM. * indicates significant difference within 
each loading time point between IGF-I injected and PBS injected muscles. 
† indicates that muscles at this loading time point was significantly different 
from noncasted group. An interaction of group (IGF-I injected vs PBS 
injected) and time was detected where IGF-I injected muscles had a 
significant higher increase in central nuclei and embryonic myosin positive 
fibers (not indicated on figure), p<0.05. Bar=50µm.
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Table 6-1. Changes in IGF-I, receptor, and binding proteins mRNA expression in TA muscles (expressed as fold 
difference compared to the PBS injected/noncasted TA muscle) 

Gene         Noncasted      2 wk Immob 1 wk Reamb   3 wk Reamb 
     
          PBS     IGF-I       PBS     IGF-I   PBS    IGF-I     PBS    IGF-I 
IGF-I 1.0±0.1 185.4±21.6* 0.4±0.1 176.9±9.9* 2.8±0.9† 171±48.0* 1.2±0.2 98.3±24.4*† 

  
IGF-IR  1.0±0.1 1.1±0.1 1.6±0.2† 1.8±0.03† 0.5±0.08† 0.5±0.1† 0.8±0.07 0.8±0.1 

 
IGF-BP3 1.0±0.1 1.3±0.2 1.8±0.4† 2.2±0.3† 0.9±0.1 0.8±0.1 1.1±0.1 1.2±0.2 

 
IGF-BP4 1.0±0.1 1.4±0.2 1.0±0.1 1.3±0.1 1.3±0.4 1.6±0.4 1.0±0.1 1.2±0.3 

 
IGF-BP5 1.0±0.1 1.7±0.2* 0.2±0.01† 0.3±0.03*† 2.5±0.4† 3.3±0.08*† 1.0±0.1 2.2±0.08* 
Values are means±SEM. * indicates significant difference within each loading time point between IGF-I injected and PBS 
injected muscles. † indicates that muscles at this loading time point was significantly different from noncasted group. 
(p<0.05) 
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CHAPTER 7 
EXPERIMENT TWO: TO ASSESS THE EFFECT OF VIRAL MEDIATED IGF-I GENE 

TRANSFER ON THE POSTERIOR COMPARTMENT SLOW TWITCH MUSCLES 
FOLLOWING CAST IMMOBILIZATION  

7.1 Abstract 

In the previous experiment we observed that overexpression of IGF-I enhanced 

muscle mass, strength, and the regenerative capacity of muscle during normal activity 

and reloading following cast immobilization in muscles composed of primarily fast twitch 

fibers (TA and EDL). However, fast twitch anterior compartment hindlimb muscles 

experience minimal loading during ambulation, compared to postural muscles, and have 

a smaller proportion of satellite cells. Thus, the purpose of this study was to investigate 

the effects of AAV-IGF-I treatment during cast immobilization/ reambulation in posterior 

compartment hindlimb muscles, which have a higher proportion of slow twitch fibers and 

experience high levels of load during walking. METHODS: The posterior compartment 

of the hindlimb was injected with rAAV-IGF-I in 48 mice at 3 weeks of age and the 

contralateral limb served as a control (injection of PBS solution). Magnetic resonance 

imaging (MRI) was used to monitor longitudinal changes in the cross-sectional area of 

the triceps surae (gastrocnemius and soleus) during growth. Four months after injection, 

40 mice were immobilized by casting the posterior compartment muscles into a 

shortened position to induce maximal atrophy in the soleus and gastrocnemius muscles. 

We measured muscle strength, muscle fiber morphology and the MR proton transverse 

relaxation time (T2), an in vivo marker of muscle damage, in the mice hindlimb muscles 

under the following conditions: normal weight bearing, after 2 weeks of cast 

immobilization and during reloading at 2, 5, 10, and 21 days. RESULTS: Starting 8 

weeks post-injection, IGF-I significantly augmented triceps surae size as assessed by 
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MRI. Relative gains in muscle size, wet weight and force production observed under 

normal loading conditions in the IGF-I injected group were maintained during cast 

immobilization and reambulation. Muscle T2 values of the soleus were significantly 

higher after 2 and 5 days of reambulation, with a greater increase in the PBS injected 

muscles compared to the IGF-I injected group. Muscle strength returned to baseline 

levels in the IGF-I injected soleus after 10 days of reambulation, while it took 21 days for 

the PBS injected limb to recover. Moreover, evidence of enhanced muscle regeneration 

with IGF-I overexpression was supported by a higher percentage of central nuclei, 

embryonic myosin, Pax7 positive muscle fibers and increased expression of the 

myogenic regulatory factor, MyoD. In conclusion, viral mediated IGF-I gene transfer 

protects the soleus muscle from reloading damage during the early phase of 

reambulation and accelerates muscle recovery during the later phase of reambulation 

following a period of cast immobilization. 

7.2 Introduction 

Primary functions of skeletal muscle are to provide postural support and 

movement. The functional characteristics of muscles are generally reflected by the 

muscle fiber composition and in part determined by the activity pattern of the motor 

neurons innervating the muscle (316). One of the earliest classification schemes for 

muscle was based on color, and thus muscles were classified as “red” or “white” (287). 

However, as experimental methods have become more sophisticated, classification of 

muscle fiber types based on the metabolic profile (oxidative vs. glycolytic), contractile 

characteristics (“slow-twitch” or “fast-twitch”) or myosin heavy chain composition (“type 

I” or “type II”) have become more accepted. Slow-twitch muscles typically have a slower 

rate of muscle contraction, are more resistant to fatigue and have a higher percentage 
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of capillaries, mitochondria and enzymes for aerobic metabolism, making them better 

suited to long term activity such as postural maintenance compared to fast-twitch 

muscles. Among mammalian skeletal muscles, the soleus muscle of the lower limb and 

the vastus intermedius of the thigh are excellent examples of highly oxidative slow 

twitch muscles with an important anti-gravity function. In contrast, fast-twitch muscles of 

small mammals such as the plantaris, extensor digitorum longus, and tibialis anterior 

are better suited for higher velocity contractions (30, 90, 124, 304, 325, 363).  

During an extended period of inactivity, disuse not only results in skeletal muscle 

atrophy, but also increases the susceptibility of slow twitch antigravity muscles to 

muscle damage during reloading (140). Muscle damage following disuse presents a 

challenging problem for rehabilitation specialists, as injured muscles heal slowly and 

often incompletely (218, 247). Muscle damage that occurs as a result of reloading is 

likely due to the inability of muscle fibers to maintain their integrity during eccentric 

contractions, resulting in structural and physiological alterations in atrophied muscle, 

such as the disruption of sarcolemmal integrity (187), sarcomere lesions (299), and 

disruptions in excitation-contraction (E-C) coupling (180). Increased interstitial edema 

occurs rapidly after injury and subsequent inflammatory cells are infiltrated into the 

damage area (136). The activated inflammatory cells simultaneously secrete growth 

factors and several cytokines, which lead to a wide array of functions in the later phases 

of muscle regeneration. The changes observed with muscle reloading are parallel to 

those seen following a bout of eccentric contractions in normally loaded skeletal muscle 

(32, 180, 394).  
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Several methods have been implemented to investigate muscle damage including 

histological, biochemical, and plasma markers such as creatine kinase (CK) (393). 

Among them magnetic resonance imaging (MRI) is unique because it provides a 

noninvasive and in vivo method of monitoring skeletal muscle damage. This method has 

the advantage of studying structure and function of intact skeletal muscle. The MR 

transverse relaxation time (T2) of muscle has been shown to be sensitive to changes in 

muscle damage after eccentric-exercise (241, 336) and as a consequence of local 

injections of myotoxin (140). More specifically, increased muscle T2 correlates well with 

plasma CK and histological markers of muscle damage (214, 305). 

Muscle healing after injury normally includes four interrelated and time-dependent 

phases: necrosis/degeneration, inflammation, regeneration, and fibrosis (281). The 

subsequent secretion of growth factors and cytokines following muscle damage 

contributes to the removal of necrotic material and further stimulates satellite cell 

activation (174). Among the various growth factors that have the ability to stimulate and 

accelerate healing and growth in muscle tissue, insulin-like growth factor-I (IGF-I) is the 

most important (174). Local upregulation of IGF-I has been observed in a variety of 

models of muscle injury, including myotoxin injection and eccentric exercise (169, 170, 

196, 246). Previously, Musaro et al. reported that transgenic expression of a muscle-

restricted IGF-I (mIGF-I) could modulate the inflammatory response, thus accelerating 

muscle regeneration after myotoxic injury (281). It has also been suggested that IGF-I 

can reduce early myofiber necrosis (332), protect muscle from contraction-induced 

damage (144), and promote muscle regeneration (38) in dystrophic mice (mdx mice). In 
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addition, mIGF-I enhances muscle regeneration by recruiting bone marrow-derived 

stem cells to the injury site and augments muscle repair (268). 

Previously, we have observed that IGF-I overexpression induces muscle 

hypertrophy and signs of enhanced muscle regeneration in mice fast twitch anterior 

compartment muscles (extensor digitorum longus). However, we did not observe an 

accelerated rate of recovery in the EDL muscle or amelioration of the rate of muscle 

atrophy. Considering that the impact of mechanical loading on skeletal muscle is more 

pronounced in slow twitch, antigravity muscles than in fast twitch muscles (27, 66, 242, 

368), the aim of the current study was to monitor the time course of muscle damage 

following immobilization and reloading in the primary antigravity slow twitch soleus 

muscle overexpressing IGF-I and further explore the role of IGF-I in muscle atrophy and 

recovery.  

7.3 Materials and Methods 

7.3.1 Animal Care and Experimental Design 

All procedures were approved by the University of Florida Institutional Animal Care 

and Use Committee. A total of 48 female C57BL6 mice (age 3 weeks; Charles River, 

Inc., Wilmington, Massachusetts) were studied at multiple time points prior to and 

following cast immobilization. Animals were housed in an accredited animal facility at 

the University of Florida under a 12 h light–12 h dark cycle, with drinking water and 

standard chow provided ad libitum. 

At 3 weeks of age, all mice were injected with a recombinant AAV harboring rat 

IGF-I cDNA into the posterior compartment of one of their lower hindlimbs, targeting the 

soleus muscle. The contralateral limb received an injection of the same volume of sterile 

PBS solution. The AAV vector used in this study, AAV2/8sc. CBA rat IGF-IA (sc, self-
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complimentary; CBA, Chicken β-actin) was prepared by the University of Pennsylvania 

Vector Core. A preliminary study from our lab showed that the elevated protein 

expression of this virus was localized to the posterior compartment of hindlimb for up to 

6 months and no significant increase of serum IGF-I was detected (data not shown 

here). After injection, mice were returned to their cages and maintained normal activity 

for the next four months. 

Four months after injection, the mice were randomly assigned into six groups (n=8 

for each condition): 1) non-casted; 2) two weeks of cast immobilization (2wk Immob); 3) 

two days of reambulation (2d Reamb); 4) five days of reambulation (5d Reamb); 5) ten 

days of reambulation (10d Reamb); and 6) twenty-one days of reambulation (21 d 

Reamb). 

7.3.2 Cast Immobilization and Reambulation 

Mice were anesthetized with gaseous isoflurane while the bilateral hindlimb cast 

was applied. The cast immobilized the mouse bilaterally with the hip and knee joints 

extended and the ankle plantarflexed (~160°) to maximize atrophy in the posterior 

compartment muscles. The plaster of Paris cast encompassed both hindlimbs and the 

caudal fourth of the body. The mice were able to move freely in the cage using their 

forelimbs and reach their food and water. In addition, the mice were checked daily for 

abrasions, venous occlusion and fecal clearance. Following two weeks of cast 

immobilization, the casts were removed from the mice in the reloading groups and mice 

were allowed to reambulate in their cages for 2, 5, 10 or 21 days. 

7.3.3 Magnetic Resonance Imaging 

MRI was performed using a horizontal, 4.7 Tesla magnet with Paravision 3.0.2 

software (Bruker Medical, Ettlingen, Germany). The spectrometer was equipped with 
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the Bruker S116 actively shielded gradient coil and a custom built 5-turn, 1 cm inner 

diameter, single tuned, 1H solenoid coil (200 MHz). Mice were placed on a cradle with 

both hindlimbs secured in the center of the coil, covering the region from the thigh to the 

ankle. Mice were initially anesthetized with 4% gaseous isoflourane in oxygen (1 L/min 

flow rate) and maintained with 1-2% isoflourane in oxygen for the duration of the MR 

experiment. Heart rate, oxygen saturation, respiration rate and body temperature were 

monitored to ensure constant values. 

3D gradient-echo imaging was performed at repeated time points after IGF-I gene 

transfer (4, 8, 12 and 16 weeks), 2 weeks of cast immobilization as well as during 

reambulation (2, 5, 10, and 21 days). The data were acquired with an encoding matrix 

of 384 x 192 x 64, field of view of 1.65 x 1.2 x 2.4 cm, pulse repetition time (TR) of 100 

ms, and an echo time (TE) of 7.5 ms. The total region imaged extended from the mid-

thigh to the calcaneus. Cross-sectional area (CSA) of the triceps surae muscle was 

manually outlined using Osirix software. The average of the three highest consecutive 

slices was recorded as the maximal CSA (CSAmax). 

To evaluate muscle damage, T2-weighted, multiple slice, single spin-echo images 

were acquired with the following parameters: TR = 2000ms, TE = 14 and 40ms, FOV = 

10-20mm, slice thickness 0.5-1mm, acquisition matrix = 128 x 256 and two signal 

averages. Mean T2 values and the percentage of damaged muscle (or percentage of 

pixels with elevated T2 values defined as 2SD above the mean of controls) in the soleus 

muscles were quantified using in-house software with Interactive Data Language (IDL). 

7.3.4 Muscle Mechanical Measurements 

Isolated in vitro force mechanics was performed on the soleus muscles as 

previously described (40). Optimal muscle length was defined as the length that 
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resulted in the maximum twitch tension. Maximal tetanic forces were determined using 

80Hz-1500ms supramaximal electrical pulses at the optimal length. Stimulation was 

delivered via two parallel platinum electrodes that were positioned along the length of 

the muscle. At the end of the mechanical measurements, soleus muscles were 

weighed, blotted at optimal length and rapidly frozen in melting isopentane, pre-cooled 

in liquid nitrogen and stored at –80°C. 

7.3.5 Muscle Morphology and Regeneration Assessment 

Transverse muscle sections (10μm thick) were cut from the mid-belly of the soleus 

and mounted serially on gelatin-coated glass slides. Muscle sections were stained with 

hematoxylin and eosin (H&E) for examination of central nuclei. Immunohistochemistry 

was used on serial sections to assess the distribution of embryonic myosin and Pax-7. 

Sections were incubated with primary antibodies (rabbit anti-laminin (Neomarker 

Labvision), mouse anti-embryonic myosin MHC (DSHB, 1:20), mouse anti-Pax7 (R&D, 

1:50)) at 4ºC overnight, followed by incubation with rhodamine-conjugated anti-rabbit 

IgG, FITC-conjugated anti-mouse IgG (Nordic Immunological Laboratories) and Alexa 

Fluor 488 anti-mouse (Invitrogen-Molecular Probes). A mouse blocking kit (BMK-2202, 

Mouse on Mouse, Vector Lab) was used in staining of Pax7. Sections were mounted 

with Vectashield mounting medium with DAPI (Vector lab). Image acquisition was 

performed on a Leitz DMR microscope with a digital camera (Leica). The NIH image 

program (version 1.62) was used to analyze the data. The pixels setting used for 

conversion of pixels to micrometer were 1.50 pixels- 1µm2 for a 10X objective. The 

average positive number per 100 muscle fibers was quantified from a sample of 150-

250 fibers on randomly selected slides.  
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7.3.6 RNA Extraction, Reverse Transcription and TaqMan Quantitative PCR 
Analysis 

RNA was isolated from homogenized soleus muscles using the TRIzol Reagent 

(Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer’s protocol. 

RNA was quantified using a Nanodrop ND-1000 Spectrophotometer (Nanodrop 

Technologies, ND Software version 3.3.0). One microgram of total RNA was reverse 

transcribed using a commercially available kit (Invitrogen Life Technologies SuperScript 

III First-Strand Synthesis for RT-PCR, Carlsbad, CA). Real-time PCR was performed for 

the following using TaqMan PCR master mix and gene expression primers that are 

inventory items of Applied Biosystems: MyoD (assay ID: Mm00440387_m1) and 18s 

(4352339E). Each sample was run in duplicate. The relative quantification method 

( CT, where CT is threshold cycle) was used to document results, and data were 

normalized to 18s controls.  

7.3.7 Data Analysis 

Data are presented as means±SEM. Using SPSS software (version 16.0) two-way 

analysis of variance (ANOVA) was used to analyze the main effects of injection and 

loading and the interaction of the main effects. Paired t-tests were used for comparisons 

between IGF-I injected and contralateral, PBS injected limbs at each time point. A one-

way ANOVA was used to compare all variables within the same injection group. Post-

hoc testing for ANOVAs measures was performed using a Bonferroni test. A 

significance level of p<0.05 was used for all comparisons.  
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7.4 Results 

1) Muscle size, mass and contractile properties: Comparison of MR images 

acquired at baseline and before cast immobilization showed enhanced muscle growth in 

the IGF-I injected hindlimbs of young mice. Starting at 8 weeks post-injection, the 

CSAmax of the triceps surae (TS) muscle group (gastrocnemius and soleus) in the IGF-

I injected limb was significantly larger than the PBS injected limb (Figure 7-1, 7-2). On 

average, the TS CSAmax in the IGF-I injected limb was ~15% higher than that of the 

contralateral limb. This difference between IGF-I and PBS injected TS CSAmax was 

also prevalent immediately following cast immobilization and at each of the 

reambulation time points (Figure 7-2). Similar results were observed in muscle wet 

weights. Viral mediated IGF-I expression promoted a significant augmentation in muscle 

mass in both the soleus (18%) and gastrocnemius muscles (17%) under normal loading 

conditions. The difference in muscle mass between IGF-I- and PBS-injected groups was 

even more noticeable after 2 weeks of unloading and at 2 days reloading, especially in 

the soleus muscle. At 2 days reloading the wet weight of the AAV-injected soleus was 

22% higher than that of the PBS injected muscle. In both the treated (IGF-I) and 

untreated (PBS) soleus muscle, a rapid recovery to baseline or pre-immobilization 

values was noted. In contrast the recovery in gastrocnemius muscle mass mirrored the 

changes observed in the CSAmax of the TS using MRI (Figure 7-2). 

Both cast immobilization and reloading significantly affected muscle contractility. 

Maximum isometric tetanic force and specific force of the soleus muscles dropped by 

~35% and ~39%, respectively, during cast immobilization in both AAV-IGF-I and PBS 

injected soleus muscles. An additional 18 and 14% decline in tetanic force was 

measured in the PBS and IGF-I injected muscles at 2 days of reloading. The largest 
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contractile difference between IGF-I- and PBS- injected soleus muscles was observed 

at 2, 5 and 10 days reambulation, with a 32-37 % higher isometric force in IGF-I 

overexpressing muscles. In contrast, a 16 and 22% difference was noted between IGF-I 

and PBS injected muscles at baseline and following 2 weeks of cast immobilization. 

Importantly, tetanic force in the IGF-I injected soleus muscle returned to its baseline 

levels (no statistical difference) after 10 days of reambulation, whereas the contralateral 

(PBS injected) soleus still remained significantly lower (25% less than its baseline 

value) at 10d reambulation. There was also a significant augmentation in specific force 

with IGF-I overexpression at 10 days reambulation, which resulted in a significant 

difference in specific force (20%) between IGF-I- and PBS- injected soleus muscles 

(Figure 7-2). 

2) Muscle T2 values: Muscle T2 and the percent of pixels with elevated T2 in the 

soleus muscle were compared between IGF-I and the control (PBS injected) limbs 

before and at different time points of reloading. Average muscle T2 of the soleus in the 

IGF-I and PBS injected limbs with baseline cage activity was 28.58 ± 0.39ms and 28.22 

± 0.34ms, respectively. There was also no significant difference in muscle T2 in either 

limb following 2 weeks of cast immobilization compared with baseline. As expected, T2 

was greatly elevated during reloading especially at 2 days and 5 days reloading, in both 

the IGF-I and PBS injected soleus muscles. Interestingly, T2 of the soleus in the PBS 

injected limb was significantly higher at 2 and 5 days of reloading compared with the 

AAV-IGF-I injected limb. IGF-I overexpression significantly reduced the percent of pixels 

with elevated T2 (i.e. % muscle damage) compared to the PBS injected soleus (27.4% 

± 1.4% vs. 45.5% ± 2.4% at 2 days reloading; 15.6% ± 1.8% vs. 28.4% ± 2.8% at 5 
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days in the IGF-I and PBS injected limbs, respectively). After 10 days of reambulation, 

the percent of pixels with elevated muscle T2 was no longer different between the PBS 

and IGF-I injected limbs (IGF-I: 4.44% ± 1.08%, PBS: 6.06% ± 1.12%) (Figure 7-3, 7-4). 

3) Histological evaluations: Muscle cross-sections from the soleus acquired at 

different reloading time points were stained with hematoxylin and eosin (H&E). During 

the early reloading phases (2 and 5 days), both IGF-I- and PBS- injected groups 

showed larger muscle fibers with rounded shape, infiltration of leukocytes, widened 

interstitial space and necrotic fibers. These changes were more severe in PBS than the 

IGF-1 injected muscles (Figure 7-3B). Although we did not detect any significant 

changes in muscle T2 or the percent of pixels with elevated T2 during 2 weeks of cast 

immobilization, we found the morphology of muscle fibers was better preserved in IGF-I 

injected soleus muscles. We assessed the area fraction of abnormal muscle based on a 

63-point-counting technique as described in principle by Weibel et al (395). A 

significantly higher percentage of abnormal muscle (inflammatory cells in the interstitial 

tissue, a few scattered necrotic fibers, and swollen fibers) were observed in the PBS 

injected soleus compared with the IGF-I injected soleus (Figure 7-5).  

4) Markers of muscle regeneration: The percentage of centrally nucleated fibers 

identified in H&E transverse sections of the soleus was significantly increased from 

baseline after 5 and 10 days of reambulation in both the IGF-I injected limb (21.2% ± 

2.0% and 16.5% ± 1.8%, respectively) and PBS-injected limb (8.3% ± 1.4% and 11.9% 

± 1.6%, respectively). The number of fibers with central nuclei in the IGF-I injected 

group was significantly higher than that of the PBS injected group at all of the reloading 

time points. Similarly, Pax7 positive muscle fibers identified using 
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immunohistochemistry were significantly elevated at 5 and 10 days reloading in both 

groups, with the changes significantly higher in the IGF-I treated group than the PBS 

group (Figure 7-6, 7-7B & D). 

The percentage of muscle fibers positive for embryonic myosin in the soleus was 

increased after reloading in both the AAV-IGF-I injected and PBS injected group at 2 

days reambulation (6.3% ± 0.9% and 3.2% ± 0.5%, respectively). At 5 days of 

reambulation, a significantly higher number of EM positive fibers were observed in the 

IGF-I injected group (11.3% ± 1.1% in IGF-I vs. 8.9% ± 1.5% in PBS, p < 0.05). The 

greatest difference in EM positive fibers between these two groups was observed at 10 

days of reambulation (36.8% ± 5.1% vs. 21.7% ± 2.4%, respectively, p < 0.05) (Figure 

7-7A & C). 

5) MyoD expression: MyoD, the basic helix-loop-helix transcription factor, plays 

an essential role in determining the myogenic fate of satellite cells. As shown in Figure 

7-8, 2 days after reloading, the IGF-I treated soleus muscle exhibited a sevenfold 

increase in MyoD expression from baseline levels before gradually declining, whereas a 

fourfold increase was observed in the PBS injected group (p<0.05). MyoD expression in 

the PBS injected group remained significantly lower than that of IGF-I treated muscle at 

each of the reloading time points, and returned to baseline levels at 21 days of 

reambulation. Interestingly, there was a significant increase in MyoD with cast 

immobilization prior to reloading in the IGF-I treated soleus muscles, which was not 

observed in the PBS-injected muscle. 

7.5 Discussion 

This study examined the effects of IGF-I overexpression on a predominantly slow 

twitch postural muscle (soleus) during cast immobilization and reambulation in mice. 



 

96 

The main findings were that viral mediated IGF-I gene transfer: 1) increased muscle 

size in the targeted muscles at all time points; 2) faster recovery in muscle strength 

following immobilization; 3) protected muscle from early reloading damage as indicated 

by the attenuated increase in muscle T2 and the percent of pixels with elevated T2; 4) 

enhanced muscle regeneration as shown by an increased prevalence in central nuclei, 

embryonic myosin, Pax7 positive fibers, and elevated MyoD mRNA; and 5) adaptations 

during cast immobilization including increase in MyoD mRNA and less abnormality in 

muscle morphology. Collectively, to our knowledge, this is the first study to show that 

IGF-I overexpression in a slow-twitch muscle not only protects muscle from reloading 

damage and enhances muscle regeneration following cast immobilization, but also has 

a protective role during disuse. 

In this study, we found a marked increase in muscle T2 of the soleus at 2 and 5 

days of reloading after cast immobilization, which demonstrates selective muscle 

damage in this muscle during reloading. Previous studies have reported an increase in 

muscle T2 following eccentric exercise, and this has been suggested to be due to an 

increase in muscle “free water” concentration due to edema, inflammation and vascular 

changes (116, 127, 223, 274). Also, previous studies examining the impact of acute 

reloading or acute compensatory overload have found increases in interstitial space 

between muscle cells indicative of muscle edema (116, 140). Thus, increases in muscle 

T2 after reloading may be attributable to edema-like changes during early reloading 

which are considered precursors of muscle fiber necrosis and inflammation (200). In 

addition, a loss of specific and tetanic force and histological features of injury in our 

study are consistent with muscle damage during early reloading. For example, specific 
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force is affected by the integrity of sarcolemma and by factors that influence muscle 

fiber size. Kandarian et al. found that muscle edema contributed to ~50% loss of tetanic 

force during acute compensatory overload (190). Also, the decrease in muscle strength 

has been previously noted to occur at the time point when the ultrastructural signs of 

injury were exacerbated (138, 289). Therefore, our results are consistent with muscle 

damage induced by reloading contributing to a reduction in strength following 

immobilization. 

One of the primary results of this study is that muscle T2 was significantly lower in 

the AAV-IGF-I injected soleus muscles compared to PBS injected limbs during early 

reloading, indicating that IGF-I overexpression reduced muscle damage. In addition, the 

percent of pixels with elevated T2 was lower in the IGF-I injected muscle, especially 

after 2 days of reloading. The attenuation in muscle T2 response during reloading in the 

IGF-I overexpressed muscles may be caused by a number of factors. First, muscle 

injury and regeneration are intimately related to the inflammatory process. IGF-I might 

accelerate muscle healing by rapidly modulating the inflammatory response. It has been 

reported that a variety of inflammatory mediators decrease the prevailing circulating 

concentration of IGF-I (118, 119, 210), and inhibition of IGF-I signaling is induced 

through increased proinflammatory cytokine levels (1, 94, 95, 361). On the other hand, 

Musaro et al. demonstrated that IGF-I did not block the activation of the inflammatory 

response after cytotoxic muscle injury but had a role in selectively downregulating 

proinflammatory cytokines at 5 days of post-injury and accelerated the inflammatory 

process (281). Considering the shorter timeframe of injury caused by reloading 

compared to myotoxin injection, we would expect that the resolution of inflammation by 
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IGF-I could occur at an earlier time point. Second, overexpression of IGF-I might help to 

ameliorate muscle degeneration during the acute onset of muscle damage or reduce 

the susceptibility of atrophic muscle to contraction-induced damage (322). Previous 

studies have shown that IGF-I can protect myofibers from breakdown/necrosis in young 

mdx mice under normal loading conditions (38, 332, 333), or improve excitation-

contraction coupling in adult mdx mice (144). In addition, IGF-I protects the injured 

muscle by inhibiting hypoactive mutant superoxide dismutase (75), and enhances the 

oxidative status in skeletal muscle of mdx mice (322). Finally, the persistence of the 

inflammatory response is often associated with muscle fibrosis. IGF-I can increase the 

production of matrix components and decrease the matrix-degrading enzymes 

expression, which will ameliorate fibrosis associated with the persistence of 

inflammation response (172, 188, 319).  

In the current study, we observed that the area fraction of abnormal muscle on 

histology was significantly higher in the PBS injected soleus muscle compared to the 

IGF-I injected soleus after 2 weeks of cast immobilization. Histological abnormalities 

mainly consisted of changes in fiber size and shape as well as enlarged and round-

shaped nuclei in the interstitial tissue, indicative of edema and muscle degeneration. 

These histological data support the conjecture that IGF-I overexpression provides the 

slow twitch soleus muscle protection during cast immobilization and makes the muscle 

less prone to subsequent damage when resuming normal activity (332). 

To our knowledge, this is the first study to show that IGF-I overexpression in the 

soleus leads to an accelerated response in muscle regeneration after reloading in 

atrophied muscle in a mouse cast immobilization/reambulation model. Notably, IGF-I 
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overexpression facilitated the recovery of the soleus muscle following cast 

immobilization as is evident by a faster return of strength to baseline, and larger 

differences in isometric tetanic force between the PBS and AAV-IGF-I injected muscles 

at 2-10 days reloading. Reloading of skeletal muscle after a period of disuse will initiate 

muscle regrowth that may involve elements of both muscle hypertrophy and 

regeneration pathways (231). We have previously shown that fast twitch muscles 

overexpressing IGF-I maintain the relative gains in muscle force production observed 

under normal loading conditions during cast immobilization/reambulation, but we did not 

find attenuation of muscle atrophy or an accelerated rate of muscle recovery. In the 

present study, IGF-I overexpression increased force production and accelerated the 

rate of recovery in the soleus. This result supports the hypothesis that myogenic and 

mitogenic effects of IGF-I are dependent on mechanical stimulation of muscle tissue (1). 

In vitro studies show that the addition of the growth factor alone results in a modest 

upregulation of protein synthesis in the myoblast cell culture, and when combined with 

mechanical stimulation the rates of protein synthesis double (73). Lee et al. also 

showed that administration of IGF-I has an additive effect on resistance training 

resulting in greater hypertrophy than either treatment alone (216). Given the fact that 

the soleus muscle is a primary postural antigravity muscle, the impact of mechanical 

loading is more pronounced in the soleus than the EDL (27, 66, 242, 368). Therefore, 

the beneficial effects of IGF-I on the recovery of muscle strength with reloading is more 

obvious in the soleus muscle. 

It is well known that skeletal muscle is a post-mitotic tissue, so a progenitor cell 

group is necessary for regeneration to occur. The main cells involved in the 
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regeneration of damaged skeletal muscle are muscle stem cells (i.e. satellite cells). 

During muscle regeneration after damage, permanently differentiated mammalian 

myofibers can be repaired by satellite cells by fusing with existing myofibers or 

becoming new myofibers (15). Jennische et al. showed that IGF-I was produced by 

satellite cells in regenerating muscles (110, 185). One of the primary roles of IGF-I is its 

involvement in the activation, proliferation and differentiation of satellite cells (263). In 

addition, IGF-I has been shown to restore skeletal muscle regenerative capacity by 

stimulating proliferative potential of satellite cells in immobilized, old rats (69). In this 

study, enhanced muscle regeneration with IGF-I overexpression was supported by the 

finding that the increased number of Pax7 positive fibers and central nuclei in the IGF-I 

injected soleus muscles were almost three times higher at 5 days reambulation, and 

embryonic myosin positive muscle fibers was 150% higher at 10 days reambulation 

compared to PBS injected soleus muscles. Importantly, the peak expression of central 

nuclei and Pax7 in the IGF-I treated muscle occurred at 5 days of reloading, whereas it 

occurred later in the PBS injected limb (10 days of reambulation). Also, it should be 

noted that the number of Pax7 and central nuclei observed in the IGF-I injected soleus 

at different time points was two to five fold higher than observed in the EDL, which is 

consistent with a higher number of satellite cells being found in slow twitch than fast 

twitch muscles (71, 145, 326). This difference in satellite cell availability may also 

contribute to the ability of IGF-I overexpression to accelerate soleus muscle recovery.  

Muscle repair and regeneration is dependent on the ability of satellite cells to 

activate, proliferate and differentiate (15), and this pathway is modified by a family of 

factors known as myogenic regulatory factors (MRFs) (173, 311). Among them, MyoD is 
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thought to be essential for muscle regeneration and can be used as a marker of satellite 

cell activation in response to muscle damage (5, 59, 178, 285). In vitro, MyoD 

expression is increased by the addition of IGF-I (76). However, the time course for 

MyoD expression from in vivo studies is unclear. In the current study, we found that 

following cast immobilization, mRNA expression of MyoD was significantly upregulated 

in the soleus muscle after 2 days of reloading and returned to baseline levels after 5 

days of reloading. Our findings were consistent with Schols et al., who used a hindlimb 

suspension model in mice (382). Peterson et al. showed that acute (30 minutes) and 

chronic (5 days) pedaling exercise did not change MyoD and myogenin mRNA 

expression in spinal cord transected rats (102). The lack of clarity regarding MyoD 

expression in vivo is likely due to the use of different models and the complex 

interaction between the muscle regeneration processes with the secretion of cytokines 

and growth factors following muscle damage. The present study showed that mRNA 

expression of MyoD was three-fold greater in the IGF-I injected soleus muscle 

compared to control. These data indicate that overexpression IGF-I might positively 

increase satellite cell activation by intrinsically regulating MyoD expression. Without 

reloading, a low but significant increased expression of MyoD suggests that IGF-I 

overexpression may create a pool of resting satellite cells already committed to the 

myogenic program. In early reloading, IGF-I overexpression induces a more dramatic 

increase in MyoD compared to PBS injected muscle, which is consistent with the role of 

IGF-I in inducting myogenic factors in vitro and in vivo (295). Combined with the 

increased markers of muscle regeneration, these results suggest that IGF-I acts early in 



 

102 

the regeneration process by activating satellite cells thus enhancing muscle healing 

from injury. 

In summary, rAAV mediated IGF-I gene transfer induces a significant increase in 

muscle size in the targeted posterior compartment hindlimb muscles during normal 

activity, immobilization and reloading. Importantly, our findings indicate that increased 

IGF-I levels protects the soleus muscle from reloading induced muscle damage, 

enhances muscle regeneration and is associated with an accelerated recovery in 

muscle function following cast immobilization. These findings suggest that IGF-I may 

ultimately have therapeutic applications during rehabilitation after prolonged inactivity. 

Further studies are needed to clarify the precise mechanism for the protective effects of 

IGF-I after muscle injury and explore more details about the beneficial effects of IGF-I in 

muscle recovery. 
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Figure 7-1. A) Representative transaxial proton MRIs of the mouse lower hindlimb 
with IGF-I injection in one lower hindlimb and PBS injection on the 
contralateral side before casting immobilization. B) Muscle maximal cross-
sectional area (CSAmax) was determined by tracing the triceps surae 
muscles.  

IGF-I injected PBS injected 

B 
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Figure 7-2. A) Maximal cross-sectional area (CSAmax) of the triceps surae. B) Soleus 
wet weight. C) Gastrocnemius wet weight. D) Soleus tetanic force and E) 
soleus specific force. Values are expressed as means ± SEM. *denotes 
significant difference (p<0.05) between IGF-I injected and PBS injected 
group. † indicates significant difference (p<0.05) from the noncasted group 
in the PBS injected muscles. ‡ indicates significant difference (p<0.05) 
from noncasted group in the IGF-I injected muscles. An interaction of 
group (IGF-I injected vs PBS injected) and time was detected where IGF-I 
injected muscles had a significantly higher increase in tetanic force (not 
indicated on figure) (p<0.05).
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Figure 7-2. Continued
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Figure 7-2. Continued 
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Figure 7-3. A) Representative T2 images (TE=40ms) from the mice lower hindlimb 
muscles acquired at different time points. B) Representative T2 image and 
corresponding Hematoxylin and eosin-stained cross-sections of the soleus 
at 2 days of reloading following cast immobilization in IGF-I- and PBS- 
injected groups.
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Figure 7-4. A) Muscle T2 of the lower hindlimb muscles of mice at different loading 
time points. B) Percentage of pixels with elevated T2 (% damaged 
muscle) in the lower hindlimb muscles of mice at different loading time 
points. Values are expressed as means ± SEM. *denotes significant 
difference (p<0.05) between IGF-I injected and PBS injected group. † 
indicates significant difference (p<0.05) from the noncasted group in the 
PBS injected muscles. ‡ indicates significant difference (p<0.05) from 
noncasted group in the IGF-I injected muscles. 
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Figure 7-5. A) Light micrographs of H&E-stained cross-sections of the soleus from 
both IGF-I- (Right) and PBS- (Left) injected groups following 2 weeks of 
cast immobilization. B) Area fractions of abnormal muscle in the IGF-I and 
PBS injection group. Values are expressed as means ± SEM. *Denotes 
significant difference (p<0.05) between IGF-I injected and PBS injected 
group. Bar=50µm.
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Figure 7-6 A) Light micrographs of H&E-stained cross-sections of the soleus from 
both IGF-I- (Right) and PBS- (Left) injected groups at 5 days and 10 days 
of reloading following 2 weeks of cast immobilization. B) Percentage of 
central nuclei at each time point. Values are expressed as means ± SEM. 
*denotes significant difference (p<0.05) between IGF-I injected and PBS 
injected group. † indicates significant difference (p<0.05) from the 
noncasted group in the PBS injected muscles. ‡ indicates significant 
difference (p<0.05) from noncasted group in the IGF-I injected muscles. 
An interaction of group (IGF-I injected vs PBS injected) and time was 
detected where IGF-I injected muscles had a significantly greater increase 
in central nuclei positive fibers (not indicated on figure), p<0.05. 
Bar=50µm.
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Figure 7-6. Continued 

B 



 

112 

Figure 7-7. A) Cross-sections of the soleus muscle stained with monoclonal antibody 
against embryonic myosin isoform (green) at 10 days of reloading. B) 
Cross-sections of the soleus muscle stained with laminin + DAPI + Pax7. 
Pax7 positive fibers (arrows) at 5 days of reloading. C) Number of fibers 
expressing embryonic myosin per 100 fibers. D) Percentage of Pax7 
positive fibers at each time point. Values are expressed as means ± SEM. 
*denotes significant difference (p<0.05) between IGF-I injected and PBS 
injected group. † indicates significant difference (p<0.05) from the 
noncasted group in the PBS injected muscles. ‡ indicates significant 
difference (p<0.05) from noncasted group in the IGF-I injected muscles. 
An interaction of group (IGF-I injected vs PBS injected) and time was 
detected where IGF-I injected muscles had a significantly higher increase 
in Pax7 positive fibers (not indicated on figure), p<0.05. Bar=12.5µm 
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Figure 7-7. Continued 
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Figure 7-7. Continued
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Figure 7-8. mRNAs expression of muscle MyoD during normal activity, immobilization, 
and reambulation. Signal intensity of the mRNA bands was normalized to 
18s. Values are expressed as means ± SEM.*denotes significant 
difference (p<0.05) between IGF-I injected and PBS injected group. † 
indicates significant difference (p<0.05) from the noncasted group in the 
PBS injected muscles. ‡ indicates significant difference (p<0.05) from 
noncasted group in the IGF-I injected muscles.
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CHAPTER 8 
CONCLUSION 

Gene therapy presents new opportunities for the development of novel 

rehabilitation strategies to improve muscle function in patients following bed rest, cast 

immobilization, surgery, injury and chronic diseases. This dissertation presented a 

series of experiments using a mouse model of cast immobilization and reambulation to 

examine the effects of viral mediated insulin-like growth factor-I (IGF-I) overexpression 

on skeletal muscle atrophy and recovery. 

The findings from Experiment one demonstrated that local overexpression of IGF-I 

in lower hindlimb, fast twitch muscles (tibialis anterior and extensor digitorum longus) 

induces significant hypertrophy and a concomitant increase in muscle strength. Relative 

gains in muscle size and force production observed under normal loading conditions 

were maintained during cast immobilization and reambulation. Muscles overexpressing 

IGF-I also demonstrated evidence of enhanced muscle regeneration, with an increase 

number of embryonic myosin positive fibers, central nuclei, and muscle satellite cells. In 

addition, IGF-I receptor and binding proteins demonstrated concomitant molecular 

responses with IGF-I overexpression during cast immobilization and reambulation.  

Results from Experiment two demonstrated that local overexpression of IGF-I 

induces significant muscle hypertrophy and increased strength in a predominantly slow-

twitch, lower hindlimb muscle (soleus) under normal loading conditions. Most 

importantly, the results indicated that elevated levels of IGF-I could protect the soleus 

muscle from damage induced by reloading, enhance muscle regeneration and muscle 

recovery following injury. The largest impact of IGF-I overexpression was observed 

between 2 and 10 days of reloading. Interestingly, IGF-I overexpression also induced 
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adaptations in the soleus muscle during cast immobilization, with increased expression 

of MyoD and an attenuated degenerative response in the muscle fiber morphology.  

Collectively, the findings from this dissertation show that IGF-I can protect skeletal 

muscle by minimizing the deleterious effects of disuse as well as reloading and 

accelerate the subsequent restoration of muscle function. These findings enhance our 

understanding of the mechanisms underlying muscle atrophy and regeneration in 

immobilized muscle. The results of this work may also have applicability to clinical 

conditions associated with muscle wasting and may help in the development of 

pharmacological or gene therapy strategies that can be used in conjunction with 

rehabilitation interventions to counteract the deleterious effects of inactivity.
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