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Abstract 

The studies in thk thesis were undertaken to determine the mle of ca2' signalling 

in the maintenance and regdation of myofibrillar protein and metabolic enzyme 

expression with an ernphasis on the pathway involving calcineurin. 

In the first study, we tested the hypothesis îhat calcineUrin, a ~a~~/calmodulin- 

dependent serindthreonine phosphatase involved in the activation of NF-AT and MEF-2 

transcription factors, is implicated in maintaining the slow fiber-specific phenotype and 

metabolic profile of the slow-twitch soleus and fast-twitch plantaris muscles of the 

mouse. For this, we administered the calcineurin-specific inhibitors cyclosporin A (CsA) 

and FK-506 for 2 weeks before excising the muscles t'or analysis. We used 

immunohistochemhry to stain fibers for the diferent myosin heavy c h a h  in order to 

compare their proportions in the treated versus untreated animals, and microphotometric 

techniques to mess  the metabolic activity of the different fiber types using succinate 

dehydrogenase (SDH) and glyceraidehyde-3-phosphate dehydrogenase (GPDH) as 

oxidative and glycolytic markers, respectively. We also looked at the transcript levels of 

specific genes by reverse transcriptase and polymerase chah reaction (RT-PCR) in order 

to relate them to the protein levels. in this study, we found that neither CsA nor FK506 

significantly altered the proportion of fibers expressing the different MHCs in the soleus 

and plantaris muscles. The fiber size and metabolic profile of these muscles did however 

change following treatment. CsA decreased the fiber size of both the type 1 and Ila fibers 

of the soleus, whereas FK506 increased the fiber size of the soleus type Ha fibers and 

both dmgs decreased type ab fiber size. The oxidative enzyme activity was only affécted 



by FK506 treatment, where the activity of type 1 fibers decreased while that of type Ua 

fibers increased. The major indication of a slow fiber specific regulation by calcineurin 

was a tendency for both caicineurin blockers to induce a subtle increase in the expression 

of fast genes, as seen in the soleus by a significant increase in the GPDH gene, and a 

decrease in slow genes, demonstrated by a decrease in slow SERCA-2 gene in the soleus 

and in oxidative type IIa MHC gene of the plantark We therefore conclude that 

calcineurin has a minimai role in maintainhg the slow fiber phenotype and metabolic 

profile under normal weight-bearing conditions. 

In the second study, we tested the hypothesis that calcineurin is only involved in 

controlling slow fiber specific genes and metabolic enzymes under conditions of altered 

activity. We used the functional overload mode1 to increase the activity of the plantaris 

musde and tested the eficiency of both CsA and FK506 in inhibiting the fiber type, fiber 

size and fiber metabolic changes associated with this condition. For this, we overloaded 

the mouse plantaris muscle by synergist ablation while injecting the animal with vehicle 

(solvent for drug), CsA or FK506. Using the sarne techniques as the first study, we 

assessed the fiber type proportions, fiber size, SDH and GPDH activities as well as the 

transcript levels for each treatment condition. Our results showed that the ovedoaded 

mice demonstrated the normal signs of hypertrophy including higher type iIa and iower 

type IIx MHC expression dong with an incrrase in fiber size in al1 but type IIb fibers, 

and a significant decrease in both SDH and GPDH activities. As hypothesized, both CsA 

and FU06 prevented these changes fiom occurring in most fiber types. This was evident 

at tûe protein level but at the üanscript level, oniy SERCA-2's expression seemed to be 

caicineurin dependent. These results and the fact that not ail the properties retumed to 
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conml Ievels following drug treatment led us to believe that although important, the 

calcineurin pathway is not the only pathway to rnediate the hypertrophie respoose. 

The hi study, which appears in Appendix A, served the pwpose of deterinining 

the dependency of skeletal muscle fibers on inûacellular ca2+ as the upstream 

determinant of the physiological and biochemicai properties, To this end we used a 

transgenic line of mice in which the calcium binding protein parvalbumin was over- 

expressed in fibers expressing the Troponin 1 slow gene. Slow fibers were of particular 

interest since studies have shown that the activity of the calcineurin molecule is regulated 

by the ca2+ transients reminiscent of this particular Bber type. The hypothesis behind 

this study was that over-expression of parvalbumin would chelate some of the calcium 

thus diminishing its basal concentration and disrupting its normal kinetics. These 

changes would presumably manifest themsehes by noticeably changing the physiological 

and biochemical properties, including protein and metabolic enzyme expression, towards 

those characteristic of fast fibers. Although our results showed an increase in half- 

relaxation time, time to peak tension and a tendency for a decrease in metabolic activity 

and an increased type lia MHC gene expression, al1 of which are indicators of faster 

fibers, changes were not found at the protein level. This suggests a selective role for the 

~a~+-de~endant  transcriptionai pathway in regulating muscle energetics but not al1 

muscle fiber genes. 
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Introduction 

SkeIetai muscle is a unique and complex tissue and although years of research 

have revealed much about its structure and function, some questions still remain 

unanswered. The mechanism responsible for cegulating the specific fiber composition of 

muscles is one of continuous debate. It is no longer a question of why muscles are 

organized the way they are; what we are striving for is the knowledge on how this is 

done. The recent hypothesis that the fiequency of ~ a ' ~  oscillations is in part responsible 

for regulating fiber type (Chin et al., 1998) has launched research into intracellular 

mechanisms that could link ~ a ' ~  signaling and gene transcription in muscles. 

Many signaling pathways with potentiai muscle specific reguiatory power have 

been identified (Flück et al., 2000; Murgia et al., 2000; Wider et al., 2000). Not al1 

upstceam and downstream regulators have been found for these pathways, but there are 

significant advances king made, particularly conceming the ~a''/calrnodulin-dependent 

phosphatase, calcineurin. 

Calcineurin is beiieved to be a key factor in determinhg the physiologicai and 

metabolic properties of slow muscle fibers (OIson and Williams, 2000; Naya et al., 2000; 

Bigard et al., 2000; Delling et al., 2000; Chin et al., 1998). Its importance in muscles is 

no longer disputed but cesearchers lack sufficient information to paint a clear picture of 



its exact fiuiction with respect to regulating f i k r  size and phenotype. One aspect that has 

thus far not k e n  extensively studied is calcineurin's involvement with respect to the 

metabolic capacity of skeletal muscle fibers. 

Cyclosporin A (CsA), a known inhibitor of calcineurin, has long been reputed for 

causing muscle weakness and for diminishing oxidative capacity leading to the premise 

that calcinewin is responsible for controlling energy metabolism (Biring et al., 1998; 

Breil and Chariot, 1999; Rezzani et al., 1999; Mercier et al., 1995; Janssen et al., 2000). 

Concrete evidence for this is still lacking which inspired our first study on the 

involvement of calcineurin in controlling metabolic enzyme activity. In this study, we 

assessed the effect of CsA and FKSO6 (another inhibitor of caicineurin activity) on fiber 

type transitions, fiber size and rnetabolic activity of the mouse slow soleus and fast 

plantaris muscles. For this, we administered vehicle, CsA or FK506 to mice for two 

weeks after which the soleus, a representative slow twitch muscle, and the plantaris, a 

representative fast-twitch muscle, were excised for analysis. immunohistology against 

the adult MHCs were used to label the different fiber types and cornputer aided imaging 

was used to determine size and fiber proportions. Microphotometry was used to assess 

the metabolic capacity of the individuai fibers with succinate dehydrogenase (SDH) 

secving as the oxidative marker and FAD-linked glycerol-3-phosphate dehydrogenase 

(GPDH) as the glycolytic marker. To examine the effects of CsA and FK506 on the 

expression of specific muscle genes, we used an RT-PCR technique with "P-labeled 

primers. Since CsA and FU06 are specific inhibitors of calcineurin our study could 

reexamine the question of slow phenotype dependency and add knowledge to the role of 

this phosphatase as a tegulator of oxidative capacity. 



Our second study is a follow-up to the first where an extra condition has been 

added in the form of increased activity. One of the ongohg debates with respect to 

caIcineurin is whether or not it is involved in regulating fiber phenotype under normal 

activity or if its actions are restricted to conditions of incremt activity (Dunn et al., 

1999; Dunn et al., 2000; Naya et al., 2000). In this study, animals were assignai to two 

major p u p s  that underwent either a sham operation or synergist ablation. Follawing the 

procedure, they were assigned to different dnig treatment groups where they received 

injections of vehicle, cyclosporin A or FK506 twice daily for a two week pend at which 

tirne the plantaris muscles were excised and h z e n  for analysis. From selected sections 

of the muscle, we measured fiber type proportions, cross-sectional areas, metabolic 

enzyme activity and gene transcript levels using the same techniques as the previous 

study. With the information gathered, we could determine if ~ a l c i n e ~ n ' s  action on the 

slow fiber phenotype is observed exclusively under increased activity and whether or not 

the metabolic enzymes are controlled in a simitar fashion. 

The third and final study, which appears in Appendix A,challenges the 

importance of intracellular ~ a * ~  concentration on the physiologicd properties of the 

muscle and in regulating the fiber type specific expression of skeletal muscle proteins. 

To this end, transgenic mice that over-express the calcium binding protein parvalbumin 

specifically in the slow type 1 fibers were used. The specificity of expression was 

obtained by using a slow-type troponin I promoter (Tnis) in the transgene. IdealIy, 

parvalbumin wodd bu6er the intraceflular calcium d i s h i n g  its basal concentration 

thus affécting the physiologicai properties and the ca*'depndnit transcriptionai 

pathways including caicineurin. To assess the effects of the tramgene, a number of 

physiological measurements were pedomed, such as force detemination, twitch time to 



peak tension (TPT), haif-relaxation time (1/2RT) and maximum twitch and tetanic 

tensions. Biochemicai measurements were aiso performed such as fiber-type proportions, 

SDH activity, GPDH activity and gene transcript levels. If successful, this study would 

serve two pwposes: 1) assess the role of intracellular ca2' concentration in regulating the 

physiologicai properties of skeletai myofibers, and 2) establish its role in regulating 

transcription. 



Chapter 2 

Literature Review 

Contractile apparatus 

Every day we depend on skeletal muscles to maintain posture, to execute 

movements, to achieve locomotion and to sustain respiration. Although these tasks seem 

trivial, in reality, the muscles responsible for them are engineering marvels. Stnicturally, 

skeletal muscles are made up of specialized cells or fibers that are polynucleated, 

elongated and are rich in myofibrils, the protein structures that give the muscle fiber its 

characteristic array of light and dark bands. (Fig. 2-1) If we take a closer look at a 

myofibcil, we can clearly see these bands, referred to as the 1-bands and the A-bands, 

respectively. The dark transecting line down the middle of the 1-band is cailed the 2-line 

and the H-zone is the lighter region at the center of the A-band which is itself divided 

into two equai parts by the M-region. The area encIosed between two consecutive Z- 

lines is of particular importance and is referred to as the sarcomere. The proteins in this 

region make up the contractile apparatus. 



Componenîs 

The contractile apparatus is made 

up of a number of proteins (Fig 2-2a). 

Some of these proteins combine to form 

filaments. The thick filaments composed 

of myosin, which are linear proteins with 

globular heads (Fig. 2-2b), correspond to 

the A-band where as the thin filaments are 

an intricate part of the 1-band made up of 

three distinct proteins: actin, troponin and 

tropomyosin. The structure of the thin 

Figure 2-1: Muscle Composition 
(McComas et al., 1996, p. 5 )  

htin M lin* tJaOulln I 

Figure 2-2: The contrade apparatus. a. the sarcomere; 
b. myosin; c. the thin filament 
(LodrSh et al., 1997, p. 1027; ScitÏ@no et al.. 1996. p. 377; 
McComas et ai., 1996, p. 1 71) 

filaments is such that 

actin assembles in 

thread-like filaments 

with tropomyosin and 

troponin lying on its 

surface (Fig 2-2c). 

Both the thick and thin 

filaments overlap to a 

certain extent in order 

to stay in contact, 

which, as will be 

discussed later, alIows 

contraction to occur. 



Conîraction 

It is currently accepted that contraction is not a phenomenon of protein shortening 

but the sliding motion of the thick on the thin filaments (McComas, 1996). It is a process 

by which proteins work 

cooperatively to bnng about a 

shortening of the muscle 

ensemble leading to the 

production of mechanical 

force. Prior to contraction, the 

globular heads of myosin are 

tightly bound to actin (Fig 2-3). 

The binding of a molecule of 

ATP induces the release of the 

myosin head fiom actin while 

the hydrolysis of ATP changes 

the angle of the globular head. 

Calcium then binds to troponin, 

which shifis the tropomyosin, 

1. Nuclwtide binding j/ Q Haad disaocintes h m  lilamnt 

2. Hvdrolvais 1 Head pivots dnd 
binds a naw adin rubunit 

4. AOP raliri. 
AOP 

Figure 2-3: The mechanics of muscle contraction 
(Lodish et al., 1997, p. IO2 I )  

liberating myosin-binding sites on actin. When this occurs, myosin can b i d  to actin 

once again and the release of ADP from the myosin molecule brings about a 

conformational change back to its initial state pulling the thin filaments inward resuiting 

in sarcomere shortening or contraction. The cycle then repeats itseifunti1 the contraction 

signai ceases. 



Calcium Release and Contraction 

In order for contraction to occur, electrical impulses are sent h m  the brain almg 

a motor neuron to the neuromuscular synapse by means of an action potential. (Fig 2-4) 

When the signal reaches the nerve terminus, or synapse, speçific voltage sensitive 

calcium channels open pamitting the influx of caCL into the presynaptic terminal of ihe 

nerve. The cat2 induces the htsion of acetylcholine filled vesicles with the membrane 

1 Presynaptic terminus Postsynaptic membrane 1 

Figure 24:  Neirromitscular synapse and musclefier depolarizution 
(modified from Thibodeau et d, 1996. p. 355) 

and a release of acetylcholine into the synaptic cleft, which is the space between the 

nerve md the muscle. The acetylcholine rekased binds to acetylcholine receptors un the 

posîsynaptic membrane of the muscle fiber9 which induces the opening of voltage-gated 

~ a '  channels depolarking the muscle membrane and sending an impulse down the 

muscle fiber. The action potentid iravels dong the membrane and into the transverse 

tubules, or T-tubules, where it reaches the dihydropyridine (DHP) channels. These 

channels, unIike others, do& aiiow penetration of ions but act as voltage sensors thaÈ will 

transmit the signal to the sarcoplasmic reticulum (SR). At the level of the SR, a voltage 



sensitive cat2 channel, the ryanodiie receptor (RYR), opens releasing ~ a * ~  into the 

cytoplasm initiating contraction by bindiig to troponin as explained above. 

A contraction is terminateci when the neural signals stop and al1 of the ~ a + ~  is 

removed fiom the cytosol, a phenomenon known as relaxation. This re-uptake is for the 

most part dependent on the sarcoplasmic and endoplasmic reticulum ~ a + '  ATPases 

(SERCA) that pumps cail fiom the cytosol back into to the SR. 

General Properties of Fibers 

Signals for contraction are sent along special nerves called motor neurons. A 

single motor neuron will innervate many fibers and together, the motor newon and its 

connected fibers form what are called motor units (Fig. 2-5). Al1 fibers in a motor unit 

possess similar attributes; however, there are 

marked differences when comparîng fibers of 

one motor unit to those of another. On a 

broad level, the specific fiber's characteristics 

help distinguish between the two major types 

of motor units; the slow type 1 and the fast 

type II. The main differences between the 
' 

Figure 2-5.. A mutor unit. 
fiber types can be classified under three major (Thibodealietal.p 19% P-361) 

headings; morphology, physiology and biochemistry, but are not limited to these, 

Morphology 

Morphologically, the color and ultra-structural organization characterizes the fiber 

types. Fust, the color can be used to describe a fiber and to a certain extent give us some 



information on the features of the fiber. A reddish color indicates heavy blood flow to 

the muscle. This is characteristic of muscles with oxidative type 1 fibers that contain an 

extensive capillary network that provides it with oxygenated blood and metabolic fuels 

(McComas, 1996). Aside fiom the red pigments of hemoglobin fiom the blood, the 

reddish color is aiso attributable to a hi& concentration of the muscle specific oxygen- 

biiding protein myoglobin, which moves oxygen out of the blood and into muscle cells. 

Opposite to the red fibers are the pale type II or white fibers, which contain fewer 

capillaries and less myoglobin. Consequently, less oxygen and metabolic fueb make 

their way to these fibers. In addition to color, the ultra-structural organization can vary 

between fiber types. Highly oxygenated fibers normally contain an abundance of 

mitochondria that utilize oxygen gas for energy production, whereas the less oxygenated 

fibers have fewer mitochondria (McComas, 1996). Properties between the two extremes, 

red and white, do exist the degree of which reflects specific characteristics of the fibers. 

The foltowing will outline that the morphological differences between these fibers have a 

physiological and biochemical bais. 

Physiology 

Physiologically, when muscles contract and relax, there are different measurable 

properties that cm be assessed. The first is the speed of contraction, usuaiiy measured by 

recording the time necessary to reach the peak tension (TPT) d e r  the omet of 

contraction. The second is the force generation, which is the maximal tension that can be 

produced by the muscle. The third is the reIaxation tirne or the time required for the 

muscle to retum to its resting state usually measured as haif-relaxation time (% RT). The 

last is fatigability, which c m  be defined as a state of exhaustion or failure to maintain 



required force as a result of strenuous muscular activity (Thibodeau and Patton, 1996). 

Al1 of the above properties can be measured fiom whole muscle analyses but in reaiity, 

they are not properties of the muscle itself but of its constituent motor units. 

Type 1 motor units that contain slow muscle fibers are those used chronically or 

continuously. They contract and relax slowly, do not produce high relative force but are 

very resistant to fatigue. Type II motor units, on the other hand, contain fast fibers and 

are those used to produce work, meaning they are recmited only when required or 

phasicaily. These fibers contract and relax quickly, produce a lot of force but are more 

fatigable then the slow. A great deal of information can be gathered by taking 

physiologicai measurements, which are ultimatel y determined by the biochemical 

features of the fibers. 

Biochemistry 

Muscle fibers are biochemically diverse to a degree that cannot be accutately 

evaluated. However, some general properties have been studied and are at present well 

characterized. Topping this list is energy production, myosin ATPase activity and 

isoform composition. 

Previous discussions have stressed the point that ATP is an essentiai component 

of muscle contraction. Its importance is not however limited to cross-bridge cycling; it is 

the driving force behind many cellular processes crucial to proper ce11 function. ATP 

provides the energy to syathesize cellular macromolecules, such as RNA, proteins and 

polysaccharides; to synthesize other cellular constituents, such as membrane 

phospholipids and certain metabolites; and to power ATPases, which transport molecules 

against a concentration gradient. Energy in the form of ATP is not, however found in the 



normal diet and must be produced by the cells from various carbon rich dietary 

biomolecules. These can be genedly piaced in three groups: carbohydrates, fatty acids, 

m- "" i";' .. * ADP 

- 

Figure 2-6: Giycoîysb 
(Lehninger et al., 1993, p. 402) 

and proteins. The production of ATP fiom these 

molecuies requires biochemical transformations, al1 

of which are enzymatically cataiyzed. The pathways 

involved in the breakdown of biomolecules have 

been resolved and can be divided into three major 

stages: 1) acetyl-CoA production, 2) acetyl-CoA 

oxidation and 3) electron transfer and oxidative 

phosphorylation. Al1 biomolecules enter the stages 

subsequently to their transformation into specific 

intermediates. 

The first stage, acetyl-CoA production, has 

two components: glycolysis and subsequent 

transformation of pyruvate to acetyl-CoA. Six 

carbon carbohydrates are the principal substrates in 

this stage and glucose is the only form to pass 

through aU the steps leading to acetyl-CoA 

formation. 

GLycolysis is the fust stage of glucose 

breakdown and its pathway is weIl understood. It 

occurs in the cytoplasm and has the important 

properiy of proceeding under aerobic and anaerobic conditions not requiring oxygen for 

any of its enzymatic reactions. The complete pathway is summarized in Figure 2-6. The 



major steps are: 1) the conversion of glucose into glycose-6-phosphate, 2) the breakdown 

of the six carbon molecule into two three carbon molecules, glyceraldehyde-3-phosphate 

and diiydroxyacetonephosphate, and 3) the transformation of glyceraldehyde-3- 

phosphate into pynivate with the direct production of ATP and the reduction of 

nicotinamide adenine dinucleotide (NAD?, an electron acceptor, to NADH that will 

itself yield ATP, as will be seen later. The importance of glycolysis is hnrofold: 1) it 

produces ATP which cm be used directly by the cell; tbis occurs even in anaerobic 

conditions, a feature that will prove to be important later in our discussion, and 2) the 

final product, pyruvate, can be M e r  oxidized in the presence of oxygen to yield more 

ATP via the next two stages. Before it cm proceed into the second stage, pyruvate must 

first be transformed to acetyl-CoA a process that requires the enzyme pynivate 

dehydrogenase and the cofactor coenzyme A (CoA). This reaction also results in the 

reduction of NAD' to NADH and the production of C&. Carbohydrate, fatty acid and 

protein breakdown converge at this point since acetyl-CoA is the common intermediate 

that entets the second stage to be M e r  oxidized. 

The second stage, Acetyl-CoA oxidation, involves only one metabolic pathway 

called the citric acid cycle. The citric acid cycle is the mitochondrial process by which 

acetyl-CoA is oxidiied to COz (Figure 2-7). in this process, the energy contained in 

acetyl-CoA is either released directiy in the fom of ATP through a GTP mediator (Step 

9, or captured by the cofactors flavin adenine dinucleotide ( F m )  and NAD+ by electron 

transfer to yield FADHt and NADH + H+ (Steps 3,4, and 6). The steps of the citric acid 

cycle are shown in detail in Figure 2-7. The energy stored in these molecules will be 

released in the third stage. 
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Figure 2-7: The citric acid cycle 
(Lehninger et al., 1993, p. 453) 

The third and final stage couples the electron transport chain (ETC) and the 

process of oxidative phosphorylation. (Fig. 2-8) h the fmt part, the reduced 

intermediates, FADHz and NADH + r, will donate their electrons to the eIectron 

transport chain which will travel along a series of electron carriers to the terminal 

acceptor O2 forming H20. A proton transfer accompanies this process resulting in its 

accumulation in the inter-membranous space thus creating a proton gradient as well as a 
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seperation of electrical charges (Uiside negative and outside positive), la the final çtep 

called oxidative 

phosphorylation, the proton 

gtadient is used to dnve the 

production of ATP by ATP- 

synthase. The passage of 

protons d o m  its 

electrochemical gradient 

(proton-motive force) provides 

the energy required by the Fo- 

FI ATPase to catalyse the 

synthesis of ATP fiom ADP and 

Figure 2-8: Electron transport chuin and oxidative 
phosphorylation 
(Lehninger et al., 1993, p. 559) 

Pi. 

The NADH molecules that donate electrons to the transport chain do not only 

orîginate fiom the citric acid cycle, in fact, the NADH molecules produced in the 

cytoplasm by glycolysis aIso contribute their electrons. To do so, the electrons stored in 

this molecule must cross the mitochondrial membranes. Seeing as the inner 

mitochondrial membrane is impermeable to NADH, the electrons make theù way to the 

transport chah via the glycerol-3-phosphate shuttle, which is a carrier system specific to 

the brain and skeletal muscles (Lehainger, Nelson and Cox, 1993) (Fig. 2-9). The 

electrons fiom NADH on the outside of the inner mitochondriai membrane are 

transferred to dihydroxyacetone phosphate by the cytosolic glycerol-3-phosphate 

dehydrogenase (GPDH) enzyme, generating glycerol-3-phosphate. This molecule 

transfers its electrons to an FAD molecule to yield FADHz a reaction catalyzed by the 

membrane-bound FAD-linked glycerol-3-phosphate dehydrogenase, The FADH2 thus 



formed can transfer the electrons to the transport chain to produce ATP. The direct 

relationship between cytosolic NAD-linked GPDH and its mitochondrial FAD-linked 

counterpart (Henriksson et al., 1990) and the fact that it is membrane bound makes it a 

Figure 2-9: The glycerol-3-phosphate shuttle 
(Lehninger et al., 1993, p. 565) 

good marker of glycolytic 

metabolism. 

An important feature of the 

electron transport chah is its 

dependence on Oz as a terminal 

electron acceptor. In the event that 

oxygen is not readily available to 

accept the electrons, a condition that 

often occurs in muscle cells during 

prolonged high intensity activity, 

energy production cannot occur by 

oxidative phosphorylation since the electron transfer has stopped and the proton motive 

force is no ionger able to drive ATP synthesis. With a halting of electron flow, the 

carriers of the electron transport chain are saturated and at a certain point, the NAD' and 

FAD molecules will also be saturated and therefore will not be able to support citric acid 

cycle activity. However, as described earlier, glycolysis does not cequire oxygen and so 

it cm supply a cenain quantity of ATP as long as there are sufficient NAD+ molecules to 

help in the process. This leads to an important question: How can NAD' be ceplenished 

if the ETC is blocked? The answer: There is another cellular mechanism to ce-oxidize 

NADH to NAD+, lactic acid fermentation. This process is cataiyzed by the enzyme 



lactate dehydrogenase and involves the transformation of pyruvate into lactic acid. The 

reaction goes as follows: 

pyruvate + NADH + Hf + lactate dehydrogenase + lactic acid +NAD' 

The NAW, thus regenerated, can again participate in glycolysis to produce energy to 

sustain muscle function. 

When intensive activity is undertaken from a relaxed state, the amount of energy 

supplied by the oxidative pathway may not be produced sufficiently fast to keep up with 

the burst of activity. Some fibers îherefore require stores of energy that are readily 

accessible to the contractile apparatus. This instantaneous demand for energy is provided 

from the rapid breakdown of the energy storage molecule p hosphocreatine. 

f hosphocreatine is a molecule derived from glycine and arginine that contains a high- 

energy nitrogen-phosphate bond that can be cleaved to regenerate ATP fiom ADP. This 

process is a bond transfer reaction and requires the use of the enzyme Creatine Kinase. 

This enzyme is critical in generating bursts of activity in skeletal muscles (Qin et al., 

1999). The complete reaction cm be written as follows: 

Creatine Kinase ADP + PCr 4-+ ATP +Cr 

As demonstrated by the double-headed arrow, the reaction is reversible. It proceeds to 

the right during intensive activity and to the Iefi whiIe recuperating thus replenishing PCr 

stores. 

Although every ceil in an organism has the necessary components to produce 

energy by d l  of the above-mentioned pathways, muscle fibers will preferentiaiiy use one 



method over another depending on the amount of energy required for its function, the 

speed at which it is required and the enviconmental conditions surroundhg the fiber at the 

time of usage (ex: oxygenation statu). 

Knowledge of a muscle's metabolic profile is crucial to chctecizing it and thus 

Unperative to fully understand its fwiction. To this end, speciai techniques have been 

worked out to determine both the oxidative and glycolytic capacities of skeletai muscles. 

This type of analysis has been used by investigators since the 1970's and has evolved to 

the point where we can not only determine the metabolic profile at the single fiber level 

(Dm and Michel, 1997; Blanco et al., 1988) but also at the sub cellular level (Jasmin et 

al., 1995). It is therefore a very powerfd tool enabling us to detect subtle changes in the 

fiber's metabolism and to relate these to a number of different treatment conditions. It 

has been used to show the affects of neural inactivation (Michel et al., 1994) and 

increased activation by functional overload (Dunn and Michel, 1 997). 

The principle behind this technique is to choose an enzyme implicated in the 

metabolic pathway of interest, supplying it with its substrate and densitometrically 

following the progression OF the reaction over the.  Succinate dehydrogenase is the 

preferred enzyme used in determining the oxidative capacity at the single fiber level since 

it is a key enzyme of the citric acid cycle and its activity has been correlated with other 

well-characterized markers like cytochrome oxidase (Wong-Riley, 1989) and is therefore 

representative of the fiber's mitochondnal content. Furthemore, SDH is the enzyme of 

choice because it is bound to the inner niitochondriai membrane, which prevents it h m  

drif'üng into the solution outside the ce11 thus faisifj4ng the density readings. 

Densitometry entails the use of a color indicator and the indicator of choice for this kind 



of experiment is nitro blue tetrazolium (NBT), which forms a blue, insoluble compound 

in its reduced form. This 

therefore implies a redox reaction the ükes of which is depicted in the flow chart (Fig. 2- 
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Figure 2-10: Reaction used to measure the activiîv of succinate 
10) and it goes as follows: 1) succinate dehydrogenase oxidizes its substrate, succinate, 

by capturing one of its electrons and transfemng it to 1-methoxyphenazine methosulfate 

(mPMS), an exogenous electron carrier; 2) the electron is then transferred from mPMS 

to NBT forming the difomazan salt giving a blue color. Azide is also added to the 

chemical mixture in order to hait the transfer of electron down the electron transport 

chah  M e n  a muscle cross-section is subjected to this biochemical procedure under a 

microscope, images can be capnired at timed intervals within the linear phase of the 

reaction to obtain a rate of reaction representing the specific activity of the enzyme. A 

complete metabolic profile cm be obtained for a fiber by adding data fiom a glycolytk 

enzyme. For this, GPDH can be used in a similar reaction to SDH using alpha- 

glycerophosphate as a substrate. Together SDH and GPDH activities cm be used as a 

tool to assess the energetic capacities of skeletal muscle fibers. 



As discussed previously, the importance of A T '  in transforming chernical energy 

into mechanical work in the production of the power stroke is unquestionable. The 

pivoting of the globular head is regulated by the hydrolysis of ATP and the speed at 

which this occurs determines the speed of shortening. The ATPase activity of the myosin 

head (breakdown of ATP) is characteristic of this protein. One of the parameters used to 

describe this activity is the maximum shortening velocity (Vmax). if a fiber has high 

ATPase activity it can hydrolyze ATP very quickly meaning the globular heads will 

move faster dong the actin filaments, which translates into an increased Vmax for the 

fiber. On the other hand, low ATPase activity means slow hydrolysis and slow 

shortening velocity. Variations in ATPase activity can be atûibuted to protein isoform 

composition and staining a fiber for this activity can be used to determine fiber type with 

fast fibers staining more intensely than slow fibers for reasons stated above. One of the 

main determinants of ATPase activity is the type of isoform expressed in the tibers. 

Many of the myofibrillar proteins expressed in muscles exist in subsets or 

isoforms. The term isoform is used to describe variants of proteins sharing a similar 

structure and genetic origin as well as similar iünctional roles in the contractile process 

(Schiaffino and Reggiani, 1996). Therefore the different isoforms have unique 

characteristics that act to diversifi the functionality of muscle fibers. Contractile proteins 

that have various isoforms include troponin-T, troponin-1, troponin-C, both Light and 

heavy chain constituents of myosin, and tropomyosin (Esser et al., 1999; Schiaffïno and 

Reggiani, 1996). Although they are al1 relevant to the f i n e - h g  of the contractile 

apparatus, we will see that the most important and most studied protein at the level of its 

isoforms is the heavy chah of myosin or myosin heavy chain (MHC). 



Properties of Fibers in the Different Motor Units 

Numerous proteins are involved in muscle contraction. Some of these have been 

assigned specific functions while the hct ion of others can only be speculated. Among 

these, the best characterized is myosin. Myosin is a complex protein and this is not 

surprising considering it's important role in making muscles work. 

Myositt Isoforms 

Myosin is the most abundant of al1 myofibrillar proteins (Lowey, 1986). It has a 

molecular weight of about 540 kD and is made up of six polypeptide sub-units. Two of 

these sub-units are called myosin heavy chains (MHC) because of their hi& molecular 

weight (200 kD) relative to the myosin light chains (-20 kD), which make up the other 

four sub-units (Pollack, 1990). MHC has received a lot of attention over the years ever 

since it was found to be responsible for much of the muscle's metabolic and hnctional 

variability (BottineIli et al., 1994). During normal activity, adult vertebrate organisms 

express 4 predominant MHC isoforms, 1, Ila, iix and iIb, coded for by distinct genes 

( S ~ h i ~ n o  and Reggiani, 1996). Although these isoforms show a great deal of 

homology, there are diverging amino acid sequences that appear to account for the 

distinct characteristics of the isoforms. 

MHC and Fiber Type 

The four predominant MHC isoforms have been conelated with the different fiber 

types. The latter are classified based on their shortening velocity (Vo), their metabolic 

enzyme requirements and their relative energy consumption measured by their ATPase 

activities (Rivero et al., 1999). 



Type 1 fibers express MHC 1 and assemble to form motor units which are 

classified as slow fatigue resistant because the fibers have slow shortening velocity, low 

glycolytic and ATPase activities, as well as high oxidative activity. Type 1 fibers are said 

to be energy efficient using oxidative metabolism to produce ATP, that is they do not 

expend energy very rapidly so they have no need for high concentrations of energy 

storage molecules such as phosphocreatine and glycogen. In fact, their primary source of 

energy is long-chain fatty acids, which are broken down via the citric acid cycle and 

through oxidative phosphorylation, provide enough ATP to maintain their slow 

continuous contractions (Qin et al., 1999). The use of these specific energy-producing 

pathways lends no surprise to the fact that these fibers contain high concentrations of 

myoglobin and an abundance of capillaries and mitochondria. On the other hand, fast 

motor units with type U fibers contract very rapidly requiring high amounts of ATP and 

its production must be sufficientiy fast to keep up with the demand. Therefore these 

fibers contain high concentrations of phosphocreatine and glycogen. Glycolytic 

metabolism is the principal pathwiiy for energy production so these fibers maintain a rich 

repertoire of glycolytic enzymes including those used in glycolysis and for lactic acid 

fermentation. Type U fibers can be subdivided into three distinct types: Ua, IIx and lIb. 

Type iIa express MHC iia and as a motor unit, these fibers are classified as fast fatigue- 

resistant due to their greater shortening velocity as well as their higher oxidative and 

ATPase activities compared to type 1 fibers. Being in the type 11 class, these fibers also 

have higher glycolytic activity relative to type 1 fibers but low compared to the other type 

iI fibers. Type iix and iIb fibers express their correspondkg MHC and as motor units are 

classified as fast fatigue-intermediate and fast fatigable, respectively. This classification 

is made on the basis of their very high shortening velocity and ATPase activity (which is 



higher in IIb fibers) as well as their low oxidative activity (lower in iib MHC). With 

respect to glycolytic activity, IIb has the highest and W s  activity is intermediate to IIb 

and IIa. It is aiso important to note that fiber size as assessed fiom the cross-sectionai 

area, varies between fiber types increasing in the following order: Ua < 1 < ik < IIb 

(Rivero et al., 1999). 

Fiber Proportions 

As discussed, al1 fiber types possess unique characteristics, which are necessary in 

hlfilling specific roles, Thus depending on its fûnctional needs, every muscle has a 

different distribution of fibers that is specific to them with respect to abundance and type. 

The ratio of the various fiber types within a muscle determines the functional phenotype 

of that muscle (O'Mahoney et al., 1998). For example, slow-twitch muscles such as the 

soleus, principally used to maintain posture, are frequently activated and therefore require 

fibers that have low energy requirements and are less fatigable. Accordingly, it expresses 

hi& proportions of type 1 and Ha fibers, the only types to carry these properties. In 

contrast, the fast-hvitch muscies such as the plantaris, used for pIantar flexion, have 

higher proportions of the fast type II fibers, which consume more energy but have the 

necessary speed and force to do the sporadic work required fiom this muscle. It is 

important to remember that function follows form so the muscles are highly dependent on 

their fiber type composition for proper bction. 

Muscle Plasticity 

One trait unique to muscies is the ability to adapt or re-arrange their protein 

composition to accommodate a change in function, a characteristic known as plasticity 



(Russell et al., 2000). In muscles, it c m  be dehed  as the organs ability to alter a cells 

phenotype without the need for fiber ce-generation. The process entitles the progressive 

replacement of the redundant proteins with those capable of performing the task at hand 

resulting in an altered fiber type composition. An option for tracing fiber type switches 

in muscle is to follow the changes in the MHC protein since its expression is a hallmark 

of the various fiber types. 

Changes in Fiber Type 

Many factors have been shown to alter the fiber type composition of muscles. 

Thy-roid hormones can modulate MHC gene expression and protein composition of adult 

skeletd muscles (Gosselin et al., 1994; Sieck et al., 1996). Hypothyroidism is associated 

with an increased expression of slow type I MHC, while hyperthyroidism is responsible 

for inhibiting this isoform's expression, the degree of which is muscle type-specific. 

Anabolic steroids such as testosterone and its derivatives have also been associated with 

increases in force generation through fiber type changes. Fiber size and cross-sectional 

area were also significantly increased when exposed to high steroid concentrations (Albis 

et al., 1993; Pollack, 1990; Tikunov et al., 1996). 

Notwithstanding the physiologicd importance of hormonal regulation, perhaps 

the most important factor influencing the distribution of MHC isoforms in muscles is 

neural activation. It is known that the pattern of muscle activation is a key factor in 

determining the phenotype and enzymatic properties of muscles (Hennig and Lomo, 

1985). The contractile properties of muscle fibers can be adjusted continually to the 

pattern of afZerent impulses. It is not surprishg then that changes in MHC composition 

have been o b s e ~ e d  in models representing increased and decreased neural activation. 



Increased activation bas been extensively studied in the hind ümb muscles. The 

chronic low-fkquency stimulation model has been widely used to explore the changes in 

MHC isofonns (Pette and Vrbova, 1999; Acker et al., 1987). In these experiments, fast 

muscles were stimulated with impulse fiequencies nomdly associated with slow fibers. 

This results in fiber type changes fiom fast to slow and it enabled researchers to examine 

the extent to which MHC remodeling could occur and the route taken by fast-twitch 

muscles in their progressive change to a slower, more energy efficient fiber type. 

Similar results have been obtained using another mode1 of increased activity; the 

fùnctiond overload model. Functional overload is attained by synergist ablation in which 

case a muscle is forced to increase its activity to compensate for the surgical removal of 

its synergists. Overloading results in fiber hypertrophy, which is characterized as an 

increase in fiber size and of the number of type 1 and Ha fibers (Dunn and Michel, 1997). 

These experiments show that the transition fiom fast type ii MHC to slow type 1 MWC 

occurs dong a continuum foliowing the order: Ub+Ux+iia+I for rats (Dunn and 

Michel, 1997). 

Decreased muscle activation has also been extensively studied, the results of 

which are comparable between the different models. Spinal transection and hind lirnb 

suspension are two examples that demonstrate reduced activity. These models showed 

that decreased activation resuits in the contractile speediig of slow muscles such as the 

soleus, due to a shifi in MHC towards fast type II, indicated by a decrease in the number 

of fibers expressing type 1 MHC and an increase in the expression of MHC Ilx (Dunn, 

1996; Bigard et aL, 1998). 



Changes in Metabolhm 

Associated with MHC phenotype transformations are changes in metabolic 

enzyme activity (Dunn and Michel, 1997). Increased muscle activity causes an increase 

in oxidative metabolism accompanied by increased fatigue resistance and decreased 

energy consumption, al1 of which correlate with the up-regulation of slow type 1 and fast 

type IIa MHC @unn and Michel, 1997; Mayne et al., 1996). 

During decreased activation, the changes in metabolic activity were in the 

opposite direction. At fust oxidative metabolism increased consistently with a change 

fiom MHC 1 to MHC Da, and a subsequent drop is consistent with the MHC IIa to MHC 

IIx transformation. Also apparent was the increase in glycolytic enzyme activity 

characteristic of the change to fast type EI MHC isofoms (Miyata et ai., 1995; Yang et 

al., 1998; Zhan et al., 1997). 

Regulation of Fiber Type Specificity 

There is no doubt that neural activity is one of the main factors influencing the 

fiber type proportions of a muscle. One aspect that is still uncertain is how neural 

activity is related to the specificity of protein isoforms in mature fibers. As noted earlier, 

many muscle proteins have isoforms that are expressed in a fiber-type specüic manner. 

The mechanisms that determine this specificity have just recently started to be cIarified 

and in the past few years, there have been significant advances in this area of research. 

There are many lines of evidence pointing to special factors that might regulate muscle 

specific and fiber-specüic protein expression (Esser et al., 1999; O'Mahoney et ai., 1998; 

Lakich et al., 1998). It is becoming evident that part of the specificity is controiied at the 

transcriptional level. 



Every gene has a promoter to which RNA polymerase attaches in order to initiate 

transcription. Although some elements are conserved in the prornoter region, the 

proximal regions are variable and possess what are called promoter-proximal elements. 

Promoter-proximal elements are specific sequences of nucleotide, which attract certain 

DNA binding proteins or transcription factors- These cis-acting ebments can either be 

activators, or in some cases inhibitors of transcription and act by either facilitahg or 

disrupting the binding of RNA polyrnerase. 

Tissue specific gene expression is believed to be regulated to a certain extent by 

transcription factors. There are numerous ways by which cells cm accomplish this. The 

first is by regulating the expression of the transcription factors îhemselves so that only 

speciflc ones are expressed in a particular tissue. This means that when this transcription 

factor is expressed, it binds a specific promoter proximal element to activate gene 

expression. This hypothesis does assume that many different transcription factors exist: 

maybe too many to be considered realistic. A second way is by post-translationai 

modification of transcription factors in a specific tissue. This would allow a tissue to 

control the transcription factors that are active at a certain t h e  by altering its native state. 

It could be controlled by covalent modifications such as phosphorylation or by other 

mechanisms such as protein-protein interactions, or protein coupling, which would allow 

complexes to interact with promoter-proximal elements. This method of regdation is a 

littk more realistic where a limited number of transcription factors can be used in 

different forms or combinations to initiate transcription. 

Studies on muscle protein promoters and their proximal regiUns have revealed 

several sequences that are important in fiber specific expression (O'Mahoney et ai., 

1998). In support of transcription factor coupiing, the expression of the troponin 1 slow 



(Tnis) protein in slow fibers requires elements such as the E-box, the MEF2 element and 

two other upstream enhancer elements (USE BI and CI) for efficient transcription, but 

on their own they cannot confer fiber specificity (O'Mahoney et al., 1998; Qin et al., 

1999). A separate team of researchers identified a 128bp slow upstream regulatory 

element (SURE) and a 144bp fast intronic regulatory element (FIRE) in the TnI 

promoters which also possessed an E-box and MEF-2 binding sites (Calvo et al., 1999) 

and after studying this region, they came to the conclusion that multiple elements are 

essential for muscle fiber specificity. More evidence for this is that neither of the well 

known transcription factors, NFAT nor MEF 2 alone, can efficiently induce transcription 

of slow fiber specific genes The NFAT transcription factors collaborate with MEF2 and 

other transcriptional regulatory proteins, the correct combination of which is present 

within differentiated myotubes (Corin et al., 1994). This notion was also supported by 

studies on the myosin light chah slow (MLC2siow) promoter, another slow fiber specific 

protein (Esser et al., 1999), but also in the fast fiber specific MHC iIb promoter where 

transcription was only partly regulated by MEF2 and Oct-1 transcription factor's binding 

to myosin A/T rich regions known to confer specificity (Lakich et al., 1998). Partial 

regulation is an indication that other factors are involved thus pointing to transcription 

factor coupling as the means for generating muscle specific gene expression. 

Intracellular Signaling 

Thus far we have appreciated that neural stimulation plays a major role in 

dictating muscle fiber srpe and that transcription factors are involved. A matter that is 

still unresolved is the mechanism responsible for mediating the neural signa1 tbat 

activates transcription factors. The answer to this could quite possibly relate to the 



variations in neural impulses, which c m  be sensed and ûansmitted inside the ce11 via 

inûacellular signaling. 

Inûacellular signaling is a well-characterized phenornenon and is the means by 

which chernical and eIectncal messages are sent from the cell's surface, through the 

cytoplasm, and into the nucleus where the message is interpreted and consequent actions 

are taken. Although some pathways have yet to be identified, many are well 

characterized and follow the same generic steps: reception of the signai, transduction of 

the signal, activation of effectors and gene transcription. Signaling in muscle cells could 

potentially follow many pathways including the Ras pathway, the MAP kinase pathway, 

the JAKISTAT pathway and the Calcineurin pathway. However, to date, only specific 

ones have been associated with regulating muscle gene transcription. 

Myogenic Regulatory Factors 

Although their regulatory pathway remains undetermined, myogenic regulatory 

factors (MRF) are muscle specific and some interesting findiigs made with respect to 

these factors warrants their mention in this section (see Figure 2-1 1). The MRFs are 

helix-loop-helix proteins involved in muscle gene expression during development (Rawls 

et al,, 1995) and theù persistent expression into adulthood indicates that their activity 

may persist as well. For exarnple, myogenin was shown to increase oxidative metabolism 

when over-expressed in fast fibers without altering MHC composition (Hughes et al., 

1999). tt is therefore possible that these factors may be involved in regdating the 

expression of some fiber specific genes particularly the slow ones. This is also suggested 

by the differentiai expression of myogenin in slow and MyoD in fast fiber types. 

However, MyoD-nui1 mice did not show abnormal fiber type distribution dismisshg its 



d e  in fiber specific gene expression (Hughes et al., 1997). This and the fact that many 

fiber specific genes lack binding sites for MRF discredits the notion that MRFs are used 

for fiber specific gene expression in muscles (Swoap et al., 2000). However, it is quite 

conceivable that these transcription factors function indirectly through interactions with 

other factors (Hughes et al., 1999; Ridgeway et al., 2000). 

AMP4chirufed Protein Kinase 

AMP-activated protein kinase (AMPK) is a member of a metabolite-senshg 

protein kinase family that is fond  in al1 eukaryotes. AMPK's activity increases with 

exercise/contraction possibly indicating an important hc t ion  in muscle fiber gene 

expression. It is believed to be a sensor andlor effecter of the ceil's energy state and has 

been implicated in controlling fat metabolism through uncoupling protein 3 (UPC3): a 

member of the mitochondrial transporter super family that may play a role in altering 

metabolic function under conditions of fuel depletion (Zhou et al., 2000). Once 

activated, AMPK increased the activities of the mitochondrial enzymes citrate synthase, 

succinate dehydrogenase, and malate dehydrogenase as well as hexokinase in white 

quadriceps and soleus muscles (see Figure 2-1 l)(Winder et al., 2000). This mechanism 

of mitochondrial enzyme control could be a method by which hctional requirements of 

the cells are matched with energy production. It could also be implicated in the 

expression of muscle genes not relating to metabolism and the fact that not al1 

mitochondrial genes are activated by this pathway means that other pathways are most 

likely involved in controlling metabolic genes. 



Nucleus 

Figure 2-11, Signal transduction by AMP-activated rotein kinase (AMPK), R Ras-MAP kinase, Inositol 1,4,5- triphosphate (IP3), Ca /Calmodulin-dependent 
protein kinase 11 (CaMKU) and calcineurin. The signaiing pathways show above 
have ail been associated with skeletal muscle ce11 tùnction. Note that al1 pathways in 
the diagram have the same starîing point, the receptor. Aithough the pathways rnay be 
activated by the same stimulus, they may also have specific triggers. Abbreviations 
used: CaM, calmodulin; CAMP, cyclic AMP; P3R,  IP3 receptor; P, phosphate; SM, 
serum response factor. (Crabtree, 1999; Flück et al., 2000; Jaimovich et al., 2000; 
Zhou et al., 2000; Mao et ai-, 1999; Murgia et al., 2000; Naya and Olson, 1999; 
Winder et al., 2000; Yang et al., 1999;) 



Ras-M4Pkinase path wuy 

in muscle fibers, activated Ras was found to be important in mediating slow- 

myosin gene expression since slow motor neurons could not induce slow myosin 

expression when Ras signahg was inhibited (see Figure 2-1 1). Mitogen activated 

protein kinase (MAPK or ERK) is a major downstream enzyme involved in this effect as 

clearly demonstrated by the marked differences in MAPK activity afler 24 hours of 

electro-stimulation with different impulse patterns (Murgia et al., 2000). Those that 

resembled the firing pattern of slow motor neurons markedly increased MAPK activity; 

patterns resembling fast fatigue- resistant motor newons only partially increased MAPK 

activity; and the patterns known to activate fast fatigueable motor neurons did not 

activate MAPK (Murgia et al., 2000). This indicates that MAPK activity is sensitive to 

the amount ancilor pattern of activity imposed on the muscles demonstrating a potential 

role for this kinase as an 'activity sensor' for different firing patterns (Murgia et al., 

2000). Downstream factors and upstream signals have yet to be identified but calcium 

could act as the latter given that MAPK cm be activated with the same neural signals 

that, in the muscle, result in changes in ~ a "  concentration. One mechanism proposed for 

the use of MAPkinase in signal transduction is a direct approach where the kinase acts on 

the transcription factor genes thernselves. Indeed, M M  kinase phosphorylation sites me 

found in the transcription activation domains of multiple MEF2 genes. Studies have 

identified specific docking sites on MEF2A and MEF2C genes for different MAP kinases 

(Yang et al., 1999), thereby providing a mechanism for selective targeting of specific 

MEF2 isoforms by different MAP kinases. The mechanism by which phosphorylation 

increases transcription is unknown but it has been suggested to involve an increase in the 

negative charge or a conformationai change that increases the gene's aftùiity for the 



transcription machhery (Naya and Olson, 1999). Post-translational phosphorylation of 

transcription factors may aiso be a mechanism afTecting muscle gene transcription. 

Findings on neuraI celis suggest that MEF2 may undergo a calcium-dependent 

modification that enhances the ability of MEF2 to activate transcription. The sarne study 

indicated the criticai role of Sec387 phosphorylation in this response and also showed that 

phosphorylation occurred as a result of p38 MAPK activation by calcium through MGPK 

kinase. Therefore calcium influx into cerebellar neurons triggers the activation of the 

MKK6-p38 MAP kinase cascade and the p38 MAP kinase then phosphorylates and 

activates MEF2s (Mao et al., 1999). There is definitely a central roIe for Ras-MAPK 

(ERK) signaiing in the differentiation of slow muscle fibers but this does not exclude a 

role for other pathways including other MAPK pathways (Murgia et al., 2000). 

Calcium and Signaling 

~ a ' ~  in skeletat muscle is very important in producing contraction but also in 

signaling changes brought about by a stimulus. Constant fluctuations in ca2+ 

concentration infer a complex pattern of signaling activity. Recent studies on ~ a "  

transients have managed to piece together the means by which caC2 can relay its 

message. The frequency, amplitude and duration of these transients seem important for 

specific functions. Three pathways have been found to respond to caIcium transients; 

namely, the IP3 cascade, ~a+'/ca~-de~endent protein kinase II and calcineurin (see 

Figure 2-1 1). 

One mechanism For ~ a + '  signalhg in skeletal muscle cells recentiy propoîed is 

moduiated by Inositol I,4,5-triphosphate (P3).  iP3 is part of a second messenger system 

and acts upon its receptor releasing ~ a "  into the cytoplasm eliciting a ~ a "  dependent 



response. Receptors for P3, which consequently act as calcium release channels, have 

k e n  localized in the nuclear envelope and seem to generate a slow transient increase in 

caC2 in the nuclear region insufficient in generating contraction but possibly sufilcieat for 

activating mechanisms of gene expression (Jaimovich et al., 2000). This mechanism 

assumes a role for the iP3 cascade in modulating exercise adaptations or even 

hypertrophy where IP3 would bind its receptor causing ~ a ' ~  transients in the nuclear 

region activating other signaling pathways. 

Another signaling pathway used to regulate muscle gene transcription involves 

the activation of ~a+~/ca~-dependent  protein kinase U. This enzyme has been shown to 

phosphorylate the senun response factor (SRF) transcription factor during both 

hypertrophy and endurance training (Flück et al., 2000). This mechanism could therefore 

be a component involved in the regulation of muscle genes during increased muscle 

activation. 

Although the previously described pathways seem to be regulated to a certain 

degree by ca2+, the pathway most likely activated by calcium transients involves 

caicineurin, which is the central theme of this thesis. 

Calcineuria 

The calcineurin pathway is mainly characterized in T-cells of the immune system. 

Many studies have been done to leam the impact and mechanism of action of the 

calcineurin molecule and the Somation gathered has managed to explain mauy 

occurrences with respect to irnmunity (Masuda et al., 1998). More recentiy, it was 

discovered that the conditions initiaily found to activate and regulate calcineurin in T- 

ceiis could also be found in skeletal muscle ceiis. This observation sparked a great deal 



of interest fiom muscle mearchers who have been looking for îhe means by which 

muscles acquire thek specific characteristics. 

It is beiieved ihat calcineurin is a key factor in determining the physiological and 

metabolic properties of  slow muscle fibers. This pcemise will be explored by reviewing 

caicineurio's structure, activation and regdation, its function and more so with a 

discussion on the relationship that exists between calcineurin and skeletal muscle. 

Structure 

catalytic site at its N-terminus. It dso 
Figure 2-12 : The strucfim of 

contains ~a+'/calmodulin and CnB binding Calcineurin 

Calcineurin is a heterodimer with 

domains in the central portion and an auto inhibitory region at the C-terminus. The 

second sub-unit of 19kDa, temed CnB, is a ~ a ' ' ~  binding, regdatory sub-unit necessary 

n 

for the activation of 

Calcineurin. 

Activation 

Calcium 

dependent transcription 

factor activation has 

ken descnid for some 

Figure 2-13: Acibation oflulcineurin 



time now. One of the first studies that demonstrated this was conducted in B- 

lymphocytes where it was show that the amplitude and duration of signals could 

control the activation state of transcription factors (ûolmetsch et al., 1997). In these 

cells, NF-KB and JNK are activated by large transient cises of intracellular 

concentration and NFAT by low sustained elevations (Dolmetsch et al., 1997). The 

specific mechanisms relaying ca2+ signais to the transcription factors were not resolved 

but the implication of NFAT, normally associated with calcineurin assumed the use of 

this molecule as a mediator. 

Calcineurin's activation was f i t  shown in response to elevated intracellular ~ a + '  

concentration in T cells (Dolmetsch et al., 1997; Timmerman et al., 1996). Its 

configuration, either activated or inactivated, depends on the arnount of intracellular 

calcium. When the ~ a ' l  concentration is low, calcineurin is in its inactive state whereby 

the regdatory sub-unit, CnB, is unattached and the auto inhibitory region blocks the 

catalytic site of CnA. (Fig. 2-13a) When suffïcient ~ a + '  is present, Cd3 binds to CnA 

and the ca'' ions bind caimodulin, which can then associate with the ~a+'-calmodulin 

binding site of CnA (Fig. 2-13b). When this occurs, there is a conformational change in 

the molecule shifting the auto inhibitory region fiom the catalytic site giving access to the 

substrate. 

Although caleineurin is dependent on both Ca+' and caimodulin for activation, the 

CnA sub-unit can be made constitutively, or continuously active by deleting a portion of 

the carboxy-terminus containing the auto inhibitory region. This property will prove to 

be important later when the discussion tums to results of vsuious experiments that were 

done using this activated form of calcineurin. 
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Like al1 enzymes, the activity of caicineurin must be reguiated. As noted 

previously, both CnB and CaM binding regulate caicineurin activity. A possible way by 

which cells M e r  regulate calcineurin activity is by using the caicinewin B homologous 

protein or CHP. CHP was discovered in ce11 extracts and one study found it to be 

homologous to both CnB and calmodulin (Lin et al., 1999). It binds CnA, possibly on 

the CnB site, and seems to inhibit caicineurin activity. 

There are aiso agents that act upon calcineurin to inhibit its activity. They inctude 

Figure 2-14 : Interaction 4 the immuno-suppressant 64 
drugs cyclosporin A and FK506 with calcineurin 

CabidCain, MCIP2, Cyclosporin A (CsA) and FK506 (Olson and Williams, 2000). in 

particular, CsA and FK506 inhibit calcineurin activity and as such are used as 

suppressants of T-ce11 activation or in other words as immunosuppressant agents (Liu et 

ai., 1991). The mechanism of inhibition is similar for both CsA and FK506. CsA binds 

the cytoplasmic receptor protein cyclophilin A and FK506 binds to FKBPIS. Both of 

these complexes interact with calcineurin in the CnA-CnB association region to prevent 

its activation (Olson and Williams, 2000) (Fig. 2-14). 

Although CsA and FK506 are efficient caicineurin inhibitors, k i r  interactions 

with immunophilins have physiological consequences. CsA is renowned for inhibithg 



the whole electron transport chah of mitochondria by decreasing the transmembrane 

potentiai and ATP synthesis (Breil and Chariot, 1999). This toxicity couid be a direct 

resuit of CsA's affect on the calcium-dependent penneability transition pore located on 

the inner mitochondrial membrane. This pore renders the inner mitochondrial membrane 

permeable to solutes with molecular mass of less than 1500Da (Breil and Chariot, 1999) 

and is modulated by cyclophiiin D (Bernardi, 1999). Binding of CsA to cyclophilin D 

therefore inhibits the proper fùnction of the pore. Thus CsA toxicity should be 

considered when using this drug to evaluate calcineurin-dependant mechanisms. Using 

FK506 in parallel with CsA is a good way of discrïminating between caicineurin- 

dependent and -independent mechanisms. Like CsA, FK506 does have secondary effects 

since FK506 binds FKBPl2 a known regulator of the ryanodine receptorKa2+ release 

channel (Bandyopadhyay et al., 2000) and inositol 1,4 J-trisphosphate receptor (Cameron 

et al., 1995). However, unlike CsA, FK506 has rarely been found to cause any muscle 

disorders including mitochondrial toxicity (Breil and Chariot, 1999). Together, these 

pharmaceutical agents have proven to be valuable tools in the study of calcineuch and 

will be a point of discussion in the following pages. 

Mechanism ofAction 

Previous discussions on the structure, the activation as well as the regulation of 

caicineurin, was essentiai information in order to better understand this enzymes' 

bction. 
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Caicineurin has been described as king a calcium and calrnodulin-dependent 

serinelthreonine phosphatase. So it is an enzyme that dephosphorylates, or removes 

phosphate groups, from serine and threonine residues. As we will see, calcineurin acts on 

the nuclear factor of activated T-ce11 (NFAT) and the myocyte enhancer factor 2 (MEF 

2). in T-cells, calcineurin dephosphorylates NFAT, a transcription factor important in 

cytokine gene expression (Ccabtree et al., 1999). in fact, al1 rnembers of the NFAT 

farnily, except NFAT 5, are activated to a certain extent by calcinewin (Olson and 

Williams, 2000). How does calcineurin regulate transcription factors? For NFAT, 

cellular locaiization is controlled by phosphorylation. NFAT is a highly phosphorylated 

protein and remains in the cytoplasm in such a state. (Fig. 2-15) When NFAT is needed 

in the nucleus to respond to a certain stimulus, there is a receptor mediated increase in 

~ a ' ~  in the ce11 that activates calcineurin. Caicinewin is therefore able to 

dephosphorylate NFAT's serine rich N-terminal region, whic h unmask two nuclear 

localization sequences and the result is a rapid nuclear translocation (Flanagan et al., 

motor neuron 

Figure 2-13 : Mechunbm of NEAT activation by calcineurin 



1991; Olson aud Williams, 2000). Once in the nucleus, transcription of specific genes 

can occur. Although it is common to automatically associate calcineurin with NFAT, 

several groups suggest that calcineurin may also regulate gene expression by acting on 

another important transcription factor that activates muscle-specific genes, MEF 2. 

MEF 2 is a DNA bindbg protein and a transcription factor that exists in different 

isofonns, labeled A to D, some of which are selectively expressed in muscle and are 

involved in muscle ce11 differentiation. They are also implicated in the activation of most 

muscle-specific genes by either binding indirectly through protein-protein interactions or 

by interactions of its N-terminal MADS (MCMI, agarnous, deficiens, and s e m  

response factor) box (Ridgeway et al., 2000) with its promoter proximal element 

containhg the nucleotide specific motif, CTA(AIT)~TAG/A (O'Mahoney et al., 1998; 

Lakich et al., 1998). 

In much the same way as it acts on NFAT, expecimental results suggest that 

caicineurin is the major phosphatase to dephosphocylate MEF 2A in response to ~ a "  

signals (Mao and Wiedmann, 1999; Wu et al., 2000; Dunn et al., 2000). 

Dephosphorylation of MEF 2 proteins could induce the formation of the homo or 

heterodirneric form that constitutively binds their response element. 

Calcineurin and Muscle 

In spite of studying the calcineurin molecule and except for the possible 

implication of MEF 2, we have yet to relate calcineurin activity to muscles. Before an 

actual role for calcineurin in muscles was found, many links could be made between the 

OUO. Generally speaking, the nrSt obvious Iink is caCL, where calcineurin cequired it for 

activation and muscles use it to induce contraction. It's a known fact that caf;! is 



responsibb for making muscles contract. Thecefore, at any given time in a muscle cell, 

there will be a certain concentration of ~ a * ~  b t  could also serve to regdate calcineurin 

activity (Chin and Allen, 1996). Secondly, skeletal myocytes express a number of NFAT 

molecules including NFATcl, NFATc2 and NFATc3, sume of which undergo n u c h  

translocation in the presence of activated calcimurin (Olson and Williams, 2000). The 

mere presence of NFAT in muscles assumes a role for calcineurin. There are other links 

between calcineurin and muscle but these pertain maidy to slow fibers. 

Slow fibers are unique in that they have their own subset of proteins or isoforms. 

A number of studies have linked the transcription of the slow fiber specific genes of these 

proteins to calcineurin. These studies include experiments on rnotor neuron stimulation 

and cae concentrations, on promoters of slow fiber genes, and the regdation of slow 

contractile proteins and metabolic enzymes under normal and increased activation. 

Mutor neuron Stimulation. Motor neuron stimuiation is one of the determinhg factors 

of muscle fiber type. 00th slow and fast fibers receive distinct patterns of elecfrical 

10 Hz conlinuous 100 Hz inlemittent 

Fi- Z - I k  D~@erentpa#ers of moloneum activation that stimulate 
distinctive program of gene expression genemte dgferent CafZ waveform. 
{Chin et al.. 1996, p. 73) 



signals or impulses k m  the nerve. Chin and Allen (1996) found that when fibers are 

stimulated at a fiequency of 10 Hz, which is the nomial pattern for slow fibers, there is a 

sustained elevation of ~ a + ~  concentration that oscillates between 100 and 300 nM (Chin 

et al., 1996). (Fig. 2-16) It is assumed that a sustained elevation of intracellular [ ~ a ' ~ ]  

activates the expression of slow genes. Fast fibers on the other hand were sporadically 

activated or transiently innervated at a frequency of 100 Hz (Hennig and Lomo, 1985) 

and they found that this results in intermittent calcium spikes or fast increases and 

decreases in intracellular ~ a + ~  concentration. in fast fibers, the intracellular CP 

concentrations are held below 50 nM but increase transiently to a range of 1 pM upon 

contracting (Chin et al., 1996) (Fig. 2-16). Thus transient increases seem to be 

responsible for activating fast genes. 

Comparing these two ~ a "  fluctuation patterns to the one known to activate 

calcineurin, we see that calcineurin activation is most likely to occur in slow fibers. 

Recall that tonic or sustained increases in cad was show to be most effective in 

activating calcineurin (Dolrnetsh et al., 1997) in cornparison to transient ones. 

Fiber Speciflc Gene Promoters. More evidence for the relationship between calcineurin 

and slow fibers was obtained fiom experiments conducted on slow fiber-specific gene 

promoters. It is well established that myoglobïn is only expressed in oxidative fibers and 

that the slow isoform of troponin 1 (Tnis) is exclusiveIy expressed in slow fibers. 

Experiments were therefore conducted to find out whether or not calcineurin could 

regulate the expression of genes that contain the myogiobin and Tnis promoters and if so, 

to find the regulatory regions responsible for driving the expression. 



Chin et al. did a series of experiments with the constitutively active form of 

calcineutin (CnA*) and showed that calcineurin selectively activates promoters of 

myogïobin and TnIs. Sequence analysis of both promoters determined that myoglobin 

and TnIs have NFAT and MEF-2 binding sites in regions decmed important for fiber 

specificity (Corin et al., 1994; Chin et al., 1998; Nakayama et al., 1996). Further 

experiments showed that the transcriptionai activation of myoglobin and TnIs genes by 

calcineurin was dependent on these binding sites (Naya et al., 2000; O'Mahoney et al,, 

1998). However, the removal of the NFAT element and the E-box, fiom the Tnis 

promoter slow upstream regulatory element (SURE) failed to prevent slow fiber 

specificity. This led to the conclusion that fiber-type specific transcription of the Tnis 

gene is regulated by multiple elements interacting together (Calvo et al., 1999). 

Disruption of either one of these sites results in a decrease in promoter activity but not 

hl1 inhibition. 

Experiments on C2C12 myotubes corroborated these findings by showing that 

calcineurin increases the amount of MHC slow protein while having no effect on the fast 

proteins (Delling et al., 2000). The same results were obtained when these experiments 

were extended to in vivo models by injections of CnA* into the gastrocnemius muscle 

(Delling et al., 3000). No role for NFATc3 was found to confer fiber-type specificity via 

calcineurin but this doesn't d e  out the use of other NFAT molecules such as NFATcl 

and NFATc2. Nevertheless, it is also possible that calcineurin may function through 

other intracellular mediators or even other signaling pathways to promote the slow fiber 

type P ~ ~ ~ ~ ~ *  



Regulation of Slow Contractile Roteins and MetabuIic Engvnes. Studies done in vivo 

and in vitro using CsA and FKS06 have provided more Uiformation pertaining to 

calcineurin regulated protein expression. Recall that under normal loading conditions, 

muscles contain a certain amount of fast and slow fibers and the proportions present in a 

muscle are detennined by the function of the muscle. Muscles that are in continuous use 

will contain high proportions of slow fibers and muscles that are only recruited 

periodically contain high proportions of fast fibers. 

Thus far, calcineurin has been implicated in maintainhg a slow muscle fiber 

phenotype speculating a function for this molecule in maintaining high proportions of 

type 1 fibers and, by association, slow MHC 1. Ideally, if this is correct, administration of 

CsA or FK506, which blocks the activity of calcineurin, should change the contractile 

proteins fiom slow isoforms like MHC 1 to the fast MHC II. 

Some experimenis have observed this exact phenomenon whereas others have 

not. In support of this notion, Chin et al. (1998) found that administration of CsA to rats 

causes an increase in fast myosin heavy chah expression. Bigard et al. (2000) found 

CsA to decrease the amount of MHCI in rat solei and to increase MHC iIa and in some 

cases, they observed the presence of MHCiIx. in contrast, experiments done with low 

concentrations of CsA did not yield the sarne result. Biring et al. (1998) showed that 

clinically relevant doses of CsA did not change the fiber type proportions of fast or slow 

twitch muscles (Biring et al., 1998). There was however a reduction in the SDH activity 

of type I , k  and Ub fibers and in indexes of capillarity in certain muscles leading to the 

conclusion that CnA may only work on certain slow genes. Simdar contrasting results 

were obtained in experiments done on mice where both dmgs f d  to show a switch fiom 

slow to fast fibers (Dunu et al., 1999). 



There is other evidence questioning the role of the calcineurin-NFAT patIiway in 

determinhg slow fiber specific gene expression. Swoap et al. (2000) conducted a study 

on slow and fast gene promoters md found both to be equdly reactive to calcineurin 

activation. This sarne study aIso failed to demonstrate any use for NFAT in gene 

expression. It was therefore concluded that neither calcineurin nor NFAT have dominant 

roles in the induction and maintenance of slow or fast fiber type in adult skeletal muscle 

(Swoap et al., 2000). 

Nevertheless, cdcineurin is still believed to regulate slow muscle fiber gene 

expression. This is in part attributed to a ment study on transgenic mice that expressed 

activated caicineurin in fast fibers under the control of the muscle creatine kinase 

enhancer, a part of the muscle creatine kinase promoter that is preferentially expressed in 

fast fibers. Naya et al. (2000) used this model to show that fast fibers can be transformed 

to slow fibers if they are forced to express an activated form of calcineurin. AIthough 

these resuits are still controversial (Dunn et al., 2000), there was some indication that 

calcineurin activation is able to induce slow fiber gene expression. 

More evidence for preferentiai activation of sIow genes was obtained by mdying 

the metabolic enzymes of fast and slow fibers. R e d  that slow fibers are said to be more 

oxidative, using oxygen to produce the ATP necessary for their fuaction, whereas fast 

fibers have a greater dernand for immediate energy, which is provided by the glycolytic 

pathway and other enzymes independently of oxygen. Slow fibers therefore express 

higher amounts of metaboIic enzymes that are oxidative such as citrate synthase (CS) and 

succinate dehydrogenase (SDW both enzymes of the chic acid cycte whereas fast fibers 

will express different enzymes like muscle creatine kinase (MCK) and more of the 

gIycolytic enzymes such as gIyceroI-3-phosphate dehydrogenase (GPDH) and lactate 



dehydrogenase (LDHJ. Logically, if caicineurin is the mediator of the fast to slow 

changes in muscle fiber genes, it should preferentially increase the expression of CS, 

SDH and blocking this pathway with CsA or FK506 should transform an oxidative fiber 

to a more glycolytic fiber thus increasing the expression of MCK, LDH and GPDH. To 

date, several studies in the heart and skeletal muscles have s h o w  that CsA reduces 

oxidative and increases glycolytic capacity (Biring et al., 1998; Hokanson et a1.,1995; 

Mercier et al., 1995; Breil and Chariot, 1999; Rezzani et al., 1999; Jansen et al., 2000). 

The first study that looked at the effects of CsA on skeletai muscle metabolism 

established that this drug decreased the capacity of electrons to travel through the 

electron transport chah of muscle mitochondna (Hokmson et al., 1995). impaired 

mitocbondrial ETC capacity resulted in the loss of respiratory control, in 

phosphofnictokinase (an enzyme of glycolysis) stimulation, and in accelerated glycolysis 

leading to lactate production, a typical occurrence in transplant recipients (Hokanson et 

al., 1995). A similar in vivo study by the sarne group supported these results. In their 

second set of experiments, they showed that 14 days of CsA administration to rats 

decreased skeletal muscle rnitochondrial respiration and sub maximal endurance exercise 

time (Mercier et al., 1995). 

Other complications associated with CsA administration include muscle weakness 

and creatine kinase elevation. Biopsies fiom heart transplant recipients showed 

mitochondnd abnormalities, impaired skeletal muscle energy metabolism and reduced 

capiiiary density (Breil and Chariot, 1999). 

The most recent study in skeletal muscles by Bigard et al. (2000) showed that 

CsA administration to rats provoked changes characteristic of a transformation fiom SLOW 

type 1 MHC to the faster type Ua MHC. Remember that type Ua, unlike other fast 



isoforms, is energy efficient with high oxidative and glycolytic activity. ï h e  finding that 

both oxidative and glycolytic enzyme activities increased with CsA administration 

suggested a type 1 to IIa transformation and by inference, these changes were found to be 

calcineurin related. 

Judging fiom the consistency in the results of al1 these experiments and the lack 

of opposing evidence, we cm conclude that calcinetuin may be responsible for 

controlling stow fiber metabolism. 

Role of calcineurin during increased activity. As discussed, caicineurin seems to be 

responsible for maintainhg slow muscle phenotype under periods of normal activity. In 

periods of increased activity however, there is a progressive transformation to a slower 

phenotype. It is therefore quite possible that there exists a relationship between 

caicineurin and activity associated transformations. This section will focus on the 

possible role of calcineurin in the phenotypic changes that occur during increased 

activity. 

This issue was fust addressed in the heart where calcineurin activity was linked to 

cardiac hypertrophy (enlargement of the cardiac muscle) (Molkentin et al., 1998). in 

fact, it was found to induce hypertrophy in response to humoral factors and both CsA and 

FK506 blocked its actions. This study also provided evidence for the participation of 

NFAT in mediating calcineurin activity since the over-expression of nuclear NAT3 also 

induced cardiac hypertrophy. 

A great model to study increased muscle activity is the fimctional overload model. 

This kind of experiment induces the hypertrophic response, which is an increase in 

muscte mass, and a switch tiom fast to slow fibers characterized by au increase in the 



expression of slow MHC and in oxidative enzyme activity. The exact mechanism of 

muscle hypertrophy is not known but seeing as calcineurin functions to regulate the slow 

muscle phenotype; researchers have started looking towards this molecule for answers. 

The first experiments designed to address this issue were conducted by Dunn et 

al. (1999) who were seeking to know the role, if any, calcineurin played during 

hypertrophy in vivo. in their experiments, CsA and FU06 were adrninistered to mice 

that had undergone synergist ablation. They found that both agents block hypertrophy 

after two weeks and more so d e r  4 weeks of treatrnent by preventing the fast to slow 

fiber switching and al1 increases in fiber size. 

Similar experiments were also done in vitro. Expressing an activated form of 

CnA in myocytes, Musaro et al. (1999) mimicked the hypertrophic response and 

provided M e r  support to the involvement of calcineurin in hypertrophy. 

Another experiment conducted to test the role of calcineurin in hypertrophy was 

designed to look at the in vivo effects of expressing activated calcineurin (CnA*) in mice. 

Naya et al. (2000) found that rnice over-expressing CnA* show a switch fiom fast to 

slow MHC expression but no signs of an increase in fiber size (Naya et al., 2000). This 

issue was later addressed by Dunn es al. (2000) in another study, which suggested that 

calcineurin itself could not induce hypertrophy unless it was matched to upstrearn 

effectors such as contractile loading-related signaling events. 

Regardless of the signal transduction pathwrty used, the downstream effect is the 

activation of transcription factors. in the case of hypertrophy, the question remah as to 

w k h  transcription factors are responsible for modulating the phenotypic changes observed. 

If there are specific transcription factors involveci, there must be one or more specific gene 

promoter regions that are exclusively booud by them. Indeed, an 89-base pair region has 



been identifieci in the I3bfHC or MHC 1 gene that is responsible for hypertrophy-induced 

transcription (Vyas et al., 1999). in-depth studies on this region shows that it is an A/T rich 

region that was not bound by GATA-4, MEF2A-D, SRF or Oct-1 normally associated with 

such regions. This region was specifically bound by two distinct unknown proteins of 44 and 

48kD (Vyas et al., 1999). They are present only in nuclear extracts following overload and 

bind the Pm-r ich region only under these conditions. We can therefore speculate that 

activity-specific transcription factors exist that can activate genes that cany the BA/T binding 

element, which may prove important in unraveling the connection between calcineurin and 

hypertrop hy . 

Taken together, we can conclude that calcineurin is in part responsible for 

reguiating slow muscle fiber phenotype. In addition, special promoter proximal regions 

and transcription factors may be involved. More importantly, resuits suggest that 

calcineurin is not suffkient to induce changes under normal and increased activity 

pointing to the possibility that other pathways may be required. 

Cross talk between signal transduction patliways. Cross talk between pathways is an 

interesthg notion since many pathways meet at comrnon intermediates and activate the 

same factors. Research done in T-lymphocytes has opened the door to the prospect of 

synergistic activation of signaiing pathways. 

It was çhown that caicineurin and CaMKTVIGr, both ~a+~/calmodulin-dependent 

enzymes, act synergistically to promote transcription of Nur 77 byMEF2A and MEFSD 

(Blaeser et al., 2000). The increase in activity is a result of MEF2D phosphorylation and 

together, the phosphatase and kinase couid control the phosphorylation state and 

therefore the activity of MEFLD. This notion is W e r  supported by results in myocytes 



where once again, calcineurin and CaMKIV synergistically increased the activity of 

MEF2A on slow skeletai muscle promoters (Wu et al., 2000). The effect on MEF2A in 

myocytes results h m  the dephosphorylation of the factor and not phosphoryiation. This 

points to the fact that the activity of this class of transcription factors, and possibly others, 

may vary with the extent of phosphorylation. if this is true, different combinations of 

phosphatases and kinases could diversi@ the activity and specifiçity of a single factor. 

With respect to hypertrophy, a number of pathways have been shown to be 

important in cardiac myocytes including a number of protein kinases (Clerk and Sugden, 

1999). These include the ERIC cascade, the SAPWJNK cascade, the p38 MAPK cascade 

and the protein kinase B pathway (Clerk and Sugden, 1999). Together with calcineurin, 

PKCa, 8 and JNK are interconnected in inducing hypertrophy in heart while PKCE, B, A, 

p38, and ERKlI2 are not involved in calcineurin-mediated hypertrophy (Windt et al., 

2000). 

It is likely that the calcineurin pathway is modulated in a tissue-specific manner 

and to do sol there must be specific molecules either upstream or downstream of 

calcineurin acting that help confer specificity. Upstream effectors @unn et al., 2000) 

and downstream modulators such as specific isoforms of NFAT and MEF may be the key 

to fiber specificity. In line with this function is a recently discovered class of 

downstteam modulators, caisarcins (Frey et al., 2000). Theù specifîc localization to the 

2-line of skeletal muscle may provide another means to add to calcineurin's specificity. 

Localization of the phosphatase within the ce11 could target its bc t ion  to a specific 

Iocation. Along with factors yet to be discovered, these molecules may form a link 

between muscle activity and phenotype. 



Considering al1 the Uiformation that is currently available, the importance of 

calcineurin in muscles is no longer disputed. However, tesearchers lack sufficient 

idormation to paint a clear picture of the exact function of calcineurin with respect to 

regulating fiber size, phenotype and metabolic activity. The intention of this thesis was 

to add to our understanding of these concepts. in the next sections, a few hypotheses will 

be put to the test. First, we will try determine whether or not administration of 

calcineurin inhibitors to the mice leads to the transformation of the slow to fast fibers and 

decreases the oxidative capacity. Then, we will try to determine if calcineurin is only 

involved in controllhg slow fiber specific genes and metabolic enzymes under conditions 

of altered activity. Lady, we will see if alterations in fiee intracellular calcium 

concentration has an effect on the physiological and phenotypical characteristics of slow 

musde fibers. Given there are discrepancies between results of studies on calcinewin, it 

is logical to presume that calcineurin has a Iimited role in regulating muscle fiber 

phenotype. It is also safe to presume that the other signaling pathways that have been 

linked to skeletal muscle phenotype either oppose or act in synergy with calcineurin. 



Calcineurin is Not the Sole Mediator 
of Fiber Type and Metabolic Enzyme 

Abstract 

Although hormones and mechanical loading are important elements in 

determinhg the expression of myosin heavy chah (MHC) isoforms in muscle fibers, it is 

known that neural activation is a key factor. The exact mechanisms by which neural 

signals are transmitted to the nucleus to induce fiber type transformations and metabolic 

changes are just now starting to come to light. To date the most probable intracellular 

signaiing pathway thought to control muscle fiber phenotype involves caicineurin. The 

involvement of this pathway has been clearly established but its implication with respect 

to metabolism is still unclear. in the present study, we assessed the effect of cyclospo~ 

A and FK506 (inhibitors of calcineurin activity) on fiber type switching, fiber size, and 

metabolic enzyme activity of the mouse slow soleus and fast plantaris muscles. After 

two weeks of drug or vehicle treatment, there were no ciifferences in the fiber type 

proportions of either muscle. The fiber size decreased in both the type 1 and iIa fibers of 

the soleus following CsA treatment, increased in type iïa soleus alter FK506 treatment 



and decreased in type IIb fibers of plantans with both drugs. The metabolic enzyme 

activity was only affected by FK506 treatment. SDH activity of type 1 and IIa soleus 

fibers increased and decreased, respectively, while the SDH activity of type 1 plantaris 

fibers decreased. GPDH activity remained unchanged in d l  cases. The transcript levels 

of SERCA-2 GPDH and MHC IIa did however show some indication of a slow to fast 

transition. The resdts suggest that calcineurin has a srna11 stimulatory and a srnall 

inhibitory effect on certain skeletal muscle genes. The minute effect leads to the 

conclusion that this pathway is not the sole mediator of the neural signals that regulate 

myofibrillar and metabolic genes. 

Introduction 

Muscle fibers are characterized by their functional and metabolic properties, 

which for the most part can be related to their expression of the myosin heavy chah 

(MHC) protein (Schiafino and Reggiani, 1996; Dunn et al., 1996; Rivero et al., 1999). 

Indeed, MHC has been shown to be the main determinant of fiber shortening veiocity and 

fibers that express a specific isoform contain a specific metabolic profile (Dunn and 

Michel, 1997; Rivero et al., 1999). Although the fiber phenotype is also controlled by 

both hormones and mechanical loading, neural activation is the main determinant of 

MHC isoform expression in muscle fibers (Schiaffino and Reggiani, 1996; Dunn et al., 

1996; Pette and Vrbova, 1999; Dunn and Michel, 1997, Mayne et al., 1996). 

Many experirnents have show that muscles adapt to changes in neuronal signals. 

We know that impairment of neural stimulation caused by denervation and TTX can 

change the profiie of fibers in the direction of fast glycolytic type II MHC isoforms 

(Michel et al., 1994; Yang et al., 1998) and that increased neural activity as a result of 



endurance training, stimulation experiments or fwictional overload, changes the 

phenotype to slower, more energy efficient and oxidative MHC isoforms @unn, 1996; 

Pette and Vrbova, 1999; Acker et al., 1987; Dunn and Michel, 1997). 

The exact mechanism by which neural signais are transmitted to the nucleus to 

induce fiber type transformation and metabolic changes are just now starting to corne to 

light. Many intracelluiar signaling pathways are possibly involved in, or responsible for 

maintainhg and regulating muscle fiber phenotype in response to neuronal activity. The 

MAP kinase pathway has been show to be responsible in part for myofibrillar protein 

changes in regenerating skeletai muscle (Murgia et al., 2000), in cerebellar granule 

neurons (Mao et al., 1999) and during muscle growth and differentiation (Naya and 

Oison, 1999; Yang et al., 1999) but the upstrearn and downstream effectors of this 

pathway have yet to be resolved. Another candidate for intracellular signding is the 

myogenic regdatory factor (MW) family of transcription factors. These factors were 

initially thought to be exclusively involved in muscle ce11 differentiation but their 

persistent expression in mature fibers and the apparent importance of myogenin and Myo 

D in regulating muscle fiber phenotype makes this family an important prospect for 

activity-transcription coupling (Hughes et al., 1999; Ridgeway et al., 2000; Swoap et al., 

2000). Nevertheless, because of its activation by caiciurn fluctuation and knowledge of 

upstream and downstream regdators, the most compelling intraceliular signaling 

pathway thought to control muscle fiber phenotype is the calcineurin pathway. 

Calcineurin is a serine/threonine phosphatase that has recently been deemed 

important in neuromuscular research and îhus far, there is much evidence pointing to its 

involvement in regulating muscle fiber phenotype. First is the activation pattern of 

calcineurin in response to calcium. Calcineurin is activated by sustained, low amplitude 



elevations in intracellular calcium concentrations @ohnetsch et al., 1997; Timmeman et 

al., 19%; Naya et al., 2000) a natural occurrence in skeletal muscle fibers (Chin and 

Allen, 1996). Moreover, the calcium fluctuations known to activate calcineurin are 

representative of the natural variations of slow fibers assuming a role for calcineurin in 

selectively controlling slow skeletal muscle genes. hdeed, this has been suggested by a 

number of studies. Calcinewin was shown to preferentially stimulate slow gene 

promoters and its inhibiton seems to be involved in the transition h m  a slow to a fast 

fiber phenotype in rat soleus muscles (Chin et al., 1998; Bigard et al., 2000). 

Furthemore, cyclosporin A, an imrnuno-supressant agent and specific inhibitor of 

calcineurin, prevents the fast-to-slow fiber transitions characteristic of ovedoad (Dunn et 

al., 1999). 

Although calcineurin's importance in controlling muscle fiber phenotype has 

clear1y been shown, its role with respect to regulating metabolic activity remains 

equivocal. Many studies have found CsA to be the cause of reduced oxidative capacity in 

muscIes (Biring et al., 1998; Hokanson et al., 1995; Mercier et al., 1995; Breil and 

Chariot, 1999; Janssen et al,, 2000). More specifically, Biring et al. (1998), Hokanson et 

al, (1995) and Mercier et al. (1995) found that CsA decreases mitochondrial respiration 

in rat skeletal muscle while Janssen et al. (2000) found CsA to cause a direct cardio- 

depressive effect. This effect on the heart and other skeletal muscles was found to be a 

direct result of the interference of cyclosporin A with the normal functioning of the 

mitochondria. 

The recent knowledge that CsA affects the muscle phenotype by interfering with 

the cakineurin pathway (Dunn et al., 1999; Musari, et al., 1999; Semsarian et al., 1999) 

gives rise to the possibility that the reduced oxidative capacity of Cd-treated patients 



and animals may be attributable to blocking this pathway. This question was addressed 

by Bigard et a1.(1998) and the results seem to be in agreement with this premise. 

However, they did show that CsA also caused a fiber type change fiom slow type 1 to ITa 

in the rat a concept that has since been challenged by a study in mice (Dunn et al., 1999). 

On top of the discrepancies between the phenotypic changes in the rat and mouse 

models, experiments conducted thus far do not distinguish between caicinewin- 

dependent and -independent mechanisms. Since CsA disnipts the normal function of 

cyclophilins, one of which is to modulate the permeability transition pore of the 

mitochondria (Breil and Chariot, 1999), and given that there is an overall toxic effect on 

mitochondria (Breil and Chariot, 1999), it is imperative to make the distinction between 

the response mediated by calcineurin inhibition and cyclophilin disruption. One way to 

do this is by using FK506 (tacrolimus) a dnig that is stnicturally different from CsA, but 

possesses similar mechanisms of action and no history of causing metabolic 

insufficiencies (Breil and Chariot, 1999; Janssen et al., 2000). 

Therefore to date, it is unclear whether or not the altecations in metabolic activity 

are in fact a result of calcineucin inhibition. In the present study, we assessed the effect 

of cyc lo~p in  A on fiber type switching, fiber size and metabolic activity of the mouse 

slow soleus and fast plantaris muscles at the single fiber level. In order to discriminate 

between CsA's calcineurin-independent and dependent affects, we used FK-506, on a 

second set of mice. Metabolic activity at the single fiber level was assessed 

microphotometrically by measuring the activity of succinate dehydrogenase (SDH), a 

marker of oxidative metabolism, and FAD-Linked glycerol-3-phosphate dehydrogenase 

(GPDH), a marker of glycolytic metabolism. The results show that two weeks CsA 

caused a significant decrease in muscle fiber size, wheceas FK506 treatment tesuiteci in 



an increase in type Ua fiber size in soleus and decreased the fiber size of type Ub in the 

plantaris. Thete was aiso significant changes in the SDH activity due to FU06 treatment 

in the soleus type 1 and IIa and plantaris type 1 but no change in GPDH activity. There 

were no significant differences in the fiber type proportions in either muscle. The 

transcript levels for various myofibrillar, metabolic and calcium handling proteins did 

however show some indication of a slow to fast transition. The results suggest that 

caicineurin has a smail stimulatory as well as an inhibitory effect on certain skeletai 

muscle genes but it is not the sole mediator of neural signais. 

Method 

Animal Care 

Maie CD-1 mice (33.01t1.6 g) obtained form Charles River Laboratones (St. 

Constant, Quebec, Canada) were housed in a temperature-controlled animal holding 

facility and maintained on a 12:12-h light-dark cycle. Anirnals were confined 

individually to plastic cages and were provided with food and water ad libitum. The 

animais were cared for in accordance with the guidelines set by the Canadian Council on 

Animal Care. 

Drug Admirihtration 

Animais were randornly placed into three groups receiving injections of veh 

(cremophor EL), cyclosporin A (CsA, 25mg/kg subcutaneously) or FU06 (3mgkg 

subcutaneously) twice daily. AU treatments spanned a two-week period over which the 

heaith, growth and locomotor activities were monitored before each injection. 



Since the dosage of CsA and FKS06 were the same as those previuusly used 

(Dunn et al., 1999), we can assume that the blood CsA and FK506 concentrations were 

also very similar. 

Tissue Preparation 

Solei and plantari fiom animais in ail groups were rapidly excised, covered with 

mounting medium (OCT compound), quick-fiozen in isopentane that was pre-cooled 

with liquid nitrogen, and subsequently stored at -80°C until processing. 

Immunoh~tochemistry 

Serial sections (10 pm) were cut at -20°C using a cryostat (Reichart-Jung, 

Heidelberg, Germany), recovered ont0 superfrost slides and placed within a humidified 

chamber at room temperature (RT) to thaw. Ali tissue sections were incubated for 30 

min in a blocking solution consisting of 25 mM phosphate buffered saline (PBS; 25 mM 

sodium phosphate dibasic in 0.9% NaCl solution at pH 7.4) containing 5% goat s e m  

(Sigma, St.Louis, MO). Sections were subsequently incubated for 4 hours at RT in 

working dilutions of either mouse monoclonal antibodies raised against type IIa MHC 

(SC-71; 1 : 100), iib (BF-F3; 1:100), ail but IIx (BF-35; 1 :25) and adult isoforms of type 1 

MHC (BA-F8; 1 : 100). Sections were rinsed with PBS (3 x 10 min) and incubated at RT in 

peroxidase-conjugated goat anti-mouse immunogiobulin (Ig) G, in the case of 1 MHC, ITa 

MHC and ail but IIx MHC (150 for 1 and Ha, 1:25 for IIx), and Ig M in the case of iIb 

MHC (1 :50), each for 2h. M e r  another PBS rime, the bound antibodies were visuaIized 

using diaminobenzidine @AB) as a chromogen. Tissues were air-dried and mounted 

with glycerin jelly. 



F i k r  Type Proportions 

The MHC composition of each muscle (n = 4 per group) was determined as 

follows. Three dif3erent images from the rnid-belly cross section of each muscle were 

captured at a magnification of 100 times each containing approximately 150 fibers. Fiber 

type proportions were determined by counting the number of stained fibers relative to 

unstained fibers in each area of secial sections probed with antibodies for the different 

MHC types. From these, the fiber type proportions were calculated for each muscle and 

the average was taken for each group. 

Quantitative Histochemical Determination of Single Fiber Enorme Activity. 

Metabolic enzyme activity was assessed in both the solei and plantari fiom al1 

groups using succinate dehydrogenase (SDH) as a marker for oxidative metabolism and 

FAD-linked glycerol-3-phosphate dehydrogenase (GPDH) as a marker of glycolytic 

activity. The method consists of following the reduction reaction of Nitro Blue 

Tetrazolium (NBT). When this compound accepts electrons, it is reduced to diformazan 

salt, an insoluble precipitate. Since the amount of electrons available is dependent on the 

enzyme concentration, the reduction rate of NBT is a good measure of enzyme activity. 

Rate measurements are made by finding the optical density of a tissue slice at 

timed intervals using a computer assisted image analysis system. The imaging apparatus 

and soAware consists of a microscope equipped with a mini-camera interfaced with a 

computer and rnonitor (Dunn and Michel, 1997). images were filtered (540nm), 

captured, saved and processed with an image-analysis software program (Media 

Cybernetics, Silver Spring, MD) 



For SDH activity measurements, secial cross sections (10pm) were cut (-20°C) 

h m  soleus muscle mid-belly, recovered on supertiost slides (Fisher Scientific), inverted 

and secwed to a reaction chamber mounted on a temperature controlled slide hotder ail of 

which were clamped to the microscope stage. Al1 reactions where done in absence of 

light at 23°C. A substrate-fiee blank solution containing 1 mM N a ,  1 mM l-methoxy- 

phenazine methosulfate (mPMS), 1.5 m M  NBT and 5 mM EDTA in lOOmM sodium 

phosphate b d e r  (pH 7.6), was added to the chamber for 10 min to ailow non-specific 

staining to plateau. The blank was subsequently removed and replaced with a substrate 

solution containing the same reagents as above plus 48 mM succinic acid. Upon addition 

of the substrate solution, images were taken every minute for 5 minutes. During this 

tirne, hcreases in optical density (OD) are linear (data not shown). 

For GPDH activity measurements, seriai sections (14 pm) were cut, recovered on 

glass cover slips and distributed evenly between two coplin jars kept at -20°C. A blank 

solution containing 1 mM NaN3, 1 mh4 mPMS, 1.2 mM NBT in lOOmM Sodium 

Phosphate BufXer (pH 7.4,37OC) was added to one jar and the sarne solution of the above 

reagents plus 9.3 mM a-glycerophosphate was introduced to the other for the substrate 

reaction. Both jars were incubated in the dark for 23 min (linear phase; data not shown) 

at 37°C. The reactions were then stopped by extensive tinshg with distilled water (5  

times plus 3 x 1 min). The sections were air dried and mounted onto slides with glycerin 

jelly (Sigma). Images of both the blank (considered as time 0) and end-point substrate 

reactions were captwed and processed for OD analysis. 

Analysis for both enzymes was canied out by tracing each selected individual ce11 

using an interactive cursor, and stocing the resulting area of interest ont0 a disk. The 

average grayness for al1 pixels within this traced area was determined across aU saved 



squential images and converted to an OD value. The enzyme specific activities were 

expressed as the change of OD over t h e  (OWmin; average 3 > 0.995). The cross 

sectional area of each traced cell was a h  determined hom these images. 

R T X R  

RT-PCR methods were used to assess the relative expression of specific muscle 

genes. RNA was extracted (Gauthier et al., 1997) fiom the distal portions of the soleus 

and plantaris muscles 2pg of which were reverse transcribed as described @unn et al., 

1999) 

For PCR amplification of MHC 1, iIx, and nb cDNAs, we used a 5' comrnon 

primer designed fiom rat cDNA sequence ("AAGGAGCAGGACACCAGCGCCCA~', 

corresponding to cDNA positions IO1 - 123) and isotype-specific 3' primers encodiig 

nonhomologous regions of these genes: 1 ( 5 ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ï ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 t ,  

complementary to cDNA positions 533-SQ), IIx 

("ATCTCTITGGTCACTTTCCTGCT~', complementary to cDNA positions 560-582), 

and IIb ( S ' ~ ~ ~ ~ ~ T I T ~ ~ ~ l T T ~ ~ ~ ~ ~ ~ ~ ~  complementary to cDNA positions 

351373), respectively, as described previously (Dm et al., 1999). MHC IIa cDNA was 

amplified with the following 5' and 3' primers: j1AAGCGAAGAGTAAGGCTGTC3' 

and S'GTGATTGCmGCAAAGGAAC3' (complementary to 3' UTR), respectively, as 

described previously (Lu et al., 1999). The slow-type sarcopiasmic and endoplasmic 

reticulum CC pump (SERCA2) primers that were used had the folluwing sequences: 

f o r w d  primer 5 ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 '  @mition 1549-1 570) and 

reverse primer 5 ' ~ ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 '  (position 18 15-1 836) (Accession 

number G1223584. The GPDH primers had the foUowing sequences: forward primer 



' C A A T C T I T G C C T C G ~ '  (psition 1474-1494) and reverse prima 

5 ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 t  (position 1052-1071) (Accession aumber U08027) 

The 5' and 3' primers for 28s ribosamal sub-unit used as control were designed h m  the 

rat cDNA sequence  enBa Bank^%^^ ACM11167) were 

'~GTTGCCATGGTAATCCTGCTCAGTAC~' (corresponding to eDNA positions 

453 5-4565) and 'TCTG ACTTAGAGGCGTTC AGTC ATCCC" (complimentq to 

cDNA positions 4667-4638). Quantitative PCR required initial labeling of the sense 

primers with [ y - 3 2 ~ ] ~ ~ ~  with T4 polynucleotide b a s e  (Amasham Pharmacia Biotech). 

PCR amplification was done using 2.5 pi of RT sample added to a reaction mixture 

containhg 10 x PCR buffet, 0.65 unit of Taq polymerase (both h m  Qiagen), 10 pmol of 

both forward and reverse primers, and 5 mM dNTP (Life Technologies). The total 

volume of the reaction was 25 pl. Amplification conditions consisted of 1-min 

denaturation at 94 OC, 1-min anneding at W C ,  and 1-min extension at 72 'C for 11-32 

cycles (linear phase). PCR products were electrophoresed on t% agarose gels and 

visualized with ethidium brumide. For quantification, individual product bands and 

representative background were excised fiom each gel lane and subjected to Cerenkov 

counting (cpm). 

Stutbtical Ana@& 

Mean enzyme activities, fiber cross-sectiond area, and MHC proportions were 

compared between groups using a one-way analysis of variance (ANOVA) and a 

Student-Newman-Keuls post hoc procedure. When the assumptions for ANOVA were 

not justified, a non-parametric Kruskd-Wallis test was performed. 



Animal Behavior and Body Mass During and Following Treafments 

Animais were monitored on a daiiy bais for signs of poor heaith, abnonnal 

behavior, locomotor activity and growth. At no time during the course of the treatrnent 

could we see any abnormdities in any of these parameters. Body mass before and 

following treatrnent was aiso not different between groups (Table 3-1). 

Table 3-1: Mean body weight of animals before and alter respective treatments @SE) 

S ham-veh CsA-only FK506-only 

Before 33.5i0.8 33.U1.0 3 1.510.9 

Mer  34ht3.6 34.&3.6 33.u1.7 

Noie: No signiticant differences could be found (PM.05) between any of the groups. 

Enects of Cd and FK506 on Fiber Type Expression in Soleus and Plantaris Fibers 

Myosin heavy chahs are hallmarks of fiber type and were used here to assess the 

fiber type changes induced by CsA and FU06 on hind limb muscles. Monoclonai 

antibodies raised against the different MHC isoforms were used to stain the respective 

fibers. Fiber proportions were calculated by counting the number of stained cells on the 

muscle cross-sections relative to the total number of cells. 

The soleus is a slow muscle containhg mostly type 1 fibers and fast oxidative type 

Ila fibers. Figure 3-la shows the proportion of fibers expressing various MHCs in mouse 

solei following 2 weeks of treatment with vehicle (veh), cyclosporin A (CsA) and FK506. 

The control animais (dark bars) expressed on average 57.9 % type 1 MHC, 46.5% type iIa 

MHC and only 6.0% type IIx. Except for subtie differences, administration of CsA and 
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Figure 3- 1: Proportion of libers in mouse soleus (a) and plantaris (b) muscles 
expressing different MEIC isoformr following vehicle, cyclosporin A and FKS06 
treatments. Animals were injected with vehicle (veh), cyclosporin A (CsA) or FK- 
506 for a 2 week period. Fiber proportions were calculated by counting the number 
of fibers staining with antibodies raised against the major MHC isofonns. Values are 
means * SE and n3J  for al1 groups except the FM06 group where n=3. Note that no 
significant differences were found (M.05) between any of the groups. Note also 
that the soleus muscle dom not express MHC Ifb. 
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FKSO6 to mice for a 2-week period did not significantly affect the fiber proportions of the 

soleus muscle. 

The plantaris muscle, as opposed to the soleus, is predominantly fast and 

expresses al1 the major MHC isoforms (Figure 3-lb). in control animals, the plantaris 

muscle is comprised of 0.8% type 1 fibers, the least abundant fiber, 40.9% type Ua, the 

most abundant, 28.3% type IIx and 26% type IIb. Like the soleus muscle, administration 

of the calcineurin blockers had but subtle effects on the fiber type proportions. 

Taken together, we see that CsA and FK506 on their own have no affect on the 

proportion of fast and slow type fibers in either the soleus or plantaris muscle. 

E,@ect of CsA and FKS06 on Fiber Size and Cross-Sectional Area of the Soleus and 

Plaintaris Muscles 

Fiber size was measured by the wet-weight (MW) over body weight (BW) ratio 

(Figure 3-2) and the fiber cross-sectional areas were measured using an image analysis 

system by circling, with an interactive cursor, the individual cells in images captured 

h m  a microscope. The pixel count obtained for each ce11 was then converted to the 

fiber area in pn'. Results are shown in Figure 3-3 for soleus (a) and plantaris (b). 

The fiber size (MW/BW) did not change with CsA or FK506 treatment compareci 

to control in either the soleus or plantaris muscles (Figure 3-2a and b). 

in the control group, the mean cross-sectional areas of type 1 soleus fibers were on 

average 23.2% greater than those of IIa fibers (Fig. 3-3a). CsA significantiy decreased 

(Pc0.05) the cross-sectional areas of type 1 fibers by 19.4% relative to vehicle control and 

they were also significantiy lower than the FK506 treated group. The cross-sectional 

areas of type Iia fibers of the soleus muscles were affected by both drugs, in which case 

there was a significant (Pc0.05) 14.7% decrease with CsA and a 20.7% increase with 
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Figure 3-3: Mean fiber cross-sectional a r a  (CSA) of mouse soleus (a) and plantaris (b) muscle 
riben typed for MHC following trcatment with veh, CsA and FK5û6. We administered veh, CsA and 
FKS06 to the animais for a 2 week petiod afler which the plantari and solei muscles were excised, frozen 
in isopentane and sectioned Fibea were typed immunohistochemically for MHC composition and the 
CSA was obtained using an image analysis system. Values are means * S.E. pmz and ail groups had an 
n=4 except the FK506 group with n=3. Aster* and dagger denote statistical differences (p<O.OS) fiom 
Vehicle and al1 conditions, respectively. 



FKSM relative to vehicle control. Note aiso that FKSM treated animals had cross- 

sectional areas signit?cantiy diEerent fiom their CsA treated counterparts, 

With regard to the plantaris muscle (Fig. 3-3b), we see chat type 1 fibers bave 

cross-sectionai areas sirnilar to type IIa fibers and that there is a progressive increase in 

fiber cross-sectionai areas in type II fibers starting with Ila, which are the srnaIlest, 

followed by iIx and then IIEi. 

The effect of CsA and FK506 on the cross-sectional areas was insignificant for al1 

fiber types except for type IIb where we found a significant (P<0.05) 8.9 and 20.3% 

decrease with CsA and FKSO6 treatments, respectively. 

These results indicate that 2 weeks of CsA and FK506 treatment had a certain 

effect on the fiber cross-sectional areas of the soleus but they aiso influenced the size of 

the large iIb fibers in the plantaris. 

Effects of CsA and FKSO6 on Metabolic Envme Activity 

The metabolic enzyme activity was assessed using rniukers of oxidative and 

glycolytic metabolism. Succinate dehydrogenase (SDH) is a key enzyme of the ci& 

acid cycle and therefore a good marker for oxidative metabolism. FAD-Iiriked glycerol- 

3-phosphate dehydrogenase (GPDH) is a key intermediate Linking giycolysis to the 

electron transport chah, making it a good marker of glycolytic metabolism. Specific 

activity of both SDH and GPDH, measured microphotometrically, were assessed in both 

the soleus and the plantaris muscles of veh, CsA- and FKSO6-treated mice. We then 

expressed these activities as a fiuiction of fiber cross-sectionai area. The results are 

shown in Figures 3-4 and 3-5 for the soleus muscle and Figures 3-6 and 3-7 for the 

plantan's muscle. 
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Figure 3-4: Sealtergram of succinate dehydrogenase (SDH) activity versus the CSA of single 
soleus mnscle fibers expressing MHC types I (a, c) and na (b, d )  alter injections ofeither G A  
(a, 6) or FK-506 (c, d) compared to vehicle control. We administered veh, CsA and FU06 to 
mice for a 2 week period afier which the solei were excised, fiozen in isopentane and sectioned 
SDH activity was obtained h m  individual muscle tibers using a rnicrophotomeûic technique. 
Fibers were subsequently typed immunohistochernically for MHC composition and their CSA were 
obtained using an image analysis system. e, represents the mean SDH activity of the three groups. 
Values are means * S.E. optical demity per minute. Al1 groups had an n=4 except the FU06 
group with an n=3. Dagger denotes a statistical ciifference (pc0.05) fiam al1 conditions. 
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Figure 3-5: Scanergram of FAD-linked CPDH activiîy versus the CSA of single soleus 
muscle fibers expressing MHC types I (a, c) and IIa (b, d)  after injections of either CsA (a, 
b) or FK-506 (c, 4 compared to vehicle controi. Anhals were treated with veh, CsA or FU06 
for a 2 week period afier which the solei were excised, fiozen in isopentane and sectioned. 
GPDH activity was obtained in the same way as SDH fiom individual muscle fiben. e. shows the 
mean GPDH activity of the three groups. Values are means * S.E. optical density per minute. Al1 
groups had an n=4 except the FK506 group with an n=3. Note that there was no statistical 
differences (p0.05) between any of the groups. 



The mean values for the soleus muscle (Fig. 3-4e) show that the SDH activity of 

control type I fibers is 34.1% lower than that of iia which is nomal given that type IIa 

fibers are more oxidative that type I fibers. 

Now, if we compare the treatment groups to the control for both fiber types, we 

see that there are ody subtle differences (D0.05) between vehicle and CsA treated 

animals (Fig, 3-4e), which is aiso apparent from the scattergrams (Fig. 3-4a and b). 

FK506, on the other hand had a significant (P<O.OS) effect causing a 10.3% increase in 

activity for type I fibers and a 10.0% decrease in type iia fibers. This is also apparent in 

the scattergrarns (Fig. 3-4b and d) since the control and FK506 have distinct popdations 

(more apparent for type IIa, Fig. 3-4b). This shows FK506 but not CsA significantiy 

affected the SDH activity of the mouse soleus muscle. 

The mean GPDH activity of soleus fibers (Fig. 3-Se) showed the same between- 

fiber type tendencies as SDH activity, with type iia fibers having 46.1% higher activity 

than type 1 fibers. This is normal since the type Ua fibers are more glycolytic than type 1 

fibers. CsA and FKS06 treatment had but subtle effects on the GPDH activity of these 

fibers as seen by the lack of significance in the mean activity (Fig. 3-Se) and the 

supecimposed scattergrams (Fig. 3-Sa-d). 

The SDH activities of the plantaris muscle fibers (Fig. 3-7, lefi) are a Iittie more 

diverse than that of the soleus given there are four major fiber types instead of two. From 

the graph, we see that the mean SDH activity of type I fibers is lower than that of type 

iIa, which is nomal since type ïia fibers are said to be more oxidative than type 1. 

Looking at the type II fiber population (Fig. 3-7, left), it is evident that the mean SDH 

activity decreases in the order of ila>IIx>IIb fibers. Although there are tendencies for the 

SDH activity of type ïia and IIx fibers to decrease, and type iIb to increase following 



Figure 36: Scattergram of SDH activity (Mt column) and FAD-linked CPDH activity 
(right column) versus the CSA ofsingle plantaris muscle fibers expressing MHC types 1 (a, 
b), i ïa (c,d), IIx (e& and Ub (&A) after injections of either CsA or FK-506 compared to 
vehicle control. 



CsA and FU06 treaûnent, there were no significant differences in any of these groups 

(look at the superimposed scattergrams in Fig. 3-6% c, e and g). However, there was a 

significant (P<0.05)18.4% decrease in SDH activity of type 1 fibers caused by FKS06 

treatment showing a fiber type specific response to this calcineurin blocker. Note that 

statistical significance was not obtained for type 1 SDH activity since n=l. 

The GPDH activity of the plantaris muscle increases in the order of I<IIa<lIx4Ib 

fibers (Fig. 3-7, right). Although there was a tendency for CsA and FK506 to lower the 

mean GPDH activity, sometimes by as much as 20% (FK506 on iIb fibers), no significant 

differences were found between the groups as also demonstrated by the overlapping 

scattergrams (Fig. 3-6b, d, f and h). 

Taken together, we see that CsA had only subtle effects on SDH and GPDH 

activity. For its part, FK506 was only effective in decreasing the SDH activity of type 1 

fibers. The effects were only subtle with respect to the SDH activity of the type II fibers 

and the GPDH activity of al1 fiber types. 

Eflect of CsA and FK506 on the Transcript Lrvels ofMuscle Genes 

We determined so far that CsA and FK506 were not having a drarnatic effects on 

the protein composition and metabolic enzyme activity of both soleus and plantaris 

muscles. Since CsA and FK506 are inhibitors of calcineurin, a known regulator of 

transcription, it was important to find out if these drugs altered the transcript levels of 

muscle genes. To this end, we used an RT-PCR method with primers labeled with 3 '~ .  

The results are shown in Figure 3-8. 

For the soleus muscle (Fig. 3-8a and c), MHC 1 transcript levels were variable in 

that there were no simcant ciifferences between the control and the two h g  groups. 

The differences with respect to type Iia and Ilx MHC were also not significant. SERCA- 
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Figure 3-7: Mean SDH activity (lefî) and FADlinkeâ CPDH activity (rigbt ) of single plantaris muscle 
fibers expressing MHC types 1, Ila, [Ix and I lb after injections of either CsA or FK-506 compared to 
vehicle control. The values represent the mean * SE ODImin, with n=4 for each group except the FK506 
group, where n=3. Asferisks denotes a significant difference (P< 0.05) h m  Sham. Note that the mean 
GPDH activity was not significantIy different (P>0.05) between the three groups. 



2 did not seem to be aEected by FK506, but CsA significantly reduced its transcript level 

by 83% compared to control. GPDH transcript levels on the other hand were unchanged 

by CsA but significantly increased 3.6 fold with FU06 compared to control, which 

translates in an increase of 360%. 

CsA and FK506 also affected the transcript levels in the plantaris muscles to a 

certain extent. The transcript level of MHC 1, like that of the soleus, was highly variable 

and not significantly different between the groups. The MHC iia transcripts, on the other 

hand, were not influenced by CsA but did significantly decrease by 56% with FK506, 

MHC iix and SERCA-2 remained unchanged as did GPDH transcripts levels with both 

drugs. 

Taken together, we see that MHC 1 expression is variable even under normal 

conditions which makes it diffïcult to mess the extent to which the dmgs affect this 

gene. MHC Da transcripts appear to be decreasing with drug administration but this was 

only significant in FK506 treated plantari. CsA significantly decreased the SERCA-2 

transcript level in the soleus, whereas only subtle changes were seen in the plantaris. 

Finaily, both CsA and FK506 increased the GPDH transcript ievels in both muscles. 

However, this effect was only significant in the FK506 treated solei, 

Discussion 

There is mounting evidence that caicineurin is involved in regulating skeletal 

muscle proteins and metaboIic enzymes, and for the most part, our fmdings support this 

pretense. Administration of the dcineurin inhibitors cycIosporin A and FIS506 aitered 

the muscle fiber size and metabolic profile of slow and fast oxidative fiber types, but this 

was without any significant changes in fiber type proportions. There was aiso a 



Fiire 3-8. Tmasrript kvcb of MBC, SERCA-2 uid GPDH t o W i g  2 wulu of CsA rnd 
FKSOd treatments c o i i p o d  to eontrol. RNA was isoiated h m  the wbole d e i  excised h m  mice 
treated for 2 weeks with veh, CsA or FK5û6. The RNA was then reverse-tranxn'bed and amplified 
with PCR, a and 6, ethidium bmmide stained gels of ffptesentative RT-PCR products for MHC I,IIa, 
and Ilx dong with SERCA-2 and GPDH in botb salei (a) ad plantari 0. c and d relative 
abundance of RT-PCR promifts in salei and plantari respectively. VaIws represent means * SE. 
counts pet minute (cpm) of 32P labeued RT-PCR products h m  samples of individual anunals. They 
have been corrected for 28s trauscript leve1s (which served as our conmi) and are e x p d  relative 
to one anothet Except for Sham and CsA only grotp with an ~2 aiI groups have an n=3. h ü i s k s  
denotes a signincant diBirence (p4.05) h m  veh and a cdrgger denotes a signifiant difierence h m  
a u  groups, 



significant effect on the transcript levels where some slow genes were tumed off by drug 

treatment and some fast genes were turned on. Although it implies that caicineurin is 

involved, these transcriptionai changes were obviously not enough to translate into major 

phenotypic aiterations implying that the complete regulation of myofibrillar proteins and 

metabolic enzymes requires the involvetrient of upstream signals or the use of other 

signaling pathways acting in parallel, or both. 

The soleus is a slow hvitch muscle characterized as expressing slow and fast 

oxidative and fatigue resistant fibers (Hughes et al,, 1999). The finding that fibers 

expressing MHC 1 and Ila were the major populations in this muscle and the fact that ail 

cells had high SDH activity and low GPDH activity corroborates this notion. Aside fiom 

MHC composition and metabolism, fiber size is another factor that characterizes muscle 

fibers. It is well established that the fastest fibers have greater cross-sectional areas than 

slow fibers @unn et al., 1997; Dunn et al., 1999; Hughes et al., 1999) the purpose of 

which is believed to involve facilitating the diffusion of oxygen in the smaller oxidative 

cells (Hughes et al., 1999). if caicineurin is indeed a mediator of slow fiber gene 

expression, administration of the calcineurin inhibitors CsA and FKS06 should have 

decreased the proportion of type 1 fibers and increased the proportion of type Il fibers, 

and this in parallel with changes in fiber cross-sectionai area (Hughes et al., 1999). The 

extent of this transformation, which has a drug dose (Bigard et al., 2000) and treatment 

tirne dependency (Dun et al., 1999), wodd determine the resulting modified phenotype. 

That is, if the transformation wodd have gone fiom type 1 to iia, we should have seen a 

reduction in the type 1 population coordinated with an increase in type Ila fibers. This 

would have been M e r  indicated by an increase in the number of fibers with higher 

GPDH and SDH activities, and a srnalier cross-sectiond area. On the other han& if the 



transformation had proceeded towards IIx and iIb fiber types, these fibers would have 

iacreased in proportion dong with an inctease in GPDH activity, a decrease in SDH 

activity and an increase in fiber size. 

In this 2 week study on the effects of CsA and FK5M on muscle, there were no 

significant changes in the proportion of fibers in the soleus, nor were there any changes in 

GPDH activity. However, CsA and FU06 had a significant impact on fiber cross- 

sectionai area. Likewise, FK506, but not CsA, altered single fiber SDH activity. The 

changes in fiber cross-sectional area caused by CsA were in the same direction for both 

type I and iia thus decreasing relative to control. FK506, on the o tk r  hand, increased the 

fiber cross-sectional area of type [Ia fibers only. Although the changes in fiber cross- 

sectional area caused by CsA in typa 1 and FU06 in type Ua are in the direction of a 

slow to fast fiber type transition, as are the changes brought about by FK506 on SDH 

activity, the effect of CsA on type iia fibers opposes this transformation. It also marks a 

discrepancy between the two calcineurin blockers, which could be a short term ef'fect 

given that FK506 is a more potent inhibitor than CsA (Thompson, 1989) and knowing 

that over time (4 weeks), both drugs give comparable results (Dunn et a/. , L999). The 

opposite regulation by CsA could also be a consequence of this h g ' s  toxic effeçt on 

muscle mitochondria (Breil and Chariot, 1999) causing cellular atrophy. 

Recently, hdings by Bigard et ab (2000) showed that administration of CsA to 

rats did cause a shift fiom type 1 to Ha fibers seen by both changes in fiber proportions 

and a coordinated increase in the oxidative and glycolytic capacity. The discrepancies 

between their redis  and our findings on fiber proportions and GPDH activity are hard to 

reconcile considering the treatment conditions were very similar. However, the animal 

type may be a factor where the rats may be more predisposed to the drug's action relative 



to the mice in our study. Although one study found that the responsiveness of the rat and 

mouse to CsA is similar @unn et al., 1999), it is known that circulating blood levels of 

CsA are higher in rats (Bigard et al., 2000) compared to mice @unn et al., 1999). This 

could therefore explain why the degree of transformation in the rat is greater than in the 

mouse. It is also conceivable that the relative adaptability of these species to the 

treatment differs (Roy et al., 1995). 

The plantaris muscle is characterized as a fast twitch muscle, which expresses 

mainly type II fibers and a small population of type 1 fibers (Dunn and Michel, 1997). To 

determine the effect of CsA and FU06 on the expression of muscle fiber proteins in this 

muscle, we performed the same analyses as for the soleus. Ideally, this muscle would 

give us a good indication of the possible influence of calcineurin on metabolic enzyme 

expression since type IIa fibers are the most abundant in this mouse muscle (Fig 3-2b) 

and display a high oxidative and glycolytic profile relative to type 1 fibers (Rivero et al., 

1999; Dunn et al., 1997). Judging from the metabolic activity (Fig. 3-6, 3-7) and the 

fiber type proportions (Fig. 3-2b) of the different groups, there were drug-induced effects 

on the type iI fibers. Although the dnigs did not affect the proportion of type 1 fibers, 

FK506 did significantly decrease the SDH activity of fibers expressing MHC 1. This is 

logical since calcineurin is thought to be responsible for the specific up-regulation of 

slow fiber specific genes including those for oxidative enzymes and blocking its activity 

should decrease, not increase, their expression (Bigard et al., 2000; Dunn et al., 1999; 

Olson and Williams, 2000; Naya et al., 2000; Delling et al., 2000; Chin et al., 1998; Wu 

et al,, 2000) as ive have found. 

The decrease in plantaris SDH activity brought about by FK506 are not seen in 

the soleus muscle (Fig. 3-4e) just like the changes in soleus SDH activity brought about 



by the sarne h g  are not seen in the plantaris (Fig. 3-7, lefi). These diierent responses 

could be reminiscent of muscle specific regulation. This hypothesis is plausible given 

that other studies have fond a dis-coordinated regulation of calcineurin on the soleus and 

plantaris muscles of rats (Bigard et al., 2000). 

The major indication of an important roie for calcineurin in the expression of 

muscle fiber proteins was obtained fiom studies on the transcript level of certain genes. 

in the soleus, CsA down-regulated the slow SERCA-2 gene while FK506 had no effect. 

On the other hand, FK506 significantiy increased the expression of the GPDH gene in the 

soleus with no change using CsA. The uncoordinated effect of both drugs is not limited 

to the soleus muscle since the MHC Da transcript level was decreased by FK506 with no 

apparent effect using CsA in the plantaris muscle. 

It is dificult to corne to terms with the discrepant activities of both calcineurin 

inhibitors, but it may relate to their relative potencies (Thompson, 1989), where FK506 is 

more potent than CsA as a result of its effects on other signaling pathways (Almawi and 

Melemedjian, 2000) and the timeline of their action on caIcineurin @unn et al., 1999). 

So perhaps the two-week t h e  point was not enough for both FK506 and CsA to cause 

observable changes in the same genes. More side-by-side studies of CsA and FU06 in 

vivo will have to be done to address this issue. 

Another interesting notion in this study were the discrepant results between the 

soleus and plantaris muscle where SERCA-2 and GPDH transcript ievels are altered in 

the soleus and only the MHC Ila gene transcript is affectai in the plantaris again 

suggesting that calcineurin mediates a muscIe specific response. 

Notwithstanding the discrepancies, the fact remains tbat the alterations in gene 

transcript levels that occurred did so in a fashion representing a mvitch fiom a slow to a 



fast phenotype, the expected result of such treatments (Chin et al., 1998; Bigard et al., 

2000). This is evident since SERCA-2 is normally hi& in slow fibers and its down- 

tegulation demonstrates a tendency towards a faster phenotype. This same conclusion 

c m  be cxtended to the plantaris where the Da gene is down regulated presumably because 

of a transformation to faster type Iu( and iIb fibers. However the failure of al1 genes to 

respond CO calcineurin inhibitors leads us to conclude that there is a requirement for other 

signaiing pathways such as the MAP-kinase pathway (Murgia et al., 2000) or the AMP- 

activated protein kinase pathway (W inder et al., 2000). The lack of coordination between 

gene transcript Ievet and protein expression (Le. increase in iia gene but not protein) aiso 

suggests that there are post-transcriptional mechanisms at play that reguiate translation of 

the gene (Schiaffino and Reggiani, 1996). 

One interesthg result obtained from this study was the up-regulation of the 

GPDH gene transcript by FK506 in the soleus. The response per se is not abnormal given 

that GPDH is aiso the first enzyme to be changed with activity and maybe a 'trigger' of 

MHC changes @unn and Michel, 1997) but the implication ofcalcineurin in this process 

was certainly unexpected. The fact that a said-to-be fast gene is increased in response to 

calcineurin inhiiitors raises the possibility that calcineurin also mediates an inhibitory 

response in fast genes. Although to date the transcription factors that respond to 

calcineurin activity are al1 activators of transcription, it is possible chat inhibitors such as 

the protein encoded by Wilms' tumor (WT-1) gene (Lodish et al., 1995) are also 

reguiated by caicineurin. 

In surnmary, we used fiber type proportions, metaboIic enzyme assays and gene 

transcript levels to mess  the efEects of cdcineurin inhibition by CsA and FK506 on 

muscle fiber characteristics. We found that neither CsA nor FK506 aItered the fiber 



proportions of the soleus or plantaris muscles. However, the fiber cross-sectional area of 

the soleus fibers were negatively and positively affected by CsA and FKS06, 

cespectively, whereas both dmgs decreased the fiber cross-sectionai area of type iib 

plantaris fibers. Aithough glycolytic metabolism was not altered in either muscle, FK506 

increased the SDH activity of type 1 soleus fibers and decreased the SDH activity of type 

IIa soleus and type 1 plantaris fibers. As far as fiber type transformations, the ody major 

fmdings were at the transcnpt level where there seems to be a shift towards a faster 

phenotype. There is also evidence showing that caicineurin may activate inhibitors of 

transcription such that when slow genes are activated, the fast genes are coordinately 

down regulated. This is not a general response since the soleus genes are regulated 

differentîy then those of plantaris indicating calcineurin's activity is also muscle type 

specific. Taken together, we can conclude that caicineurin is not the ody mediator of 

neural activity under nomal conditions. Cross-talk between the pathway involving 

calcineurin and other signaling pathways may be responsible for the cornplexity and the 

variability of skeletal muscle fibers. 



Chapter 4 

Calcineurin is a Partial Regulator of 
Metabolic Enzyme Activity 
Under Conditions of Increased Activity 

Abstract 

Calcineurin has recently been suggested to be a mediator of the nerve-derived 

intracellular signaling responsible for regulating the slow fiber phenotype. Although 

there are a number of studies that relate calcineurin and MHC expression, oniy a few 

have dealt with this molecule's exact role in regulating metabolic gene expression. Even 

if these studies show calcineurin to be implicated with metabolic activity, we found in the 

previous chapter that inhibiting calcineurin did not have drastic affects on this activity 

under normal weight bearing conditions. This lack of a parallel between calcineurin and 

normal cage activity is not surprising since others have shown that calcineurin is involved 

only under conditions of increased activity with ensuing fiber type transfomations. in 

this study, we measured fiber type proportions, cross-sectional area and metabolic 

activity of functionally overloaded mice injected with CsA and FU06 in order to 

detenuine if the role of calcineurin is indeed limited to fibers undergohg activity-induced 



transformations and if so, assess its implication in metablic enzyme gene regulation. 

We found that CsA and FKSO6 did not change the fiber type proportion or fiber size of 

the mouse plantaris muscle under normal weight bearing conditions but they did inhibit 

any changes in these properties, which nomally occur with overload. Furthemore, we 

found that both h g s  partially blocked the overload-induced changes in metabolic 

activity. However, the fact that none of the values were Mly restored to control levels 

suggests that other pathways are involved in the fast to slow fiber transition brought 

about by overload. 

Introduction 

The metabolic profile of a muscle fiber is reflective of its physiological activity 

and protein composition (Rivero et al., 1999; Dunn and Michel, 1997). Fibers that are 

characterized as being oxidative in nature contract slowly and express type 1 MHC 

whereas fibers characterized as king glycolytic in nature contract rapidly and express 

type 11 MHC (Schiaffino and Reggiani, 1996). Oxidative capacity and glycolytic 

potential have ken shown to be related to MHC composition in that fiber types can be 

differentiated on the bais  of metabolic enzyme activity, size and ATPase activity (Rivero 

et al., 1999). The fact that increases in the single muscle fiber levels of NADH (Jacobs- 

El et al., 1993) and decreases in GPDH (Dm and Michel, 1997) precede 

transformations of MHC isoforms iinplies that the metabolic profile m y  play an 

important d e  in regulating the MHC composition of a fiber @unn and Michel, 1997). 

Even so, much enzyme variability exists in a s m e  fiber population questionhg this role. 

Consequently, there must be other fhctors that act as regdators or partial regdators of 

proteins and metaboiic enzymes in muscl. 



Neural activation has been shown to be responsible in part for controlling MHC 

composition and metabolic activity of muscle fibers (Hennig and Lomo, 1985). Besides 

a change in MHC composition, decreases and increases in activity affect both oxidative 

and glycolytic metabolism as measured by specific enzyme markets (Pette and Vrbova, 

1999; Acker et al., 1987; Dunn and Michel, 1997; Mayne et al., 1996). Particularly, 

during increased activity, there is an overall increase in oxidative metabolism and a 

decrease in glycolytic metabolism reminiscent of a fiber type conversion towards slower 

and more efficient energy utilization (Pette and Vrbova, 1999; Acker et al., 1987; Dunn 

and Michel, 1997; Mayne et al., 1996). 

One of the issues with regards to this is the mechanism by which neural activation 

translates into phenotypic modifications. Converging lines of evidence suggest that this 

mechanism involves the ~a~+lcalmodulin dependent phosphatase, calchewin. 

Calcineurin has recently been implicated in maintaining fiber specific characteristics by 

activating slow muscle promoters (Chin et al., 1998). There is also evidence that 

calcineurin is involved in controlling metabolic activity where CsA was found to 

decrease the oxidative capacity of transplant recipients receiving treatment levels of the 

drug (Breil and Chariot, 1999; Rezzani et al., 1999; Jansen et al., 2000) and 

experllnentally when administered to rats (Bigard et al., 2000; Biring et al., 1998; 

Hokanson et al., 1995; Mercier et al., 1995). in the last chapter, we studied this issue 

using the mouse as the treatment animal. Our findings do not support a direct 

reiationship between calcineurin and metabolic activity since the use of CsA and FK506 

failed to alter the oxidative and glycolytic enzymes of both the soleus and plantaris 

muscles. This is in support of two studies by Dunn et al. (1999, 2000), which show 

calcineurin to be involved in muscle fiber adaptations under conditions of increased 



muscle activity, in there case during muscle hypertrophy (Dun et al., 1999; Dunn et al., 

2000). in light of this, it is quite conceivable that caicineurin does play a role in 

controlling the muscle fiber's metabolic profile but only under conditions of increased 

activity. 

There has however been some controversy as to caicineurin's involvement in 

mediating the hypertrophie response. Although Dunn et al. (1999) have shown that CsA 

and FK506, specific inhibitors of caicinewin, alleviate any changes in fiber size and type 

normally associated with hypertrophy (Dunn et al., 1999), the implication of calcineurin 

in this response was opposed by the finding that over expression of an activated fonn of 

caicineurin does not result in the size-change component of hypertrophy (Naya et al., 

2000). This is an indication that upstrem effectors, such as mechanical loading, are 

prerequisites to caicineurin-mediated transformations, a notion confirmed by Dunn er al. 

(2000). 

One-way of resolving this debate and to determine if calcineurin regulates the 

transcription of metabolic enzymes is to investigate the role of CsA on another seemingly 

normal hypertrophy associated-transformation: changing metabolic activity. During the 

course of hypertrophy there is an initial drop in SDH and GPDH activity, apparent after 2 

weeks, which recovers to a normal level by 6 weeks (Dunn and Michel, 1997). if in fact 

calcineurin is involved in hypectmphy, there is reason to believe that inhibiting rhis 

phosphatase may eliminate this activity-induced change in metabolic activity. 

We therefore tested the hypothesis that caicineurin is crucial for the metabolic 

enzyme changes brought about by fiinctional overload. We addressed this issue by 

measuring microphotomeûicaily the effect of CsA and FU06 on the metabolic changes 

in the mouse that occur d e r  2 weeks of overloading the plantaris muscle. We found that 



CsA partially blocks the overload-induced changes in metabolic activity whereas FKS06 

was not as efficient. Also, changes at the protein Ievel did not match those at the 

transcript level suggesting pst-translational mechanisms are at work. in most cases, the 

level of activity following drug treatment does not return to control levels irnplying that 

even though calcineurin plays a role in regulating the transcription of metabolic enzymes 

of muscle fibers, other pathways are also contributing. 

Method 

Animal Care 

Male CD-1 mice (3 :3.5 g) obtained fonn Charles River Laboratories (St. 

Constant, Quebec, Canada) were housed in a temperature-controlled animal holding 

facility and maintained on a 12:12-h light-dark cycle. Animais were confined 

individually to plastic cages and were provided with food and water ad libiium. The 

anirnals were cared for in accordance with the guidelines set by the Canadian Council on 

Animal Care. AI1 surgical procedures were perfonned under aseptic conditions on 

animals anesthetized by intra-muscular injections of 1,2pVg of 100mg/ml ketamine 

hydrochioride and 20mg/ml xyiazine in a volume ratio of 1.6: 1. 

Plunturis ûverhd and Drug Adminisiration 

Animals were randomly placed into three groups receiving injections of veh 

(cremophor EL), cyclosporin A (CsA, 25mg/kg subcutaneously) or FK506 (3mgkg 

subcutaneously). Following the first injection, animals were randomly assigned to the 

overload (OV) or s h  groups. The plantaris muscle of each hind limb was overloaded 

via surgical removal of the soleus and gastrocnemius muscles as described previously 



@unn and Michel, 1997). The sham animais undenvent the sarne surgical procedure 

without muscle ablation. Overload and dnig treatment combinations amounted to the 

formation of six experimental p u p s  1) the sham injected with vehicle (Sham-veh), 2) 

the sham injected with CsA (CsA only), 3) the sham injected with EX506 (FK506 only), 

4) the OV injected with vehicle (OV-veh), 5) the OV injected with CsA (OV-CsA) and 6) 

the OV injected with FK506 (OV-FK506). For overloaded animals, access to food was 

adjusted to promote usage of the hind limb musculature during feeding. Injections were 

given twice daily and ail treatments lasted two weeks over which the health, growth and 

locomotor activities were monitored before each injection. 

Since the dosage of CsA and FK506 were the same as those previously used 

(Dunn et al., 1999), we can assume that the blood CsA and FK506 levels were also very 

similar. 

Tissue Preparation 

Solei and plantari fiom animais in ail groups were excised, quick Frozen in 

isopentane pre-cooled with liquid nitrogen, and subsequently stored at -80°C until 

processing. 

ImmunohrSrochemrStry 

Serial sections (10 pn) were cut at -m0C using a cryostat (Reichart-Jung, 

Heidelberg, Germany), recovered onto superiiost slides and placed within a humidified 

chamber at room temperature (RT) to thaw. AU tissue sections were incubated for 30 

min in a blocking solution consisting of 25 mM phosphate buffered saiine (PBS; pH 7.4) 

containing 5% goat serum (Sigma, St-Louis, MO). Sections were subsequently incubated 



for 4 hours at RT in working dilutions of either mouse monoclonal antibodies raised 

against type IIa MHC (SC-71; 1:100), IIb (BF-F3; 1:100), al1 but ïix (BF-35; 1:25) and 

adult isoforrns of type 1 MHC (BA-F8; 1:lOO). Sections were rinsed with PBS (3x10 

min) and incubated at RT in peroxidase-conjugated goat anti-mouse irnmunoglobin (Ig) 

G, in the case of 1 MHC, IIa MHC and al1 but IIx MHC (150 for 1 and 11% 1:25 for IIx), 

and Ig M in the case of iIb MHC (1 50) each for 2h. M e r  another PBS rinse, the bond 

antibodies were visualized using diaminobenzidine @AB) as a chromogen. Tissues were 

air-dried and mounted with glycerin jeily. 

Fiber Type Proportions 

The MHC composition of each muscle (n = 4 per group) was determined as 

follows. Three different images fiom the mid-belly cross section of each muscle were 

captured at a magnification of 100 times each containing approximately 150 fibers. Fiber 

type proportions were determined by counting the number of stained fibers relative to 

unstained fibers in each area of a section probed with antibodies for the different MHC 

types. From these, the fiber type proportions were calculated for each muscle then the 

average was taken for each group. 

Quantitative Hbtochemical Determination ofSingle Fiber Eniyme Activity 

Metabolic enzyme activity was assessed in the plantari fiom al1 groups using 

succinate dehydrogenase (SDH) as a marker of oxidative metabolism and FAD-ünked 

Glycerol-3-phosphate dehydrogenase (GPDH) as a marker of glycolytic activity. The 

method consists of following the reduction reaction of Nitro Blue Tetrazolium. When 

this compound accepts electrons, it is reduced to diformazan salt, an insoluble precipitate. 



Since the amount of electrons available is dependent on the enzyme concentration, the 

reduction rate of NBT is a good measure of enzyme activity. 

Rate measurements are made by finding the optical density of a tissue slice at 

timed intervais using a computer assisted image anaiysis system. The imaging apparatus 

and software consists of a microscope equipped with a mini-camera interfaced with a 

computer and monitor @unn and Michel, 1997). images were filtered (540nm), 

captured, saved and processed with an image-analysis sofhvare program (Media 

Cybemetics, Silver Spring, MD) 

For SDH activity measurements, serial cross sections (1Opm) were cut (-20°C) 

fiom the plantaris muscle mid-belly, recovered on superfirost slides (Fisher Scient&), 

inverted and secured to a reaction charnber mounted on a temperature controlled slide 

holder al1 of which was clamped to the microscope stage. Al1 reactions where done in 

absence of Iight at 23'C. A substrate-free blank solution containing 1 mM NaN3, 1 mM 

1-methoxy-phenazine methosulfate (mPMS), 1.5 mM NBT and 5 m M  EDTA in lOOmM 

sodium phosphate bufTer (pH 7.6) was added to the chamber for 10 min to dlow non- 

specific staining to plateau. The blank was subsequently removed and replaced with a 

substrate solution containing the same reagents as above plus 48 mM succinic acid. 

Upon addition of the substrate solution, images were taken every minute for 5 min. 

During this tirne, increases in opticai density (OD) are linear (data not shown). 

For GPDH activity measurements, seriai sections (14 pm) were cut, recovered on 

glas cover slips and distributed evenly between two coplin jars kept at -20°C. A blank 

solution containing 1 m M  NaN3, 1 mM mPMS, 1.2 m M  NBT in IOOmM Sodium 

Phosphate BuGer (pH 7.437"C) was added to one jar and the same solution of the above 

reagents plus 9.3 mM a-glycerophosphate was introduced to the other for the substrate 



reaction. Both jars were incubated in the dark for 23 min (iinear phase; data not shown) 

at 37OC. The reactions were then stopped by extensive rinsing with distilled water (5 

times plus 3 x 1 min). The sections were air dried and mounted onto slides with glycerin 

jelly (Sigma). Images of both the blank (considered as t h e  0) and end-point substrate 

reactions were captured and processed for OD analysis. 

Anaiysis for both enzymes was carried out by tracing each selected individual ce11 

using an interactive cursor, and storing the resulting area of interest ont0 a disk. The 

average grayness for al1 pixels within this traced area was determined across al1 saved 

sequential images and converted to an OD value. The enzyme specific activities were 

expressed as the change of OD over time (ODJmin; average ? > 0.995). The cross 

sectionai area of each traced ce11 was also determined h m  these images. 

R T-PCR 

RT-PCR analysis methods were used to assess the relative expression of specific 

muscle genes. RNA was extracted (Gauthier et al., 1997) from the distai portions of the 

soleus and plantaris muscles of which 2pg were reverse transcribed as described (Dunn et 

al., 1999). 

For PCR amplification of MHC 1, IIx, and Ub cDNAs, we used a 5' common 

primer designed h m  rat cDNA sequence ( s ~ ~ ~ ~ ~ ~ ~ ~ G G A C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 ' ,  

corresponding to cDNA positions 101-123) and isotype-specific 3' primers encoding 

nonhomologous regions of these genes: 1 ("GATCTACTCTTCATTCAGGC~~, 

complementary to cDNA positions 533-552), Iur 

( s ~ ~ ~ ~ ~ T T T ~ ~ ~ ~ ~ ~ T l " T ~ ~ ~ ~ ~ ~ y ,  complementaiy to cDNA positions 560-582), 

and IIb ( 5 ' ~ ~ ~ ~ ~ ~ ~ ~ T l T ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 1 ,  cornplementary to cDNA positions 



351-373), respectively, as described previously @unn et al., 1999). MHC Ua cDNA was 

amplified with the foffowing 5' and 3' primers: S'AAGCGAAGAGTAAGGCTGTC3' 

and SfGTGAnGCTTGCAAAGGAAC3' (complementary to 3' UTR), respectively, as 

described previously (Lu et al., 1999). The slow-type sarcoplasmic and endoplasmic 

reticulum Ca2+ pump (SERCAZ) pcimen that were used had the following sequences: 

forward primer "TGCCTGGTGGAGAAGATGAATG~' (position 1549-1570) and 

reverse primer "CTGTTTGACACCAGGAGTCATG~' (position 18 15- 1836) (Accession 

number AJ223584). The GPDH primers had the followuig sequences: forward primer 

"CAATCTTTGCCTCCTTGAAGG~' (position 1474-1494) and reverse primer 

5 ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ G C ? '  (position 1052-1 O7 1) (Accession number U08027). 

The 5' and 3' pimers for 28s nbosomal sub-unit used as control were designed fiom the 

rat cDNA sequence (GenBankTME~l ACM11167) were 

"TTGTTGCCATGGTAATCCTGCTCAGTACG~' (comsponding to cDNA positions 

4535-4565) and 5 ' ~ ~ ~ ~ ~ ~ T T ~ ~ ~ ~ ~ ~ ~ T T ~ ~ ~ ~ ~ ~ ~ A A ~ ~ ~ ~ 3 '  (complementary to 

cDNA positions 4667-4638). Quantitative PCR required IabeIing of the sense primers 

with y3'p with T4 polynuckotide kinase (Amershm Pharmacia Biotech), and PCR 

amplification was done using 2.5 pl of RT sarnple added to a reaction mixture containhg 

10 x PCR buffer, 0.65 unit of Taq polyrnerase (both fiom Quiagen), 10 pmol of both 

forward and reverse primers, and 5 mM dNTP (Life Technologies). The total volume of 

the reaction was 25 pl, Amplification conditions consisted of 1-min denaturation at 94 

OC, 1-min anneding at 55OC, and 1-min extension at 72 OC for 11-32 cycles (linear 

phase). PCR products were electrophoresed on 1% agarose gels and visualized with 

ethidiurn bromide. For quantification, individual product bands and representative 

background were excisai from each gel lane and subjected to Cerenkov counting (cpm). 



Mean enzyme activities, fiber cross-sectionai area, and MHC proportions were 

compared behveen groups using a one-way anaiysis of variance (ANOVA) and a 

Student-Newman-Keuls post hoc procedure. When the assumptions for ANOVA were 

not justifiecl, a non-parametric Kniskal-Wallis test was performed. 

Results 

Animal Behavior and Body Mass During and Following Treatments 

Animais were monitored on a daily basis for signs of poor heaith, abnormal 

behavior, locomotor activity and growth. At no time during the course of the treatment 

could we see abnormaiities in the first three parameters except for slightly weaker planta 

flexion on the part of dnig treated overloaded animals. Animal growth, as assessed by 

increases in body mass, was also una.€fected (P>0.05) by the calcineurin inhibitors as 

demonstrated in Table 4-1. 

Table 4-1: Mean body weight of  animals before and after respective treatments (@SE) 

Before 33.Sk0.8 33.011.0 3 1.5k0.9 35.0I0.4 32.8k0.2 34.3k0.8 

After 34.e3.6 34.aI3.6 33.011.7 35.0rt2.9 3 1 .5*1.3 3 1.412.0 

No signifiant difference (P>0.05) could be found. 

Proportion of Fibers fipressing Direrent MHC Isoforms Within the Plantaris Muscle 

Following Veh, C d  and FK506 Treatments Under Normal and Overload Conditions 

Myosin heavy chahs are hallmarks of fiber type so immunostainhg for MHC was 

used to assess the fiber type changes that occur in the plantaris during ovedoad folIowing 

treatment with vehicle, CsA and FKSO6. 



The plantaris muscle is predorninautly fast, expressing mainiy type II fibers (Fig. 

4-1) and a d proportion of type 1. As we showed in chapter 3, control animals 

express on average 0.8% type 1 fibers, 40.9% type Da fibers as well as 28.3 and 26.6% 

type tix and Ilb fibers respectively. We also showed that neither CsA nor FK506 

treatment under normal weight bearing conditions significantly affected the fiber 

proportions. 

However, the nomal distribution is greatly altered by overload and the response 

varies with fiber type. The proportion of type 1 and IIa fibers have a tendency to increase 

with OV compared to Sham-veh, whereas type iIx and iIb fibers show opposite 

tendencies. This change in fiber proportions was only found to be significant in type Ux 

fibers, which showed a 50.1% decrease compared to CsA injected animals. 

CsA and FK506 treatments of overloaded anirnals have a tendency to prevent the 

changes brought about by overload. The proportion of type I fibers drops down siightly 

below that of OV animais but not, however, back to control levels. Type IIa proportions 

were fuily restored to levels below that of control with both drugs. Overloaded type Ux 

fibers recovered MIy to control levels with both drugs and were significantly different 

fiom their vehicle treated counterpart. In IIb fibers, there were no significant differences 

between any groups. 

In summary, overload either increases (1 and IIa) or decreases (IIx) the fiber type 

proportions and administration of CsA and FK506 brings these values back closer to 

control levels. 
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Figure 4-1: Proportion of fibers expressing different MHC isoforms within the 
plantaris muscle following veb, Cyclosponn A and FKS06 treatments under 
normal and overload conditions. Sham-operated (Sham) and overloaded (OV) 
animals were treated for 2 weeks with vehicle (veh), Cyclosporin A (CsA) or FK506. 
Fiber proportions were calculated by counting the number of fibers staining with 
antibodies raised against the major MHC isoforms. Values are means SE and n=4 
for al1 groups except FK-506 only group with n=3. a denotes a significant difference 
(p< 0.05) fiom the CsA only group. 



Eflect of Overload on Muscle Size and Fiber CrossSectional Areu in the Plantaris 

Muscle Following Veh, CsA and FK506 Treatments 

Muscle size was assessed by comparing the muscle-wet weight (MW) over 

animai body weight (BW) ratio for the different conditions and the data are presented in 

Figure 4-2. CsA and FK506 treatment alone did not change the muscle size compared to 

Sham-veh, whereas functionai ovedoad caused a significant increase in muscle size 

(P<O.OS). CsA and FU06 treatment of overloaded animals did not completely block the 

overload response but the muscle size was less han that of OV-veh animais. These 

observations are M e r  supported by anaiysis of the fiber cross-sectionai areas. 

Fiber cross-sectional mas were measwed using an image anaiysis system by 

circling individual cells of images captured from a microscope with an interactive cursor 

to get a pixel count, which was then coovected to the tiber area in pn2. Results from the 

plantaris muscle with the different treatments are shown in Figure 4-3. Functional 

overload significantly increased the cross-sectional area of type 1 fibers relative to the 

CsA-only group. CsA completely blocked the change in cross-sectional atea caused by 

overload whereas FK506 did not. Caution must be taken in interpreting this data since 

there is high variability in the values for the latter condition. In type Da fibers, the first 

apparent difference between the groups is the significant 32.8% increase in type Ua fiber 

cross-sectionai area in the overload group compared to control. It is evident fiom the 

graph that neither CsA nor FK506 adrninistered alone have a significant effect on cross- 

sectional area Looking at the OV-CsA and OV-FK506 groups, it is clear that 

administration of the dmgs to overIoaded animais preventcd any significant changes in 

fiber size from occurring. A similar trend is also seen with type iix fibers. The OV 

group has cross-sectional area values above those of Sham-veh, CsA only and FK506 



Figure 4-2 Plantaris wet weigbt (MW) relative ta animai body weigbt (BW) 01 sham- 
operated (Sham) and overloaded (OV) mire followiag 2 weekr of vehicle, cyclosporin A or 
FKS06 treatment. Values are mean * S. E. and n= 6-8 muscies/îreahnent. Double dagger denotes 
a signifîcant difference (P< 0.05) fiom sharn-veh, CsA-only and FK506-only groups. 
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Figure 4.3: Mean Ciber cross-sectional area (CSA) of Sham and overloaded mouse plantaris muscle 
fibcn typed for MHC following treatment with veh, CsA or  FK506. We administered veh, CsA or 
FM06 to Sham and OV animals for a 2 week period after which the plantari were excised, fiozen in 
isopentane and sectioned. Fiben were typed imrnunohistochemicaily for MHC composition and the CSA 
was obtained using an image analysis system, Values are means * S.E. pmZ and d l  groups had an n=4 
except FU06 only group with n=3. a, b, d and e denote significant differences (p<0.05) fiom CsA only, 
FK506 only, OV-CsA and OV-FK506 groups, cespectively, and dagger denotes a significant difference (p 
< 0.05) fiom al1 conditions. 



only groups. Coupling OV and drug treatments significantly inhibited the overload 

response the extent of which varied with the h g .  CsA decreased the cross-sectional 

area of overloaded animais to levels below that of control to about the same values 

obtained with the h g  alone. On the contrary, FK506 returned the cross-sectional area to 

levels similar to control and above that obtained with the h g  alone. Type Ub fibers had 

a response to overload that was less pronounced than al1 other fiber types. In fact, they 

did not seem to increase in size during overload compared to control fibers but there was 

a significant increase compared to CsA only and FK506 only groups. Furthemore, CsA 

and FK506 treatment to overloaded animais completely blocked al1 size increases 

nonnally attributed to this condition. Taken together, we see that overload increases the 

cross-sectionai area of almost al1 fibers compared to control. CsA and FK506 generally 

blocked increases in cross-sectional area characteristic of muscle overload. The 

combination of OV and drug treatment either brings the cross-sectional area back to, or 

lower than, control levels. 

Eflects of Cd and FK506 on Metabolic Enwme Activily 

Metabolic enzyme profile was assessed by studying markers of oxidative and 

giycolytic metabolism. Succinate dehydrogenase (SDH) is a key enzyme of the citric 

acid cycle and therefore a good marker of oxidative metabolism. FAD-linked glycerol-3- 

phosphate dehydrogenase (GPDH) is a key intermediate linking glycolysis to the electron 

transport chah, making it a good marker of glycoIytic metabolism. Specific activity of 

both SDH and GPDH measured microphotometrically were assessed in the plantari of 

sham, CsA, FK506, OV, OV-CsA and OV-FK506 treated groups. We then expressed the 

activity as a function of fiber cross-sectional area. These results are shown in scattergram 
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Figure 4-4: Scattergram o f  SDE activity versus the CSA of single plantaris muscle fibers 
expressing MHC types 1 (a,b), IIa (cd), i I x  (e, f) and Ub (g, h) alter veh, CsA and FK506 
injections under normal and overload conditions. SDH activity was measured as previously 
described. Lefi compares sham and OV-veh plots and righî compares OV-veh with OV-CsA and OV- 
FKSO6. 
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Figure 45: Scattergram of FAD-linked GPDH activily versus the CSA of single plantaris muscle 
fiben expressing MHC types 1 (a, b), Ila (cDdh i I x  (efi and Ub (&A) after veb, CsA and FK5û6 
injections during normal and overioad conditions. GPDH activity was measured as previously 
descnid. Left, compares sham and OV-veh plots and right compares OV-veh with OV-CSA and OV- 
FK506. 



format in Figwes 4-4 and 4-6 for SDH and Figwes 4-5 and 4-6 for GPDH. The means 

for ail groups are shown in Figure 4-7. 

The effect of overload on SDH activity of type 1 fibers is difficult to assess since 

they are present but in low numbers. However fiom the data collected, there is a 

significant decrease in SDH activity in OV-veh compared to S h d v e h  (Fig 4-4a), which 

is made obvious when comparing the means for both groups (Fig. 4-7a). Treatment of 

overloaded aaimals with CsA and FK506 did not aiter the SDH activity of type 1 fibers 

(Fig. 4-4b) so the SDH activity of these cells remained well below those of Shamlveh 

(Fig. 4-6a). 

The SDH activity of type Da (Fig. 4-4c) and IIx (Fig. 4-4e) fibers decreased 

significantly with overload compared to control. Two distinct populations, Sham-veh 

and OV-veh, are clearly seen on both scattergrams. The mean activities are shown in 

Figure 4-7a where there is a significant 28.3% (Ha) and 30.8% (Ux) decrease in activity 

in OV-veh compared to control. 

When overloaded animals were treated with CsA and FK506, the response of the 

iia and iix fibers to increased activity was dtered. As we can see fiom the scattergrams 

(Fig. 4-4d, f), IIa and Ux fibers fiom animals treated with CsA have slightly higher SDH 

activities than OV with values approaching those of control (Fig. 4-6c, e) whereas FK506 

does not affect the response, with eazymatic activity rernaining comparable to OV values 

and significantly different fiom control. This is better seen fiom the bar graph (Figure 4- 

7a) where the mean SDH activity of iIa and fi fibers are higher in the OV-CsA group 

compared to OV. The relative direction of CsA's effect is towards that of control, 

aithough it finds itselfto have retumed to levels of the CsA-only group. 
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Figure 46: Scattergram of SDH activity (leit) and FAD-linked CPDH activity (right) versus the 
CSA of single plantaris muscle fibers expressing MHC types 1 (a, b), I la  (c,d), Ux (eJ) and I lb (g&) 
after veb, CsA and FKS06 injections durhg normal and overload conditions. SHD and GPDH 
activities were measured as previously descriied. Al1 graphs compare Sham-veh wiih OV-CsA and OV- 
FK506 plots. 



The effects of overload on SDH activity and the impact of both dnigs are absent 

in type III, fibers where al1 populations on the scattergrams are overlapping (Figs. 44g, h 

and 4-6g) and the only significant differences between the means of these groups are 

between OV-CsA, CsA-only and OV-FK506 as seen in the bar graph (Fig. 4-7a). 

The effects of overload on GPDH activity (Fig. 4-7b) are very sirnilar to those for 

SDH activity except this t h e  the cbanges are more pronounced in 1% and decreased 

from type Iu(> type Da fibers, which are the least aEected. Although no response was 

seen with regards to type 1 fibers (Figs. 4-5a and 4-7b), overload significantly decreased 

the GPDH activity of type IIa, iIx and iib compared to Shamlveh as shown in both the 

scattergrams (Fig. 4-5c, e, g) by the separate populations, and the graph of means (Fig. 4- 

7b). CsA administration recovered some of the activity lost to overload by retuming 

them to control levels for IIa and to the levels obtained in the CsA-only group for type IIx 

and Iïb (Fig. 4-5d, f, and h; Fig. 4-6d, f, and h; Fig, 4-7b). FK506 also restores the 

GPDH activity of overloaded type IIa fibers near control ievels. However, type IIx and 

üb fibers are not affected by this h g ,  maintainhg activities near those of the OV-veh 

group and significantly different fiorn control (Fig. 4-5f and h; Fig. 4-6f and h; Fig. 4- 

7b). 

Taken together, we see that CsA and FU-O6 recover some of the SDH and GPDH 

+ activity lost during overload. In addition, CsA had a more significant effect on enzyme 

activity then FK506, which caused a variable response between the fiber types. 

Eflect of CsA and FKSû6 on the Trainscript LeveIis ofcertain Genes 

We determined so far that CsA and FK506 are having an effect on the protein 

composition of muscles, yet this effect is only subtle in most cases. Since CsA and 
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Figure 4-7: Mean SDH (a) and CPDH (b) activity of single plantaris muscle iibers expressing MHC 
types 1, Ira, I I x  and Llb after veh, CsA and FKS06 injections under normal and overload conditions. 
Shown are the mean activities for the different groups. Al1 values are means I S.E. optical density pet minute 
(OD/min). Most groups had an n=4 except FKSO6 only p u p  with an n=3. A11 values are means * S.E. 
optical density per minute (ODImin). Most groups had an n-4 except FK.506 only group with an n=3. 
Asferbh, a, 6, dand e denotes significant differences (p < 0.05) from Sham-veh, CsA only, FK506 only, 
OV-CsA and OV-FK506, respectively. 
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FK506 are inhibitors of caicineurin, a phosphatase known to regulate transcription, it was 

important to investigate the transcripts of certain genes to determine if the different 

treatments had changed theu relative levels of expression. To do this, we used an RT- 

PCR method with primers labeled with "P. The results are shown in Figure 4-8 where 4- 

%a gives representative ethidium bromide stained gels of the PCR products for the 

di£ferent genes under various conditions and 4-8b gives their relative transcnpt levels as 

assessed using a scintillation counter. 

CsA and FK506 did affect the transcript levels of the plantaris muscles to a 

certain extent. The level of type 1 MHC was highly variable as were those of type iIx 

MHC and both were not significantly different between groups. The Ua MHC levels, on 

the other hand, were not influenced by CsA but did significantly decrease by 56.5 and 

59.59 % with FK506 treatment under Sharn and OV conditions, respectively. SERCA-2 

transcript levels significantly increased in overloaded anirnals compared to al1 groups. 

CsA and FK506 significantly blocked this response causing the transcript levels to return 

to, or slightly above, control levels. The GPDH gene did not change significantly with 

any of the treatments. 

Discussion 

Quantitative microphotomeûic techniques, immunostainhg and an RT-PCR 

method were used to assess the infiuence of the caicineurin inhibitors, cyclosporin A and 

FK506, on the adaptation of individual fibers to two weeks of functional overload. These 

techniques permitted us to assess the relative expression of the different fiber types, the 

fiber sizes, and the metabolic activîty as weii as the relative transcript levels of relevant 



genes. Our results c0nli.m the role of caicineurin as a regdator of fiber type under 

conditions of increased activity and also implicates it as a regulator of metabolic genes 

under the same conditions. This was obvious since CsA and to some extent FK506 

significantly blocked some of the overload-induced changes in muscle fiber phenotype 

and metabolic activity. However, the fact that not ail the metabolic activity was regained 

following the treatments assumes the coordinated role of other pathways. 

The types and proportions of fibers expressed in a muscle are dependant on the 

hctional and metabolic requirements of this muscle (Schiaffino and Reggiani, 1996; 

Dunn, 1996). The plantaris muscle is predominantly fast in nature expressing high levels 

of fast type II fibers and low levels of slow type 1 fibers (Dunn and Michel, 1997). In the 

mouse plantaris, the most abundant fiber is the type iIa followed in decreasing order of 

abundance by iix, IIb and type 1 fibers which are sometimes not even expressed (Chapter 

3). This is the usual profile under normal conditions and our findings support this notion. 

With hctionai overload, there is a progressive MHC switch from faster to slower 

isoforms dong a continuum in the order of IIb + Ux + IIa + 1 @unn and Michel, 1997; 

Crerar et al., 1989; Fanteck and Kandarian, 1995; Morgan and Loughna, 1989; Periasamy 

et al., 1989). This shiR is necessary in order to adapt to the new hnctional demands 

placed on the muscle, which must compensate for the removal of its synergists. Our 

results support this switch but only to a certain extent. We showed that there is a 

tendency for the proportions of types 1 and na fibers to increase and types IIx and IIb to 

decrease but type LY proportions were the only ones to be significantly affectcd by this 

condition relative to control. The lack of significance for the other fiber types is not 

surprishg since studies on rats showed that simcance was sometimes only attained at 

t h e  points greater than 2 weeks (Dunn and Michel, 1997). 



In overloaded animals, CsA and FK506 seemed to block the changes in fiber 

proportions compared to vehicle treated animais. In most cases, the fiber proportions of 

overloaded animais treated with the drugs are comparable to those of the Sham-vehicle 

group. Taken together, we see that cyclosporin and FKS06 act to prevent changes 

nonnaily brought about by overload presumably acting by inhibiting calcineurin. The 

dmgs aione failed to influence the proportions of fibers expressed in the muscle 

confinning that calcineurin is involved in muscle transformations only in conditions of 

increased activation (Dunn et al., 1999; Dunn et al., 2000). 

Overload induces hypertrophy of muscle fibers, a condition that is characterized 

by a drarnatic increase in muscle size and cross-sectional area (Dunn and Michel, 1997). 

Our laboratory has previously show that inhibiting calcineurin activity using both CsA 

and FK506 blocks hypertrophy in the mouse plantaris (Dunn et al., 1999). The results of 

this study are consistent with this. 

It is known that the metabolic activity of muscle fibers is characteristic of the 

fiber type (Rivero et al., 1999). Furthemore, conditions that change fiber type 

sirnultaneously change metabolic activity (Pette and Vrbova, 1999; Acker et al., 1987; 

Dunn and Michel, 1997; Mayne et al., 1996). in the present study, we tested the 

hypothesis that caicineurin is responsible for controlling the metabolic profiles of skeletal 

muscle fibers under increased neural activity through the functionai overload model. The 

normal response to hypertrophy is an initiai drop in enzyme activity, which recovers to 

normal levels after 6 weeks (Dunn and Michel, 1997). if calcineurin is a regulator of 

metabolic enzyme gene expression, we therefore expect that CsA and FK506 block this 

response and that activity levels should remain close to that of control. Indeed, here we 

showed that CsA recovers some of the changes in both SDH and GPDH activity normaily 



attributed to the initial stages of overload. However, FK506 does not have the same 

effect since it did not block the changes in SDH activity of any fiber types or the GPDH 

activity of IIx fibers. This discrepancy between the actions of both drugs may relate to 

the fact that CsA binds to cyclophilins altering the hc t ion  of the penneability transition 

pore and causes mitochondrial toxicity (Breil and Chariot, 2999). Thus it is possible that 

the prevention of metabolic changes by CsA is in fact calcineurin-independent. This by 

no mean excludes caicineurin as a regulator of metabolism but sirnply demonstrates that 

its role may not be as exagerated as it appears to be in this study. 

Since calcineutin is known to be involved in regulating transcription factors 

(Timmerman et al., 1996; Olson and Williams, 2000; Crabtree, 1999; Flanagan et al., 

1991; Mao and Wiedmann, 1999), it was no surpise to see CsA and FU06 alter the 

transcript levels of certain genes. The decrease in transcript levels for the MEC Ua gene 

that occutred in the FK506 only group and OV-FK506 were certainly unexpected. The 

fact that this did not occur with CsA suggests that the effect may be secondary and 

completely unrelated to caicineurin activity. indeed, FU06 binds FKBPl2 a known 

regulator of the ryanodine receptor, a calcium release channel of the sarcoplasmic 

reticulum (Bultynck et ai., 2000). Thus the use of FKS06 treatment could have altered 

the calcium kinetics of the fiber interfering with the normal transcription machinery. This 

is also indicated by the fact that the same transcript Ievel was reached in both FK506 

groups implying that the response was speciftc to this h g .  

Although calcineurin does not seem to change the expression of MHC genes, our 

results suggest that it is important for the expression of other sIow fiber genes. SERCA- 

2, the slow isoform of a calc ATPase found in the sarcoplasmic reticulum, is positively 

affected by calcineurin. This is not surprising, as overload eventuaily resuits in a fast to 



slow fiber transformation. It is obvious that its level increases significantly in response to 

overload and that both CsA and FK506 significantly inhibit this effect. Thus like other 

studies, we show that calcineurin is involved in regdating some slow f i k r  specific 

genes. 

in summary, we have shown, by administration of CsA and FK506, that 

calcinewin is responsible for mediating skeletal muscle gene expression oniy under 

conditions of increased activity. In our study, CsA and FK506 did not change the fiber 

type proportion or fiber size of the mouse plantaris muscle but they did inhibit any 

changes in these properties that normally occur with ovedoad. The rote of calcineurin in 

regulating the metabolic properties of the plantaris muscle was also assessed. We found 

that h g  administration to overloaded mice prevented some of the changes in SDH and 

GPDH activity normally attributed to this condition. However, the discrepancies 

between the significance of both h g ' s  action lead to the conclusion that the actual effect 

is a mixture of caicineurin dependent and independent processes. At the transcript level, 

there seems to be preferentid involvement of calcineurin with calcium regulated but not 

myofibrillar proteins seeing as the only gene to be affected was the sIow SERCA-2 gene. 

Taken together, our resdts suggest that calcineuin plays a small roie in regdating the 

phenotypic and metabolic properties of skeletal muscle fibers but it does so only under 

conditions of increased activity. The observation that calcineurin inhibitors do not 

always return the phenotype to control leveis suggests that other factors or pathways are 

involved in the slow fiber transition induced by overload. 



Chapter 5 

Summary and Conclusion 

It is generaily accepted that neuronal activity is the major determinant of the 

physiological and metabolic properties of skeletal muscle fibers. Recently, calcium has 

been proposed as the second messenger relaying information fiom the motomeuron to the 

muscle fiber nuclei. The pathway mediating calcium signaling to transcription factors is 

largely unknown but there is mounting evidence showing caicineurin to be part of the 

process. 

The first two studies of this thesis investigate the involvement of caicineurin as 

the mediator of activation-transcription coupling. In the first study, two weeks of CsA 

and FK506 treatment did not alter the fiber type proportions, but changes in fiber size and 

metabolic enzyme activity were found. The transcript levels also indicated a slow to fast 

transition leading to the conclusion that calcineuin has a small stimulatory and a small 

inhibitory effect on certain skeletal muscle genes and does influence to a certain degree 

the muscle fiber phenotype. 

In the second study, we fouad that CsA and FK506 inhibited changes in fiber type 

proportion and fiber size that n o d y  occurs with overload. We also found that both 

drugs partially blocked the overload-induced changes in metabolic activity but part of this 

response could be attriiuted to caicineurin-independent mechanism. Therefore 



calcirieurin is, to a certain extent, involved in regulating the transformations induced by 

overload, 

in the last sîudy (Appendix A), we looked at the physiological and biochemicd 

effects of calcium buffering using animais overexpressing parvalbumin. Our results 

indicate that PV over-expression in the mouse soleus decreased the sub-tetanic force and 

shoctened half-relaxation time, consistent with the mle of PV in buffecing cytosolic cat2 

during relaxation. The faster twitch time to peak tension (TPT), though not directly 

related to increased PV expression, suggested an effect of the transgene on the proteins of 

the contractile apparatus. indeed, there was a significant increase in the expression of 

type na MHC at the mRNA level but not at the protein level indicating no difference in 

muscle fiber type. Thus the faster contractile performance persisted without a shift to a 

faster myosin isofonn, suggesting that the expression of other regulatory proteins may 

have been aitered. This was not the case since SERCA-1, SERCA-2, TnIs, Tnif and 

MLC fast protein distribution were not changed. Muscle metabolic capacity was also 

assessed by whole muscle and single fiber-based analyses. There was a significant 

reduction in oxidative potential at the whole muscle level and a subtle decrease in 

giycolytic capacity in type iIa fibers indicating that the soleus of TG mice were faster 

contcacting but also more energy efficient. Taken together, our data shows that forced 

changes in cat2 handling can alter the physiological and biochernical lùnction of slow- 

twitch muscle and disnipt the expected pattern of gene expression in slow-twitch fibers. 

These tindings M e r  support the notion that cytosolic calcium serves multiple signaling 

functions in controiiing specialized properties of skeletal myofibers. 

En general, the purpose of our studies was to assess the role of calcium and one of 

its downstream effectors, calcineurin, in controlling the myofibrillar proteins and 



metabolic capacity of skeletal muscle fibers. Based on our results, we have detennined 

that calcium has a fundamental role in both the physiological activity and intraceUular 

signaling mechanisms that governs the normal functioning of fibers. Alteration of 

physiologicai properties by PV over-expression was not an unexpected observation since 

the importance of ~ a ' ~  is undisputed, but the use of transgenic animais to demonstrate its 

importance was definitely a unique approach. What was unexpected, however, was the 

apparent speeding of the muscle when PV was over-expressed. It indicated that calcium's 

importance in skeletal muscles extends beyond the physiological scope reminiscent of its 

role as a second messenger in many intracellular signaling pathways. 

One of the signaling pathways involves calcineurin and although some studies 

suggest that this molecule is responsible for regulating the expression of myofibrillar 

proteins and metabolic enzymes, we found that this was mostly true under conditions of 

increased activity. Nevertheless, the fact that none of the properties were fully restored to 

control levels using the calcineurin inhibitors CsA and FK506 suggests that other 

pathways are involved in the fast to slow fiber transition brought about by overload. To 

fully understand the mechanism involved in activity induced transformations that include 

calcineurin, other pathways will have to be examined. As demonstrated in our study, 

there is a great importance attached to caCZ in muscle gene expression and there is no 

doubt that other calcium-dependent pathways such as CaMKIi will be involved. This 

does not however eliminate the involvement of ~ a + l -  independent pathways. 

Considerations for future work wodd therefore include controlling experimental 

conditions for other signaling pathways such as MAPK and CaMKIV by using specific 

blockers. It would also be usefid to include longer tirne-points, which would eliminate 

the tirne-dependency and dosedependency components restricting CsA and FKS06 



cornparison. Another important point to consider is to clarie the distinctions beîween 

calcineurin-dependent and independent mechanisms by: 1) using dmgs that bind the 

same immunophilins without affecthg calcineurin, such as rapamycin; 2) using dmgs 

that target calcineurin independently of immunophilins. Only afler these pathways and 

parameters are characterized in muscle fibers will we be able to know the exact role 

played by the renowned phosphatase, calcineurin. 
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Iniracellular ca2+ (ca2+) plays an important mle in the contraction-relaxation cycle of 

muscle and bas recently been implicated as an important regulator of skeletal muscle 

gene expression. The purpose of îhis study was to determine whether induced 

expression of the ca2+ buffenng protein parvalbumin (PV) in slow-twitch fibres would 

lead to aiterations in gene expression as well as in physiologicai and biochernical 

properties reflective of a fast fibre phenotype. 

Transgenic (TG) mice were generated with a rat PV cDNA driven by the human 

troponin I slow (Tnis) promoter to limit expression to slow (type i )  muscle fibres. In 

soleus muscle (SOL; 58% type 1 fibres) total PV expression (endogenous plus 

transgene) was 5-6 -fold higher in SOL from TG compared to wild type (WT) mice. 

Maximum twitch and tetanic tensions were similar in WT and TG SOL but force at sub- 

tetanic fiequencies (30 and 50 Hz) was reduced in TG SOL. Twitch time to peak 

tension (TPT) and half-relaxation t h e  (1f2RT) were significantly decreased in TG SOL 

(TPT: 39.3 k 2.6 vs. 55.1 f 4.7 ms; lf2 RT: 42.1 f 3.5 vs. 68.1 f 9.6 ms, p < 0.05 for 

TG vs, WT, respectively; n=8-10). The decreased sub-tetanic force and 1/2RT are 

consistent with the role of PV in buffering cytosolic ~8 during relaxation. The faster 

TPT, however, suggested aiterations in proteins of the contractile apparatus. 

There was a significant increase in expression of type IIa myosin heavy chah (MHC) 

and ryanodine receptor at the mRNA level. At the protein level, however, there were no 

daerences in MHC expression between WT and TG SOL or in the CO-localization of 



SERCA2 and Tds in type 1 fibres or SERCAL and fast myosin light chah 2 in type IIa 

fibres. 

5. Whole muscle succinate dehydrogenase activity was reduced by 12 I 0.4% in TG SOL 

and single fibre glycerol-3-phosphate dehydrogenase activity was decreases in a subset 

of type iia fibres suggesting an influence of PV overexpression on the initiation of 

metabolic transitions in oxidative fibres. 

6. These data show that forced changes in ca2+ handling by PV overexpression can aiter 

the fwictional and metabolic profile and influence the expression of key marker genes in 

a predominantly slow-twitch muscle with minimal effects on the expression of muscle 

contractile proteins. These findings support the idea that cytosolic ca2+ plays an 

important roie in controling specialized properties of skeletal myofibres and suggest 

that other signalling inputs not aitered in this mode1 are required to induce changes in 

the full compliment of fibre-type specific genes. 

INTRODUCTION 

The ability of skeletai muscles to perform a wide range of functions is due to the 

diverse nature of the individual fibres within each muscle. This diversity is maintained by 

the expression of fibre-type specifrc proteins (Gunning & Hardeman, 1991;Schiaffino & 

Reggiani, 1996). The two major types of skeletal muscle fibres, slow (type 1 or slow 

oxidative) and fast (type II or glycolytic, with a varying range of oxidative potential), differ 

prirnady in theü contractile speed, metabolic profile and fatigue resistance. For fast fibres 

there are a number of sub-types based on their expression and CO-expression of the various 

myosin heavy chah (MHC) isoforms- type iIa , iIx and Iib which vary in their maximum 

contraction velocity, rate of ATP hydrolysis and fatigue resistance (He et al. 



2000;Schiaffino & Reggiani, 1996). Myofibte subtypes are also distinguished by the 

expression of distinct fast and slow isoforms of other myofibrillar proteins such as the 

myosin light chahs, tropomyosin and the troponin (Tn) sub-units Tnl, TnT and TnC. in 

addition, there are differences in the level of expression of enzymes of the glycolytic and 

oxidative pathways, in proteins involved in ca2+ handling and in membrane bound 

receptors and signaling molecules which contribute to their slow or fast phenotype. 

Muscle phenotype is established during embryonic and neonatal development by a 

complex pattern of gene expression (Buckingham, 1994) Differentiation of myogenic 

precursor cells into multinucleated myotubes and expression of muscle specific genes in 

mature myofibres is regulated by a series of myogenic regulatory factors (MRFs) which 

include MyoD, myogenin, myf-5 and MRF4, as well as members of the myocyte enhancer 

factor 2 (MEF2) farnily, which form hetero-oligomeric complexes with other ubiquitous or 

muscle-specific CO-activators (Molkentin et al. 1995). Although the transcription factors 

that regulate muscle determination have been identified, the transcriptional control 

mechanisrns that lead to the differentid expression of fast vs. slow fibre-type specific genes 

are not fully understood (Buonanno & Rosenthal, 1996;Gunning & Hardeman, 1991; Esser 

et al. 1999). Recent work implicates ca2+ -dependent regdation of NFAT (Nuclear Factor 

of Activated 1 cells) and MEF2 proteins in detennining fibre type specificity (Chin et al. 

1998; Wu et al. 2000). NFAT proteins are well-characterised as ca2+ -sensitive 

transcription factors that regulate cytokine gene expression in T- and B-lymphocytes in 

response to ca2+ -dependent activation of the protein phosphatase caicineurin (Dolmench et 

al., 1997;Timmeman et al., 1996). NFAT4 and NFAT2 isofoms are abundant in skeletal 

muscle (Hoey er al., 1995) and a ~a~+/calcineurin/NF~~ pathway has recently been 

implicated in the control of both skeletal muscle fibre type (Chin es al, 1998;Dunn et al. 



1999), and myofibre hypertmphy (Dun et al., 1999;Musaro et al., 1999;Semsarian et al., 

1999). We have previously hypothesised that a cari -caixnodulin dependent pathway exerts 

transcriptionai control over fibre-type specific gene expression and that this is the major 

control point for aiterations in gene expression observed in different adult muscle fibre 

types (Chin et al., 1998) 

In the present study we assessed the role of inûacellular ~8 in the expression of 

fibre-type specific genes and the biochemicai and physiological properties of skeletai 

muscle using a transgenic approach. To this end, we generated üansgenic mice that 

overexpress the ca2+ buBering protein parvalbumin (PV) in slow type 1 fibres. 

Parvaiburnin is an EF-hand high affinity ca2' binding protein expresscd only in fast fibre 

types (ail type IIb but only some type Ua fibres; Fuchtbauer et al., 1991) We hypothesised 

that PV overexpression in type 1 fibres wouid bufl'er the endogenous [ca2r]i and would 

attenuate any caZ' -dependent transcriptional pathways that regulate the expression of slow 

fibre proteins. The results of thîs study indicate that PV overexpression in type 1 fibres 

aitered the contractile properties of slow-twitch muscle, decreased oxidative and glycolytic 

capacities and increased the expression of key genes, ail towards a faster fibre phenotype, 

without altering MHC protein expression and thus fibre type per se. These findings support 

the gened notion that caZ' -dependent sigoaihg pathways infiuence specialised properties 

of different myofibre subtypes but aiso suggest that a more complex signaling strategy 

exists for regulating the clifferences between muscle fibre types. The incomplete 

transformation fiom a slow to fast muscle phenotype in response to parvalbumin 

overexpression suggests that more pronounced perturbations of [ ~ a ~ y i ,  or other signaling 

inputs not altered in this modeI, are required to induce changes in the füü complement of 

fibre-type specific genes. 



DNA Construct 

Transgenic mice were generated by the overexpression of a rat PV cDNA (Epstein 

et al., 1986) driven by the human troponin 1 slow (TnIs) promoter (Corin et al., 1994) A 

0.8-kb PV cDNA, including an SV40 late gene intron and splice donor was excised by 

Xhol and Kpnl digests fiom the SV-40-cPV plasmid [gift of Martin Berchtold (Castillo et 

al., 1995)] and cIoned into pGEMJZf vector (Promega). A hemaglutinin (HA) epitope tag 

was inserted at the 3' end of the PV cDNA using a PCR sewing technique (Yang et al., 

1997) and cloned into pGEM-7Zf vector (Promega) as a BamHVKpnI fragment. To direct 

expression to type 1 fibres, a 4.2kb fragment from the 5' -flanking region of the human Tnis 

gene was used. The 4.2 kb Tnls HindII fragment was excised fiom a -4200TnisCAT 

vector [gift of Bob Wade; (Corin et al., 1994)l and cloned into pGEM-3Zf. The PV-HA 

cDNA was excised by BamHVKpd digests and ligated to the -4.2kb TnIs promoter in 

pGEM3Zf. 

Production of Transgenic mice 

The 5 kb TnisPV-HA transgene was released from the vector by partial Hindlll and 

Kpni digests and putified by electro-elution. Transgenic (TG) mice were generated by 

pronuclear injection of the transgene into fertilised embryos from ICR mice using standard 

procedures (Hogan et al. 1994). Surrogate mothers gave birth to the f ~ s t  generation of 

transgenics (founders; FO). Positive FOS were identified by PCR screening for the PV-HA 

transgene and confïrmed by southem blot analysis. Founders were bred with wild-type 



(WT) littermates to generate FI and F2 progeny and stable h e s  of mice were generated 

h m  ofhpring that showed transgene expression. 

Genoiyping 

Ail mice were genotyped using genomic DNA obtained fiom tail smples. 

Transgenic FOS were identified by both PCR screening and southern blot analyses. For 

southern blot adysis, 15 pg of genomic DNA was digested with BsfEII and separated on 

0.8% agarose gels in TAE. Following transfer to nylon membrane, the membme was 

pmbed with a 0.8 kb PV-HA fiagrnent radiolabelled with [a3'~] (IATP and [ct3'p] dCTP by 

random priming. For PCR scmning, a 5' forward primer fiom the PV cDNA and a 3' 

reverse primer h m  the HA epitope were used to generate a 450 bp fragment (5' fwd: CGC 

GGA TCC CCC ACC AGC CCA GCT ï T ï  CTA; 3' rev: TTA GGC GTA GTC GGG 

CAC GTC ATA TGG GTA GCT TTC GGC CAC CAG AGT GGA). Cycling conditions 

were: 94°C 3 min; 94OC 30 s, 65OC 6Os, 72'~ 60s X 25 cycles; 72OC 3 min final extension. 

integrity of the genomic DNA was confirmed using primers for TSHB as described by 

Wang et al. (1996). PCR genotyping was conf ied  by Southern blot for FOS and Fls and 

then used exclusiveiy for al1 subsequent generations. 

Detecfim oJPV-HA transgene expression 

Expression of the PV-HA transgene was conEirmed by both western blot and 

immunohistochemicai analyses. For western bbt analysis, muscle homogenates were 

prepared £rom various tissues including skeietal muscles of varying fibre type composition. 

To c o n f i  expression ody in type 1 fibres, a muscle with a high percentage of type 1 fibres 

(soleus: 58% type 1 and 42% type Ila) was compared to muscles with little or no type 1 



fibres [plantaris: 6% type 1, 59% type Ha, 41% type iib; white gasûocnemius: 1% type I, 

30% type na, 69% type IIb; (Burkholder et al., 1994); diaphragm: 7% type I,39% type IIa, 

40% type fi, 10% type 1% (Seward et al., 2001)l. For quantitative analyses, 2.5 pg of 

homogenate was loaded on a 15% acrylamide gel and separated using SDS-PAGE; 2.5 pg 

was found to give a band in the Iinear range of detection (data not shown). Following 

separation, proteins were transferred to nitrocellulose membrane and probed with anti- 

rabbit PV antibody (Swant PV28) diluted 1:10,000 in TBS (20 mM Tris, 137 mM NaCl) + 

0.25% Uniblock. M e r  several washes in TBS-T (TBS + 2% Tween20), membranes were 

incubated with secondary anti-rabbit IgG conjugated to horse radish peroxidase (1:10, 000 

in TBS + 0.125% Uniblock). Bands were detected with autoradiography using Ultra 

detection reagents (Pierce). The results were subsequently scanned and quantified using 

Imagequant anaiysis software. 

For immunohistochemical analysis of PV, 8 p h z e n  transverse sections were 

obtained from SOL muscles fiom WT and TG mice, post-fixed in chilled 4% 

paraformaldehyde and permeabilized with 0.3% triton-100 immediately prior to staining. 

Sections were incubated with primary antibody for PV (Swant PV28, rabbit anti- 

parvalbumin) diluted 1:200. Following ovemight incubation at 4'C, unbound primary 

antibody was removed and the sections incubated in peroxidase or fluorescent-labeled 

secondary antiiody conjugates of rabbit and mouse IgG. Peroxidase immunolabeling was 

visualised with diaminobenzidine @AB) chcomogen and viewed using bright-fieid optics 

while fluorescent immunolabeling was visualised directly using dark-field epifiuorescence 

optics. 



Physiological ossessmenls 

Extensor digitonun longus (EDL) and soleus (SOL) muscles were isolated fiom 

anaesthetised mice (70 mg sodium pentobarbitahg body weight, i.p,) and suspended in 

jacketed organ b a h  (Radnotti). For each muscle, the proximal tendon was secured in a 

stationary clamp at the base of the bath and the distai tendon connected via 4-0 silk suture 

to a Grass FT03 force transducer (Grass instruments, etc). The muscles were immersed in a 

physiologic sait solution containhg (in mM): 120.5 NaCl, 4.8 KCl, 1.2 MgSOa 1.5 CaC12, 

1.2 Na2POs, 20.4 NaHC03, 10 dextrose and 1.0 pyruvate and gassed with 95% 02/5% C@ 

to maintain pH 7.6. Experiments were canied out at 30°C. Following a 10 minute 

equilibration, muscle lengths were adjusted to elicit maximal twitch tension &), and then 

muscles rested quietly for a further 10 minutes before pre-stimulation at 1 and 150 Hz. L, 

was R-established and, following a subsequent 10 min equilibration period, muscles were 

stimulated (0.2 ms square pulse width) over a range of fiequencies (1, 30, 50, 80, 120, 150 

Hz), each for 500 ms Force responses at each stimulation Frequency were normdized to 

muscle cross-sectionai area (rnN cm-2) which was calculated fiom the muscle mas  divided 

by the product of muscle length and a muscle density of 1.06 g (Mendez & Keys, 

1960). Relative force at each stimulation frequency was determined by dividing the tension 

response at a given fiequency by the maximum tetanic force and expressed as a percentage 

of maximum force (%F,d. T i e  to peak tension (TPT) and half-relaxation t h e  (112 RT) 

were assesseci for at least two twitch responses per muscle, and expressed in ms. 

Analysb of musclefibre rype 

wusin ATPase acriviîy. Muscle fibre type was determined in SOL and EDL muscles h m  

WT and TG mice by myosin ATPase histochemistry and MHC immunolabeling. For 



myosin ATPase activity, muscles were removed and quick fiozen in isopentane pre-cooled 

in Liquid nitrogen and stored at -80°C until analysed. Frozen transverse sections (8 p) 

were serially cut and stained using pH 4.30, 4.54 and 10.4 pre-incubation methodologies 

(Brooke & Kaiser, 1970). Percent fast and slow twitch fibres were quantitated by counting 

dark (type I) and light (type iI) fibres (pH 4.54) in a whole SOL muscle cross-section. 

Immunohistochemical profile. in a separate set of mice, expression of MHCYs, the fast 

isofonn of myosin light chah 2 (MLC2f), Tds, and the sarcoplasmic/endoplasmic 

reticulurn ca2+ pumps SERCAI and SERCA2 were assessed irnmunohistochemicaily. 

Soleus muscles h m  WT and TG mice were excised, quick fiozen in isopentane 

precooled with liquid nitrogen, and subsequently stored at -80°C until processing. Serial 

sections (10 pn) were cut at -20°C using a cryostat (Reicha-Jung, Heidelberg, 

Germany), recovered ont0 superfiost slides and placed in a humidified chamber at room 

temperature (RT) to thaw. Tissue sections were incubated for 30 min in a blocking 

solution consisting of 25 mM phosphate buffered saline (PBS; pH 7.4) containing either 

goat serurn or rabbit serum (Sigma, St.Louis, MO). Sections stained for Tnis required 

additionai manipulation before the initiai blocking step. Sections stained for Tnis were 

prefixed in 100% methanol for 10 min at -20" and subsequently cinsed (3 X 5 min) with 

PBS. Al1 sections were incubated for 4 hours at RT in working dilutions of mouse 

monoclonal antibodies raised against type iIa MHC (SC-71; 1 : 100) or adult isoforrns of 

type 1 MHC (BA-F8; 1: 100); goat polyclonai antibodies raised agahst TnIs (Santa Cruz; 

1:550); mouse ascites fluid against SERCA2 or SERCAI (Cdbiochem; 150); and 

antisem against MLC2f (MF-5, Hybridoma Bank; I:10). Sections were rinsed with 

PBS (3 X 10 min) and incubted at RT for 2 hrs in peroxidase-conjugated goat anti- 



mouse immunoglobin (Ig) G in the case of MHC 1, MHC na, MLC2c SERCA2 and 

SERCAl (Sigma; 150 for MHC 1 and Ha, 1:25 for MLC and 1:75 for SERCAl/2), or 

peroxidase conjugated rabbit anti-goat Ig G (Sigma; 1:250) in the case of Tnïs. M e r  

another PBS rinse, the bound antibodies were visuaiized using DAB as a chromogen. 

Tissues were air-dried and mounted with glycerine jelly. 

The MHC composition of each muscle was determined as described previously 

(Dunn et al. 1999)- Briefly, three different images ftom the mid-belly cross section of 

each muscle, each section containing approximately 150 fibres, were captured at a 

magnification of 100 X. Since the mouse soleus muscle expresses type 1 and IIa MHC 

almost exclusively, we were able to determine the fibre type proportions by counting the 

number of stained fibres relative to unstained fibres in each area of a section probed for 

type 1 MHC. The fibre type proportions were calculated for each muscle and the average 

was taken for each treatment group. 

Assessment ofmuscle enlyme activity 

To assess changes in whole muscle oxidative and glycolytic capacities, SOL and 

EDL muscles were removed fiom WT and TG mice and homogenised in 100 X volume of 

homogenising medium (170 mM Na2HPOs, 170 mM KH2P04, 0.02% BSA, 5 m M  B- 

mercaptoethanol and 2.0 mM EDTA, pH 7.4) with protease inhibitors (Complete, Mini; 

Boehringer Mannhein). Whole muscle homogenates were assayed for succinate 

dehydrogenase (SDH) and lactate dehydrogenase (LDH) activity using standard enzymatic 

techniques (Bergmeyer, 1974). Homogenate protein concentration was determined using a 

Bicinchoninic Acid @CA) method (Pierce) and activities expressed in p o l e  NADH g 



pmteia'  mi^'. Additional assessments of oxidative and glycolytic capacities were made 

wing quantitative histochemical procedutes in a separate set of mice. 

Quantifalive hIstochemical determination of single fibre enwme activity. 

Metabolic enzyme activity was assessed in both WT and TG mouse SOL using 

SDW as a rnarker for oxidative metabolism and FAD-linked glycerol-3-phosphate 

dehydrogenase (GPDH) as a marker of glycolytic activity as previously described ( Dum 

& Michel, 1997; Madison et al. 1998). Briefly, Nitro Blue Tetrazolium (NBT) in the 

presence of succinic acid (SDH) or a-glycerophosphate (GPDH) is reduced to form an 

insoluble diformazan salt by dehydrogenase activity and the reduction rate is a 

proportional to enzyme activity. Rate measurements were made by finding the optical 

density of a tissue slice at timed intervals using a computer assisted image analysis 

system. The imaging apparatus and software are described in detail elsewhere (Jasmin et 

al. 1995). Images were filtered (540nrn), captured, saved and processed with an image- 

analysis software program (Media Cybernetics, Silver Spring, MD). 

For SDH activity measurements, serial cross sections ( 1 0 ~ )  were cut (-20°C) 

h m  the SOL midbelly, recovered on superfiost slides (Fisher), inverted and secured to a 

reaction chamber mounted on a temperature controlled slide holder clamped to the 

microscope stage. Ail reactions where done in absence of light at 23OC. A substrate-fiee 

blank solution containing 1 m .  NaN3, 500 pM 1-methoxy-phenazine methosuifate 

(mPMS), 1.5 m M  NBT and 5 mM EDTA in 100 mM sodium phosphate bufFer (pH 7.6) 

was added to the chamber for 10 min to allow non-specific staining to plateau. The blank 

was subsequentiy removed and replaced with a substrate solution containing the same 

reagents as above plus 48 mM succinic acid. Upon addition of the substrate solution, 



images were taken every minute for 5 min. During this tirne, increases in optical density 

(OD) are linear (Madison, et al 19%). 

For GPDH activity measurements, serial sections (14 pm) were cut, recovered on 

glass cover slips and distributed evenly between two coplin jars kept at -20°C. A blank 

solution containhg 1 mM NaN3, 1 mM mPMS, 1.2 mM NBT in lOOmM Sodium 

Phosphate BufTer (pH 7.4, 37OC) was added to one jar and an identical solution plus 9.3 

m M  a-glycerophosphate introduced to the other for the substrate reaction. Both jars 

were incubated in the dark for 23 min corresponding to the linear phase of the reaction 

(data not shown) at 37°C. Both reactions were then stopped by extensive rinsing with 

distilled water (5 times plus 3 X 1 min). The sections were air dried and mounted ont0 

slides with glycerine jelly (Sigma). images of both the blank (considered as time 0) and 

end-point substrate reactions were captured and processed for OD analysis. 

Analysis was carried out by tracing each selected individual ce11 using an 

interactive cursor, and storing the resulting area of interest ont0 a disk. The average 

grayness for al1 pixels within this traced area was determined across ail saved sequential 

images and converted to an OD value. The enzyme specific activities were expressed as 

the change of OD over time (OD min-'; average ? = 0.995). The cross sectional area 

(CSA) of each traced ce11 was also determined from these images. 

Analjsis of muscle gene expression 

Changes in the expression of downstream target genes were assessed by reverse 

transcriptase polymerase chah reaction (RT-PCR) and, for selected genes, were 

confirmed by northern btot analyses. For RT-PCR anaiysis, RNA was obtained fiom 

whole SOL muscle, reverse-transcribed and amplified using PCR and final products cun 



on ethidium-bromide stained gels (Gauthier, et al. 1997). For the PCR reaction, the 

following protocol was used: 94OC 3 min; 94OC 30 s, 50°C 60s, 72OC 60s X 25 cycles; 

72OC 3 min final extension; the cycle number varied for the different primer pairs and 

were based on the previously determined linear range @unn et al. 1999). For each 

primer set, cycle number was adjusted to permit comparison of PCR products between 

treatments within the linear phase of ampIification. Tubes that contained PCR reagents 

plus the RT-negative sample or ultrapure water served as controls. For quantification, 

product bands and representative background were excised from each lane and Cerenkov 

counted (cpm). The fibre-type specific mRNA assessed included: MHC 1, iia, iix and üb, 

slow type SERCM, skeletal muscle ryanodine receptor (RYRl), myoblobin, 

phospholamban, actin, GAPDH and PV. The 28 S ribosomal RNA subunit served as an 

intemal control and was not different between WT and TG. 

Statistical Analyses 

DEerences in muscle twitch contractile properties, twitch and tetanic force, the 

force-fiequency relationship and whole muscle homogenate enzyme activities were 

assessed using one-way analysis of variance (ANOVA). Where necessary, post-hoc 

analyses were completed using a Student-Newman-Keds test. For single fibre enzyme 

activities, fibre CSA, MHC proportions, and RT-PCR products, values were compared 

among groups using an ANOVA and a Scheffé post hoc proceduce. Al1 groups had 

acceptable values for homogeneity of variance therefore paramettic statistical tests were 

used. Significance was accepted at P < 0.05 



Establisliment of transgenic lines 

The TnIsPV-HA transgene was detected in 4 out of 25 pups bom fiom 2 surrogate 

mothers. Founders were identified by southem blot and PCR analysis (see Figure 1). The 

four positive founders (#6404, 6412, 6418 and 6427) were al1 hedthy and able to breed 

when crossed with wild-type mice to generate F1 progeny. Genotyping of Fl  offspring 

revealed germline transmission in 3 lines (#6404, 6412 and 6418) with 53% of F1 

progeny being positive for the transgene. Westem blot analyses of SOL muscle h m  F1 

rnice confumed expression of the PV-HA protein in offspring from #6412 and 6418 (see 

Figure 2). Independent lines were maintained fiom these two founders. 

Muscle fibre-îype spec~ficiîy of transgene expression 

To assess the fibre type-specific expression pattern of the PV-HA transgene, 

muscles of varying fibre type composition were exarnined. Figure 2 illustrates the 

specificity of PV-HA expression. Endogenous PV was detected in al1 skeletal muscles 

which have type iia, Ux or iib fibres, including SOL, plantaris (PLT) and diaphragm 

@LA) but not in heart (H). The PV-HA transgene, howevei; was only detected in SOL 

muscle which has a high content of type 1 fibres. in WT SOL muscle, PV expression was 

10-14% of that in the fast PLT muscle. Endogenous PV expression was not changed in 

SOL fiom the 6418 line but was upregulated in the 6412 line (to 36% of PLT level). In 

SOL muscle fiom TG mice, PV-HA was 1.9 + 0.3 -fold greater than endogenous PV. As 

a result, total PV expression (endogenous + ûansgene) in TG SOL was increased to 47% 

and 84% of PLT levels for the 6418 and 6412 lines, respectively. Anaiysis of non- 



Figure 1. Cenotyping of transgenie founders. Southern blot analysis (A) of the founder 
generation identified 4 out of 25 pups as king positive for the PV-HA transgene (see 
Methods for details). Mouse #64 1 l,64 13,64 15 and 64 17 were wild type littermates and 
#6404,6412,6418 and 6427 were positive founders. These genotyping results were 
confirmed by PCR screening (B) using a forward primer from the PV cDNA and a 3' reverse 
primer fiom the HA epitope to generate a 450 bp pduc t  representing the PV-HA cDNA. 

Figure 2. Expression of the PV-HA tramgene. Western blot analysis of Fl offspring fiom 
two of the four founder Iines (see Methods for details). Muscle samples of the soleus (SOL), 
white gastrocnemius (WG), diaphragm (DIA) and hem (HRT) (2.5 pg total protein) were 
analysed using an anti-rabbit PV antibociy. The endogenous PV (-12 kDa) was detected as a 
strong band in WG and DIA, a faint band in SOL and was not detected in HRT. The PV-HA 
transgene (-14 kDa) was stcongly expressed onIy in SOL muscle fiom TG mice. 



muscle tissues including bmin, liver, spleen and thymus confmed there was no 

expression of the ttansgene in these non-muscle tissues (data not shown). 

The fibre-type specificity of transgene expression waç furthet verified by 

hunohistochemical staining. It has previously been shown that PV is expressed in al1 

type Ub but ody in larger type Ua fibres (Fuchtbauer et al., 1991) We confirmed this and 

show that endogenous PV is only expressed in -13% of fibres in WT SOL muscle (see 

Figure 3) which represent a sub-population of type Ila fibres. In SOL muscle fiom TG 

mice the nurnber of fibres expressing PV was drarnatically increased to 74% of total fibres 

with the unstained fibres representing type Ua fibres that have neither endogenous PV or 

transgene expression. 

Physiotogicul e#ects of PV-HA transgene expression 

The effécts of PV-HA expression in type 1 fibres on muscle contractile responses 

were assessed by comparing differences in SOL muscles h m  WT and TG mice. The 

contractile function was also compared to the EDL, a fast muscle [5 1% type iia and 49% 

type llb fibres (Fuchtbauer er al., 1991)l of similar size and weight. For mice used in this 

study, body weights, muscle weights and lengths of SOL or EDL, and cross-sectional area 

of EDL were not different between conditions; SOL cross-sectional area was reduced in TG 

mice (see Table 1). In a separate set of rnice it was determined that mean fibre cross- 

sectional area for type 1 or iia fibres was not different between conditions (see Table 2) thus 

muscle fibre size was not altered. Muscle twitch (1 Hz) and maximum tetanic (150 Hz) 

tensions, expressed pet unit cross-sectional ma, were not different in SOL from WT and 

TG mice; there were also no differences for EDL muscles (Figure 4). There were, however, 

differences in the twitch contraction and relaxation properties of SOL muscle as 



Table 1. Animal and muscle characteristics 

Wiid-type (n) Transgenic (n) 

Body weight (g) 28.5 I 7.4 (4) 27.1 k 0.6 ( 5 )  

Muscle weight (mg): 

SOL 8.66 t 0.56 (8) 7.54 k 0.29 (10) 

EDL 8.96 k 0.40 (8) 7.81 I 0.38 (10) 

Muscle length (mm): 

SOL li.6II0.25 (8) 11.8010.19 (10) 

EDL 13.3250.32 (8) 12.41 I 0.14 (10) 

Cross-sectional area (cm2): 

SOL 0.702 k 0.04 (8) 0.604 I 0.02 * (1 O) 

EDL 0.635 k 0.03 (8) 0.593 * 0.03 (10) 

Values are mean t standard error. p < 0.05 for wild-type vs. transgenic. Number of muscle sample (n; 

shown in brackets. Note: Data are combined for the two transgenic lines: 64 11 (4 WT and 4 TG) and 641 

(4 WT and 6 TG). 

Table 2, Fibre cross-sectional area of Solcus muscles from wild-type and 
transgenic mice 

bïHc tYPe Wild-type (n) Transgenic (n) 

1 

Ila 

189 1 I 134 (93) 1614 it 76 (1 i l )  

1477 k 166 (107) # 1334 t 87 (88) # 

Values are mean i standard deviation with the number of fibres anaiysed shown in brackets (n). Fibre 
cross-sectional area is expressed in pm'. Data are combined for the two transgenic lines (64 12 n=2; 64 18 
n=3). # p < 0.05 for type 1 vs. type Ua 



Fin  3. Immunobistochemical analysis of parvalbumin (PV) expnssion. 
Immunohistochemical staining for PV in soleus (SOL) muscle h m  wild-type mice and 
transgenic mice overexpressing the PV-HA transgene. PV was exptessed in only a sub- 
population of fibres in SOL h m  wild-type mice (A) and in almost al1 fibres fiom TG mice 
(B). In SOL h m  TG mice, the positively staining fibres represent both endogenous PV and 
PV-HA transgene, resulting in -6 -fold greater number of PV-expressing fibres in TG SOL 
compared to W. Bar = 25 p. 

€DL SOL EDL SOL 

Figure 4. Muscle îwitcb and maximum tetanic tension. Twitch (1 Hz) and maximum 
tetanic (150 Hz) force were assessed in soleus (SOL) and extensor digitorum longus @DL) 
muscles h m  wild-type (solid boxes) and aansgenic (hatched boxes) mice expressing the 
PV-HA transgene. Contractile force was nonnaiii to cross-sectional area (see Methods). 
Values tepresent mean f SE for 10112 muscles. 



shown in Figure 5. Figure SA shows an example of the twitch response of a WT and TG 

SOL muscie. Half-relaxation time was reduced h m  32.2 ms in the WT muscle to 23.9 ms 

in the TG; the maximum rate of force decline (-dF/dt) was also faster in TG (-123.9 g/s) 

compared to WT (-82.6 g/s). Both these parameters reflect a faster relaxation rate in TG 

SOL, consistent with PV-HA functioning as an effective butlier for ca2+ during twitch 

contractions. It was aiso noted that following the faster decline in force, there was a slower 

r e m  to baseline which may reflect a slower rate of ca2+ uptake into the SR (Garcia & 

Schneider, 1983). The average data for 8-10 muscles is shown in Figure 5B. On average, 

twitch t h e  to peak tension was reduced by 29% in TG compared to WT SOL (39.3 + 2.6 

vs. 55.1 k 4.7 ms, respectively) but was not aitered in EDL (22.2 t 0.6 vs. 22.7 k 0.7 ms for 

TG vs. WT, respectively). Sirnilarly, half relaxation t h e  was reduced by 38% in TG 

compared to WT SOL (42.1 f 3.5 vs. 68.1 19.6 ms, respectively) but was not different for 

EDL (18.6 k 1.7 vs. 23.8 $3.4 ms for TG vs. WT, respectively). These data demonstrate a 

specificity of this phenotype in SOL muscle where the transgene was expressed and 

eliminate the possibility that ail muscles were affected in a similar manner. The differences 

in SOL muscle performance were similar for both lines of mice and the data are pooled (see 

Footnote -Table 1). 

Force output was measured over a range of stimulation fiequencies in SOL and EDL 

muscles and expressed as a percent of maximum force. As illustrated in Figure 6, force was 

reduced in SOL fiom TG compared to WT mice by 14 t 0.8% and 8 f 0.5% at 30 and 50 

Hz, respectively. No daerences were observed at higher fiequencies or in EDL muscle at 

any of the fiequencies tested. These data s~ppon the mle of PV in bufferhg [ca2Ti at sub  

tetanic levels where there are non-saturathg levels of [ca2]i (Westerblad & Allen, 1993). 
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Figure 5. Muscle twitch contractile pmperties. Muscle twitch contractile properties were 
assessed in soleus (SOL) and extensor digitrom Longus (EDL) muscles from wild-type and 
transgenic mice. A) Twitch response for a representative SOL muscle fiom Wt and Tg mice. 
B) Summary data for time to peak tension (Tm and balf-relaxation time (112 RI") for a 
twitches analysed in SOL and EDL fiom wild-type and transgenic mice. Values represent 
mean + SE (n=lO for Wt and n=12 for Tg). * p < 0.05. 
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Figure 6. M d  ibrcelrquaicy rtiit2omhip Force was mtasured at a range of 
fîequencies in SOL and EDL muscles h m  dd-îype (wt) and transgeaic (Tg) mice. Force 
output is expressed as a percent of the maximm (150 Hz) force for each muscle (Y&-). 
Values plotted qmsat the mean f standard emr @=IO fOr wt and n=12 for Tg). + p < 0.05. 



Mdef lbre  type and P V m  expression 

Muscle fibre type was assessed by both myosin ATPase activity and MHC 

immunohistochemistry. Because fibre type distributions have been reported to vary 

between males and femaies (Ustune1 t Demis, 1997) and transgene expression may have 

gender-specific effects, we assessed type I fibre content by myosin ATPase activity in SOL 

muscle fiom male and female TG mice and compared it to age and sex-matched WT mice. 

In males, type I fibre content in SOL was not different between WT (48 f 4%; n=4) and TG 

(6412 line, 50 f 3%; n=4). tn fernales, type fibre content in SOL was also similar between 

WT (54 f 2%; n=3) and both TG lines (6412 line, 60 f 3%; n=5 and 6418 line, 54 4 3%; 

n=4). Furthemore, there was no difference in type 1 fibre content between fernales and 

males for either the WT or TG, nor was there a gender-specific effects of PV expression on 

myosin ATPase activity. Collectively, these data do not support either gender differences 

in type 1 fibre content or a gender-specific effmt of the transgene. Muscle fibre type was 

also assessed by the more sensitive immunohistochemical technique. Cross-sections of 

SOL muscle fiom femaie WT and TG mice were incubated with antibodies directed against 

type 1 and type Ha MHC. The resdts were consistent with the myosin ATPase results, 

showing no difTerence between SOL fiom WT and TG mice (WT = 51 t 4% type I and 49 

1: 4% type iia (n=5); TG = 57 f 2% type I and 43 1: 2% type iia (n=5)). The myosin 

ATPase activity and MHC immunohistochemistry data combined suggest that type I fibres 

were marginaiiy increased, particdariy in the 6412 line of mice (see subsequent section and 

Figure 7). The ciifference was not, however, statisticaily signifïcant and this was at least 

partiaily due to the high degree of variability in this data set (see Table 3). 



Table 3. Single muscle fibre size, SDH and FAD-linked GPDH activities, and muscle fiber 
- 

line 

- 
-- 
641 8 
641 8 
641 8 

6 4 1 2  
6412 
6410 
6418 
641 8 
641 2 
6412 - 

Gp 

-iM 
- 

-- 

Tg 

body weight 

(9) 
- --- - -  

28.0 
30.0 
5.0- 

- - - -  

30.5 
30.0 
30.0 
29.0 
32.5 
31 .O 
30.0 

animal 
# 

3 4 3 5  
3459 
3438 
~ 4 - 1  
c4-3 
3461 
c34 
~ 3 - 2  
3420 
3429 

SDH 1 GPDH 1 % Fiber Type 

1 ( ~ o / m i n x l ~ * ~ )  1 (0~1minx10~) 1 
I I IIA I I I IIA I I I IIA 

Data for individual mice fiom wild type (Wt) and transgenic (Tg) littermates for both 64 12 and 64 18 lin4 

Sections of soleus muscle were analysed for single fibre cross-sectional area (CSA), succinate 

dehydrogenase (SDH) and FAD-linked 3-glrcerophosphate dehydrogenase (GPDH) activities. Percent 

type 1 and IIa fibres were determined by myosin heavy chain immunohistochemistry. For CSA, SDH an, 

GDPH, values are the average for 40 fibres per cross-section, 

fipression of other muscle regulatory proteins 

The observation of a faster time to peak tension despite a similar MHC profile in the 

TG SOL suggested there may have been adaptations in other myofibcillar or regulatory 

proteins that would explain the faster contractile speed. To directly assess this possibility, 

serial cross-sections were analysed for expression of marker proteins of slow (Tnis, 

SERCA2 and MHC 1) and fast (MLC2f, SERCAl and MHC Ha) fibres. Although non- 

quantitative, this analysis provides information on CO-localisation of fibre-type specific 

gene products. Figure 7 shows representative sections of SOL muscle fÏom TG rnice (6412 

line). Al1 fibres showed the expected CO-expression pattern of the various fibre-type 

specific proteins. Thus, Tnis and SEXCA2 were only expressed Ui type 1 fibres and MLC2f 

and SERCAl were only expressed in type na fibres. This was consistent in al1 muscle 

sections analysed (n = 5 each for WT and TG). in some of the WT-TG muscle pairs there 



Figure 7. Immunobistocbemical detection of various myofibrillar proteins in serial cross- 
sections of sokus muscle libers of  PV transgenic animals. Serial sections of SOL from a 
transgenic mouse (A-F) were stained with antibodies raised against MHC types I (A) and iia 
(B) as well as troponin 1 slow (C), the regulatory MLC 2f (D), SERCA 2 (E) and SERCA I 
(F) viewed at 100X. Fibers labeled with and eQpress ripe MHC and the ones labeled 
with and e x p b  t#e na MHC in the different cross sections. This pattern was 
consistent in al1 muscle sections analysed. Panels G and H represent type IIa MHC stains of 
one SOL pair ffom a wild type and a PV transgenic mouse, respectively, (40X). Some of the 
transgenic animals were expressing more type 1 and Iess Ua MHC compared to wild-type 
littermates. 



was evidence of a shift in MHC profile (see Panels G and H), however tbis was not 

consistent and on average the riifference between fibre types was not significant. 

Alterations in gene expression at the mRNA level were assessed by both RT-PCR 

(Figure 8) and northern blot (data aot shown). As shown in Figure 8, there were increases 

in expression of type Ila fast MHC and in the ryanodine receptor (RYRl), a gene that is 

expressed in higher abundance in fast fibres, in TG compared to WT. As expected, PV was 

also increased in TG SOL. Expression of the slow MHC 1 or SERCA2 or in the fast type 

I Ix MHC were not changed. There were aiso no changes for other genes regulated in a 

fibre-type specific fashion including phospholarnh, myoglobin or GAPDH (data not 

shown). Interestingly, the level of PV expression was highly cortelated (r' = 0.58) to MHC 

IIa expression and displayed a distinct transgene effect in that mRNA leveb for PV and 

MHC Da were clearly higher in the muscles of TG mice. These data indicate that buffering 

of ca2+ by PV does result in persistent changes in the expression of some, but not ail, 

representative fast fibre genes. Furthemore, the change in type iia MHC expression was 

not manifest at the protein Ievel. This suggests that a more complex strategy (ie. post- 

translational modification or protein turnover) exists to regulate steady state MHC protein 

Ievels and thecefore contractile speed in SOL muscles. 

Muscle oxidative and glycu&îic capacity 

The oxidative and glycolytic capacities for SOL and EDL muscles h m  WT and 

TG mice were assessed in whole muscle homogenates. Subsequent analyses of the SOL 

muscle only were completed at the single fibre levet. SDH activity, an index of muscle 

oxidative capacity, was significantly reduced in homogenates fiom TG SOL (7.5 0.4 

vs. 6.6 k 0.3 p o l e  NADH~" potein-' min-' for WT M. TG SOL, respectively) but was 
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Figure 8, Assessrnent of  downstream target gene expression by RT-PCR The effects of PV 
overexpression on the expression of fibre-type specifiç genes that may be downstream of a Ca2+ 
-tegulated transcnptional pathway were assesseci by RT-PCR. The 28s ribosomd RNA served 
as an intemal control and was not different between groups. A) Ethidiurn bromide stained gels 
of RT-PCR products for 28S, MHC Ha, RYR-1 and PV transcripts. B) Abundance of RT-PCR 
products expressed relative to WT control. Vaiues represent means * S.E. counts per minute 
(cpm) of RT-PCR products derived fiom individual muscle RNA samples ( n 4  per group). C) 
Linear correlation between PV and MHC Ih expression. 
* = p < 0.05 vs. WT. 



not different in TG EDL (3.8 f 0.2 vs. 3.5 k 0.2 pmole NADR g protein-' min" for WT 

vs. TG SOL, respectively). Since the 6412 line had a higher level of PV pmtein 

expression (endogenous + PV-HA transgene), we tested whether there was a dose- 

response relationship between muscle PV content and oxidative capacity by measuring 

SDH activity in SOL muscle fiom each illie independently and h m  TG mice obtained 

fiom a 6412 X 6418 cross with both insertional sites. As illustrated in Figure 9, for both 

the single and the combined TG lines, there was a signifiant decrease in SDH activity 

compared to WT response (Figure 9A). This decreased activity was consistent with the 

higher levels of PV total protein in TG SOL (Figure 9B). As a result there was a strong 

inverse correlation (r = -0.975) between PV protein content and SDH activity (Figure 

9C). In an attempt to determine whether metabolic capacity was reduced in type 1 or type 

Iia fibres or both, SDH activity was measured in senal cross-sections fiom WT and TG 

SOL muscles. Densitometric analyses of SDH activity for five WT and [ive TG SOL 

(6412 line n=2; 6418 line n=3) showed small, but non-significant decreases in in SDH 

activity in both type 1 and IIa fibres (see Figure 10, Panels B & D), consistent with the 

small(l2%) decrease in whole muscle homogenate SDH activity. 

Muscle homogenate LDH activity, a marker for muscle giycolytic capacity, was not 

different between TG and WT SOL. GPDH, a glycolytic marker which has k e n  shown to 

be more sensitive to, and to precede, changes in muscle fibre-type transitions (Dun. & 

Michel, 1997) was also analysed at the single fibre level ushg FAD-linked GPDH activity. 

This anaiysis reveaied a subtle shift to lower GPDH activity in type Ha fibres due in large 

part to a population of IIa fibres displayhg a lower level of GPDH (Le. activities between 

type 1 and iïa fibres) (Figure 10, Panels A & C). On average, GPDH activity in WT type 
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Figure 9. Biocbemical determination of muscle oxidative capacity. Whole muscle Succinate dehydrogenase 
(SDH) activity was measured in SOL muscle h m  transgenic mice h m  the 6412 and 6418 lines and the 6412 X 
64 18 cross and compared to wild-type mice to determine whether there was a dose-response relationship with PV 
expression. Average data for SDH actïvity for each line is show (A). A representative western blot (B) OFSOL 
muscle fiom the 6412 and 64 I2X64l8 lines shows the levels of PV e-upression [endogenous PV (PVend) and PV 
m g e n e  (PV-HA)] relative to actin expression. There was a strong negative correlation benveen total PV 
(endogenous +PV-HA) and whole muscle SDH activity (C). Values show in bar graphs are mean t standard 
emr. p < 0.05 vs. WT. 



FipPn 10. Scaîtergnm of  FABUnked GPDB activity, SDH rctivily and cnwtiscctionrl 
u# (CSA) dsdw shgk muscle fibrea. Sin& muscle fibres expttsSmg MHC types I (A 
& B) and ila (C & D) were d y s e d  in serid cross-sections for fikm size (CSA), FAD-Wed 
Gf DH actiMty and SDH activity. F i h  for wild type (open squares) and PV trausgenic 
anûnais (datk îriangies) are shown. Esch gr* is a composite of 5 animals h m  each group. 



iIa fibres ranged fiom 20 to 180 ODU min" with fibres clustered behveen 20-50 and 60- 

100 ODU min-' The overall range for TG fibres was similar (10-170 ODUImin) but in 

contrast to WT, most fibres were between 20-50 ODU min-' and only a few outliers were at 

the extreme range of > 100 ODU min-' This decrease in GPDH activity suggests that a 

greater number of fibres are in a transitional state Erom type IIb, IIx or iIa to type 1 in TG 

SOL. Overall, these data indicate that subtle alterations in muscle oxidative and glycolytic 

capacities occurred without any alteration in the major muscle fibre type. It is tempting to 

speculate that this subset of type Iia fibres with lower GPDH levels in TG mice (levels 

higher than type 1 fibres) are cells that are in a perpetual state of IIa to 1 to Iïa transitions as 

a result of the Tnis-linked PV transgene. 

DISCUSSION 

in this study we examined the physiological, biochemical and molecular aiterations 

in slow-twitch skeletal muscles h m  transgenic mice in which the fast fibre-specific ca2+ 

buffering protein parvalbumin was overexpressed in slow twitch fibres. In the 

predominantly slow soleus muscle, twitch and tetanic force were not altered but force at 

sub-tetanic fiequencies (30 and 50 Hz) were attenuated and twitch contraction and haif- 

relaxation times were reduced. These physiological alterations conficm the functionai 

presence of the PV-HA transgene as a ca2+ bufEer. Overexpression of PV aiso redted in 

decreased activities of enzymes representative of muscle oxidative and glycolytic 

capacities. Myosin heavy chah type Ila and RYRl expression were aitered at the mRNA 

level but at the protein level, MHC, and thus muscle fibre type, was not aitered. These 

resuIts indicate that some subtle fibre type differences persist in muscle following 

altenuions in ca2+ buffecing and suggest that metabolic capacities are regulated diffecently 



h m  the major myofibrillar pmteins. Furthemore, these data are consistent with the 

hypothesis tbat the endogenous lwels of intracellular caH in a muscle fibre play an 

important role in regulating its gene expression pattern but also suggest that counter 

regulatory strategies exist to maintain the native myofibrillar protein content. 

EHecîs of PV overexpression on muscle mechanical function 

in the present study overexpression of PV in type 1 muscle fibres resulted in a 

decrease in twitch time to peak tension, a decrease in twitch time to half-relaxation and 

reduction in force at intermediate stimulotion fiequencies. Since PV is a slow ~ a 2 *  buffer, 

the rise time of free ca2' would be reduced and the arnount of ca2' bound to TnC would tie 

reduced at any given time during a medium length tetanus. This would explain why force 

output at sub-tetanic hquencies was reduced in the PV-HA TG mice. The alterations in 

relaxation time and sub-tetanic force can thenfore be explained as a direct consequence of 

oie increased bdferîng of cytosolic ca2' by PV. The shortened contraction time cannot, 

however, be explained by ca2+ buffering since increased buffering of ~ a "  upon release 

fiom the SR would slow the increase in force. Thus, the faster time to peak tension 

suggested that alterations in other contractile proteins may have occurred. We have ruled 

out changes at the protein level of many of the major myofibrillar proteins including the 

MHCs, Tnis and MLCZf as weli the ca2* regulatory proteins SERCAl and SERCAZ. 

lncreased expression of RYR1, if it persisted at the protein Ievel, would account for the 

faster contraction rate. Alternatively, changes in other troponin sub-units or in tropomyosin 

may have occumd or there may have been changes in the big2+ equilibrium. Parvalbumin 

has four caZt binâing sites - two are ca2+ - M ~ ~ *  sites which bind ~2 and ~ g ' t  

competitively (Kd for ca2* = 90 IiM) and two are ca2+ opecioc sites (Kd for ca2* = 4 nM). 
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The ca2+ specific sites are expected to be saturated at the predicted oscillatory [ c a r i  of 

slow fibres (100 - 300 nM) but the ca2' -MC sites would be saturated by M ~ ~ '  under 

these conditions due to the high levels of M~~~ (2-3 mM) in skeletal muscle. With 

increased expression of PV in type 1 fibres, it would be expected that mg2Ti in these fibres 

would be reduced as M ~ ~ '  binds to the excess ca2' Mg2' sites. Because decreased 

myoplasmic wg27 potentiates SR ca2+ release during depolarization (Jacquemond & 

Schneider, 1992) a more rapid activation of these fibres could result. This, in addition to 

changes in other thin filament proteins may explain the decrease in t h e  to peak tension 

obsewed in soleus muscle fiom TG mice. 

Transgenic approaches tu muscle fibre type dtyerences 

Current understanding of the transcriptional mechanisms that regulate skeletal 

muscle fibre type differences have primariiy been done with reporter genes in cultured 

myotubes. It is difficult to investigate the regulation of muscle gene expression in cultured 

myocytes for genes that are regulated in a fibre-type specific fashion by neurally-evoked or 

ca2' -dependent signals due to the absence of neural input and the lack of ce11 lines that 

accurately reflect the fast and slow muscle phenotypes. However, transgenic mouse models 

can be used to assess differences in the expression of fibre-type specific genes between 

muscle of varying fibre type composition. These models can then be used to assess 

persistent changes at the protein and mRNA levels in response to different neural firllig 

patterns aod the resuitant ca2+ transients. In this sndy we have attempted to assess the ca2+ 

-dependence of muscle fibre-type specific gene expression using the transgenic approach by 

manipulahg [ca2+]i in slow twitch fibres. Expression of the tiaaogene was regulated by 

the Tnls promoter which directed expression of the PV-HA transgene to slow hivitch fibres. 



TnIs is expressed when primary myofibres forrn, throughout embryonic development and 

then pst-aatally is restricted to slow-twitch skeletal muscle fibres (Sutherland et al. 

1993;Levitt et al. 1995). Thus, it is expected that [ca2'-Ji would be modulated by the PV- 

HA transgene in both fetai and adult muscle fibres. Although we cannot separate the effects 

of ca2+ buffering during embryogenesis fiom those occurcing during the adult state, the 

C d +  bufEering effects were maintained throughout the adult life of the mice. The 

attenuation of sub-tetanic force (30 and 50 Hz) in transgenic SOL muscles in vitro suggests 

that the PV-HA transgene was an effective ca2+ buffer at the lower fiequencies of 

stimulation that occur during tonic activity in vivo (at 10-15 Hz; Hennig & Lomo, 1985). 

nius, one would predict îhat the PV-HA transgene could decrease [Ch2'-Ji and force during 

normal tonic activity (i.e. standing, arnbulation) and affect gene expression patterns 

throughout the adult life of îhe mice. 

Previous studies have s h o w  that direct injection of a PV cDNA into regenerating 

skeletal muscle results in shortening of half-relaxation time and a shifi in muscle fibre type 

to increased type I fibres (Muntener et al. 1995). Our study has confirmed the role of PV as 

a relaxing factor in skeletal muscle. However, unlike the previous study we did not observe 

alterations in MHC expression at the protein level. This discrepancy may reflect different 

levels of transgene expression or differences in the timing of PV expression, the latter k ing 

a direct consequence of differences in the two models used. in the present study we used 

germline transmission whereas the previous study used somatic gene transfer during muscle 

regeneration. With somatic gene transfer, the cDNA can be incorporated hto satellite cells 

that are recruited in the regeneration process, and transgene expression is transient. This 

wouid not necessarily induce the same changes in muscle phenotype as germline 

transmission where transgene expression is ongoing and may invoke different 



compensatory mechanisms. A M e r  advantage of the transgenic approach is the ability to 

investigate normal physiological mechanisrns involved in modulating gene expression such 

as those initiated by the nerve without cequiring injury-response mechanisms as invoked 

during regeneration studies. 

Regdation offlbre-type speciJc gene expression in skeletal muscle 

The results of this study indicate that selected oxidative and glycolytic enzyme 

levels were decreased and that the expression of some fibre-type specific contractile 

proteins may have been altered. This is thought to be due to alterations in gene expression 

nsulting fiom perturbations to the inüacellular ca2+ dynamics. It is known that during 

differentiation of myoblasts into elongated myotubes, the myogenic regdatory factors 

direct expression of a range of muscle-specific genes that mimic those of mature adult 

muscle fibres including myosin heavy chahs, oxidative and glycolytic enzymes and 

proteins invotved in excitation-contraction coupling. We previously postulated that a 

sustained low amplitude inûacellular ca2+ level could activate a ca2' -dependent 

phosphatase (calcineurin) and downstream transcription factors to selectively activate slow 

fibre specific genes (Chin et al. 1998). The interaction of the ca2+ dependent transcription 

factors (NFATs) with muscle specific transcription factors such as MEF2 are thought to 

activate slow fibre gene expression by binding to consensus sequences on slow fibre 

specific promoters. We have more recently shown that MEF2 is also regulated by other 

ca2' dependent sipaling pathways, pacticularly by the ca2' -caimodulin dependent kinase 

CarniUV (Wu et al. 2000). Work by others (Freyssenet et al. 1999) have supported the 

ca2+ -dependence of slow muscle specific gene expression. Freyssenet and colleagues 

demonstrated that cytochrome c, a nuclear-encoded mitochondiial gene which is increased 



in abundance in slow twitch fibres, is activated by elevations of [ca2+Ji through a caX - 
sensitive protein kinase C pathway. It has aiso been shown that transgenic mice 

overexpressing myogenh in fast skeletal muscle fibres had decreased glycolytic and 

hcreased oxidative capacities in the absence of any changes in myosin heavy chah profile 

(Hughes et al., 1999). Myogenin itself rnay play a role in the neural or ca2* -regulated 

transcriptional pathway since it is expressed at higher levels in slow twitch fibres, is 

controlled by innervation (Hughes et al. 1993) and its expression can be upregulated by 

hcreased intracellulai ca2+ levels (Thelen et al 1998). These studies provide furthec insight 

into the transcriptional regdatory mechanisms by which neural recruitment patterns, 

through changes in the amplitude and duration of [ca2+]i, rnay regulate muscle gene 

expression in response to contractile dernands. They also suggest that there are multiple 

ca2+ -dependent transcriptional pathways that rnay act synergisticaily thmugh post- 

translational modification of different transcription factors to selectively activate a slow 

fibre program. Some or al1 of these pathways rnay have been affected by the altered 

intracelluiar CP levels induced by PV-HA expression. Data fiom this study, however, 

suggests that the transcriptional changes rnay or rnay not translate to stable changes at the 

protein level. 

The role of C'di in regulating muscle gene expression 

There is increasing evidence that intracelluiar ca2+ plays an important d e  in 

reguiating muscle gene expression. In addition to reguiating fibre-type specific gene 

expression, ca2+ -dependent transcriptional pathways have been impiicated in muscle 

hypertrophie growth. A cakineurin -dependent pathway has been implicated in botb 

cardiac (Molkentin & Olson, 1997;Molkentin et al. 1998) and skektal @unn et al. 



1999;Semsarian et al. 1999;Musaro et al. 1999) muscle hypertrophy. In the present study 

we did not sec a change in fibre size due to PV overexpression. This is not surprising since 

PV would b a e r  additional ca2+ in the non-stressed fibres. It is expected that the amplitude 

and duration of the ca2+ transients were altered by the PV-HA transgene but the precise 

mechanism by which the amplitude and duration of the [ca2'J transient regulates fibre sizey 

metabolic enzymes or contractile proteins is not known. Based on the ca2' - kinetics of PV 

it is expected that the PV-HA transgene would bind two ca2+ ions in the rested state and 

during normal contractile patterns of SOL muscle ([ca27i 100-300 nM; (Chin & Allen, 

19%)). if the PV-HA transgene could maximally buffer two ca2+ ions per unit of PV 

protein, then theoretically 70-1 12 ph4 ca2+ couid be buffered in transgenic SOL [50-80% of 

the PV content in fast muscles (70 pM kgp' PV) X 2 ca2+ ions per molecule of PV] 

(Robertson et al. 1981). The additional two ca2+ binding sites would only k occupied after 

repeated stimulation (Robertson et al. 1981) and at frequencies high enough to elevate 

[ca2Yi to micromolar levels. In addition to buffering cZ', the occupancy of PV by ~ a "  

under these conditions could result in a redistribution of intracellular ca2' stores and 

possibly in the depletion of SR ca2+ stores. Due to technical limitations in obtaining single 

fibres fiom SOL muscle for ca2' imaging we were unable to determine the changes in 

[ca2+'Ji in response to stimulation in vitro or the ca2+ distribution within myofibm fiom 

these transgenic mice. However, it is posnilated that both a decrease in cytosolic fiee ca2+ 

concentration and an emptying of ca2+ stores may have contributed to the observed changes 

in phenotype. Both of these mechanisms have been implicated in transcriptional regdation 

(Huang et al. 1994;Dnunmond et al. 1987), but it is unknom which aspect of the cat' 

signal is responsible for the phenotypic changes observed in the present study. 



In summary we have geneiated transgenic mice that overexpieso the ca2+ buffering 

protein PV in slow-twitch muscle fibres. The resultant alterations in co~~tractile and 

biochemical characteristics in SOL muscles suggest that the ca2+ buffering capacity of the 

transgene altered both the acute contractile protein hc t i on  and the Iongterm gene 

expression pathways. Alterations in oxidative and glycolytic enzyme activity in the 

absence of changes in expression of myosin heavy chah or other markers of fast vs. slow 

fibre-type dürerences, however, suggest a selective role for ca2+ -dependent transcriptional 

pathways in regulating muscle energetics but not ail fibre-type -related muscle 

characteristics. Our fmdings aiso indicate that while cytosolic ca2' is an important 

regulator of cellular changes, other post-transcriptional mechanisms appear to counter these 

changes to maintain myofibrillar protein content. A complete transformation from a slow to 

fast muscle phenotype may require more pronounced perturbations of [ca2']i or other 

signdling inputs not altered in this model. 
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Appendix B: 

Data and Summary Statistics for Chapter 3 

Individuil Soleus Fiber CSA. SDH. GPDH and MHC isoform tvms [Fias. 3-3s. 34.351 

Raw data: 
Column Legend: 1 = Condition 

2= muscle ID 
3= Cell ID 
4= Fiber type (l=type 1,2= type Ila, 3= type llx, 4= type Ilb) 
5= Fiber cross-sectional area (pm2) 
6= SDH activity (ODlmin x 10-3) 
7= GPDH activity (001min x 10-4) 

-, -- J 1 " .  3 - -4- 5 : .  T. 
Sham F367sl 1: 1 1 1210.7 43.7 20.3 

Sham F367s2 2: 1 1 
3: 1 1 
6: 1 1 
7: 1 1 
8: 1 1 
10: 1 1 
11:1 1 
13: 1 1 
14: l  1 



Sham F368sl 1: 1 1 
2: 1 1 
3: 1 1 
5: 1 1 
7: 1 1 
8: 1 1 
9: 1 1 
10: 1 1 
15: 1 1 
19: 1 1 
20: 1 1 
4: 1 2 
6: 1 2 
11: 1 2 
12: 1 2 
13: 1 2 
14: 1 2 
16: 1 2 
17: 1 2 
18: 1 2 

Sham F368s2 1: 1 1 
4: 1 1 
6: 1 1 
7: 1 1 
8: 1 1 
9: 1 1 
10: 1 1 
11: 1 1 
12: 1 1 
13: 1 1 
16: 1 1 
18: 1 1 
2: 1 2 
3: 1 2 
5: 1 2 
14: 1 2 
15: 1 2 
17: 1 2 



Sham F373sO 1: 1 1 
4: 1 1 
9: 1 1 
O :  1 1 
11: 1 1 
18: 1 1 
19: 1 1 
2: 1 2 
3: 1 2 
5: 1 2 
6: 1 2 
7: 1 2 
8: 1 2 
12: 1 2 
13: 1 2 
14: 1 2 
15: 1 2 
16: 1 2 
17: 1 2 
20: 1 2 

Sham F373sl 2: 1 1 
3: 1 1 
6: 1 1 
8: 1 1 
11: 1 1 
13: 1 1 
18: 1 1 
19: t 1 
1: 1 2 
4: 1 2 
5: 1 2 
7: 1 2 
9: 1 2 

O 1 2 
1 1 2 
14: 1 2 
15: 1 2 
16: 1 2 
1 7 1  2 
20: 1 2 



CsA only F369s2 1: 1 1 
2: 1 1 
3: t 1 
9: 1 1 
14: 1 1 
15: 1 1 
18: 1 1 
19: 1 1 
20: 1 1 
4: 1 2 
5: 1 2 
6: 1 2 
7: 1 2 
8: 1 2 
O :  1 2 
1 1 2 
72: 1 2 
13: 1 2 
16: 1 2 
17: f 2 



CsAonly F370s2 1: 1 1 
2: 1 1 
3: 1 1 
6: 1 1 
8: 1 1 
1 1 1 
12: 1 1 
13: 1 1 
14 : l  1 
15: 1 1 
18: 1 1 
20: 1 1 
4: 1 2 
5: 1 2 
7: 1 2 
9: 1 2 
10: 1 2 
16: 1 2 
17: 1 2 
19: 1 2 

CsAonly F371sl 2 : l  1 925.6 52.4 23.7 
4: 1 1 1328.9 44.3 18.1 
6: 1 1 1300.3 42.4 28.7 



FK506 only 404~1 1: 1 1 
5: 1 1 
6: 1 1 
7: 1 1 
8: 1 1 
9: 1 1 
11: 1 t 
12: 1 1 
13: 7 1 
14: 1 1 
17: 1 1 
19: 1 1 
20: 1 1 
2: 1 2 
3: 1 2 
4: 1 2 
10: 1 2 
15: 1 2 
16: 1 2 
18 : l  2 

FK506 only 404~2 1: 1 1 
3: 1 1 
4: 1 1 
6: 1 1 
7: 1 1 
8: 1 1 
9: 1 1 
10: l  1 
12:l 1 
13: 1 1 
14: 1 1 
15: 1 1 



FK506 only 4 0 5 ~ 1  

FK5M only 4 0 5 ~ 2  



FK506 only 40691 2: 1 1 1276.9 45.5 29.7 

FK506 only 406s2 6: 1 t 
9: 1 1 
11: 1 1 
13: 1 1 
16: 1 1 
17: 1 1 
19: 1 1 
20: 1 1 
1: 1 2 
2: 1 2 
3: 1 2 
4: 1 2 
5: 1 2 
7: 1 2 
8: 1 2 
10: 1 2 
2 1  2 
14: 1 2 
15: 1 2 
18: 1 2 

CsA only 







Tranrcrint Levek of Swcific Soloui Genos Undar Various Conditions IFb. 3 -8~ )  

S ham 367 378.5 2050.1 29.2 1028.7 37.3 
368ff 3 133.3 1690.6 51.3 596.6 11.2 

CsA only 369 46.1 1686.6 20.2 172.7 24.4 
370 25.7 1590.1 0.0 102.2 35.4 

FK-506 on1 404 173.6 902.1 76.3 983.1 88.4 
405 143.0 1965.6 83.4 1143.9 82.2 
406 428.5 1502.5 184.5 1397.5 92.0 

Note: All values are expressed relative to the 28s ribosomal subunit gene which served as control. 



Summry One-Way Anrlytb of Variance for Soleus Hirtochamically Identifid Type I and 
Type Ili Fiben (Figr. 3-38,3+,3be): '(ODlmin x 10-3), "(ODlmin x 10.4) 

A One-Way Analysis of Variance was used to compare the means and when the assumptions of 
this test were not met, the non-parametrïc Kruskal-Wallis Test was used with reporteci 
Kruskal-Wallis statistic (KW). 

S. D. 380.2 256.5 240.1 FK506 only 
S. E. 48.7 28.2 29.6 

51.2 53.1 57.1 F(2,207) = 0.0025 FK506 > Veh and CsA 
SDH Activity ' 6.16 only 
S. D. 9.3 10.1 9.6 
S. E. 1.2 1.1 1.2 
GPDH Activity " 26.1 24.1 29.7 KW=5.14 0.0767 NS 
S. D. 13.6 12.1 14.5 
k 1 7  1.2 1 B 



Summrry One-Way Anaiysis of Variance for Soieus Fiber T y p  Proportions ( Fig. 3-48) 

Summaty One-Way Analysis of Variance for Sokus Tnmcript Levels of Different Genes 



Individual Animal Muscle and Bodv Mas8 (Fias. 3-2 and 4-21 

Raw data: 

Column Legend: Muscle 1 = Plantaris 
2 = Soleus 

Condition 1 =Sham-veh 
2=CsA only 
3=FK506 only 
4=OV-veh 
5=OV-CsA 
6=OV-FK506 

Animal ID Muscle Condition Muscle Weight Body Weight MWlBW 

IlTe 
(MW) (mg) (BW) (g) (mglg) 

16.0 37.5 0.427 



1 Animal ID Muscle Condiin Muscle Weight Body Weight MWlBW 1 



Summary One-Way Analysis of Variance for Animal Body Weight (Table 3-1 and 4-9) and for Plantadi and 
Sokus Muscle Weight relative to Animal Body Weight (Fig 3-2 and 4-2). 



Appendix C: 
Data and Summary Statistics for Chapters 3 and 4 

Individual Plantaris Fiber CSA. SDH. GPOH and MHC isoform t v m  
jF ias. 3-3b. 34.3-7.44.4-5.4-6 and 4-11 

Raw data: 
Column Legend: 1 = Condition 

2= muscle ID 
3= Cell ID 
4= Fiber type (l=type 1,2= type Ila, 3= type Ilx, 4= type Ilb) 
5= Fiber cross-sectional area ( p 2 )  
6- SDH activity (ODlmin x t 0-3) 
7= GPDH activity (ODimin x 10-4) 

Sham F367p2 2: 1 2 765.3 131.7 83.6 
5: 1 2 j539.1 122.3 94.8 
9: 1 2 738.1 108.4 74.7 

11: 1 2 948.5 107.2 178.3 
12: 1 2 1169.3 714.3 1223 
15: 1 2 1371.0 140.1 183.9 



Sham F368pl 21 
2: 1 
4: 1 
7: 1 

10: 1 
11: 1 
12: 1 
15: 1 
16: 1 
18: 1 
19: 1 
20: 1 

1: 1 
6: 1 

14: 1 
3: 1 
5: 1 
8: 1 
9: 1 

13: 1 
17: 1 

Sham F368p2 1: 1 2 
2: 1 2 
6: 1 2 
7: 1 2 
8: 1 2 
9: 1 2 

12: 1 2 
1 3  2 
14: 1 2 
15: 1 2 
1 7  1 2 
19: 1 2 
20: 1 2 
3: 1 3 
4: 1 3 

1 1 : l  3 



Sham F373p0 2: 1 2 
3: 1 2 
5: 1 2 
6: 1 2 
7: 1 2 
9: 1 2 

10: 1 2 
12: 1 2 
13: 1 2 
16: 1 2 
17: 1 2 
18: 1 2 
4: 1 3 
8: 1 3 

11: 1 3 
19: 1 3 
20: 1 3 

1: 1 4 
14: 1 4 

4 

Sham F373pl 1: 1 2 
2: 1 2 
5: 1 2 
6: 1 2 
7: 1 2 
8: 1 2 
9: 1 2 

12: 1 2 
14: 1 2 
15: 1 2 
16: 1 2 
18: 1 2 
20: 1 2 
3: 1 3 
4: 1 3 

10: 1 3 
11: 1 3 
13: 1 3 
17: 1 3 
1 9 : l  3 





CsA only F370p2 2: 1 2 
4: 1 2 
5: 1 2 

1 1  1 2 
14: 1 2 
16: 1 2 
18: 1 2 
19: 1 2 
20: 1 2 
3: 1 3 
9: 1 3 

10: 1 3 
15: 1 3 
17: 1 3 
1: 1 4 
6: 7 4 
7: 1 4 
8: t 4 

12: t 4 
13: 1 4 

CsA only F371p0 21 1 
22 1 
23 1 
24 1 
25 1 
26 1 
27 1 

1: 1 2 
2: 1 2 
5: t 2 
7: 1 2 
9: t 2 

13: 1 2 
14: 1 2 
15: 1 2 
18:1 2 
19: 1 2 
4: 1 3 
6: 1 3 



CsA only F37l p l  21 
22 
23 
24 
25 
26 
27 

1: 1 
2: 1 
3: 1 
6: 1 
7: 1 
9: 1 

11: 1 
12: 1 
13: 1 
16: 1 
17: 1 
19: 1 
5: 1 
8: 1 

10: 1 
15: 1 
18: 1 
20: 1 
4: 1 

14: 1 

CsA only 



=K506 only 404pl 2: 1 2 
5: 1 2 
6: 1 2 

11: l  2 
12: 1 2 
13: 1 2 
15: 1 2 
16: 1 2 
17: 1 2 
18: 1 2 
20: 1 2 

3: 1 3 
8: 1 3 

14: 1 3 
1: 1 4 
4: 1 4 
7: 1 4 
9: 1 4 

10: 1 4 
19: 1 4 

=K506 only 404p2 5: 1 1 813.5 82-0 53.7 
17: 1 1 706.2 81.8 61.2 
1 : l  2 1007.1 116.3 114.6 
2: 1 2 1200.0 107.1 139.5 
3: 1 2 811.8 49.3 236.8 



=K506 only 405pl 6: 1 2 
7: 1 2 
9: 1 2 

11: 1 2 
13: 1 2 
16: 1 2 
18: 1 2 
2: 1 3 
5: 1 3 
8: 1 3 

17: 1 3 
19: 1 3 
20: 1 3 

1: 1 4 
3: 1 4 
4: 1 4 

10: 1 4 
12: 1 4 
14: 1 4 
15: 1 4 

=K506 only 405p2 13: 1 1 
1 1 2 
3: 1 2 
4: 1 2 
5: 1 2 
6: 1 2 
7: 1 2 

1O:l 2 
12: 1 2 
14: 1 2 
17: 1 2 
18: 1 2 
20: 1 2 
2: 1 3 
8: 1 3 



=K506 only 406pl 21 
22 
23 
24 
25 

2: 1 
3: 1 
4: 1 
6: 1 
7: 1 
8: 1 
9: 1 

10: 1 
11: 1 
14: 1 
15: 1 
17: 1 
18: 1 
19: 1 
1: 1 
5: 1 

12: 1 
13: 1 
16: 1 

=K506 only 406p2 1: 1 2 
3: 1 2 
6: 1 2 
7: 1 2 
9: 1 2 

11: 1 2 
12: 1 2 
13:1 2 
14: 1 2 
17: 1 2 
18: 1 2 
2: 1 3 
5: 1 3 
8: 1 3 

10: 1 3 
16: 1 3 
19: 1 3 
20: 1 3 
4: 1 4 

15: 1 4 





OV-veh F359pl 3: 1 2 
8: 1 2 

13: 1 2 
14: i 2 
17: 1 2 
19: 1 2 
2: 1 3 
4: 1 3 
5: 1 3 
9: 1 3 
il: 1 3 
12: 1 3 
20: 1 3 

1: 1 4 
6: 1 4 
7: 1 4 

10: 1 4 
15: 1 4 
16: 1 4 
18: 1 4 







OV-CSA F361p1 21 1 434.8 48.0 
22 1 588.8 42.4 
23 1 586.1 61 .O 
24 1 787.0 33.1 
25 1 573.3 58.1 
26 1 467.9 79.2 
27 1 750.4 49.1 
28 1 562.4 52.8 
29 1 1:33.6 29.2 
30 1 852.0 55.1 

3: 1 2 1541.7 28.6 164.2 
6: 1 2 856.1 88.1 86.0 
9: 1 2 700.8 88.3 88.3 

1 0 : l  2 1672.9 6 t 9  154.6 
1 l : l  2 862.0 87.5 76.1 
14: 1 2 1310,2 86.5 222.5 
7: 1 3 1720.6 51.6 275.6 
8: 1 3 2338,l 39.2 286.0 

18: 1 3 1716.4 52.8 207.9 
20: 1 3 792.2 90.5 351.7 

1: 1 4 1065.5 25.1 348.8 
2: 1 4 1729.8 26.8 340.8 
4 : 1  4 2386.6 33.0 315.8 
5: 1 4 2385.4 29.3 337.3 

12: 1 4 2349.2 39.9 347.8 
13: 1 4 1940.7 45.7 245.4 
15: 1 4 2110.2 39.1 273.0 
16:1 4 2240.5 37.4 326.0 
17: 1 4 1664.8 26.8 269.4 
19: 1 4 2138.8 29.6 304.4 













Fiôer Prowrtions of Plantaris Musclm Under Various Conditions (Fias. 34b, 4-li 

368 
373 
216 

CsA only 369 
370 
37 1 
169 

FK506 oniy 404 
405 
406 

OV-veh 358 
359 
363 

18 
OV-CsA 360 

36 1 
362 

13 
OV-FK506 364 

365 
366 
72 



TnnscriM Levets of Smific Piantaris Genes Under Variout Conditions (Fim. 24d. 3Jbl 

368173 
CsA only 369 

371 
FK-506 on1 404 

405 
406 

OV-ve h 358 
359 
363 

OV-CsA 360 
361 
362 

OV-FK-50€ 364 
365 
366 

Note: All values are expressed relative to the 28s ribosomal subunit gene which served as control. 



Summary One-Way Analysis of Variance for Plantaris Histochemically ldentified Type 1, IIa, llx, 
and Ilb Fibers (Figs. 3-3b, 3-7.4-3 and 4-7): *(ODlmin x 103), **(ODImin x 104) 

A One-Way Analysis of Variance was used to compare the means and when the assumptions of this test were not met, 
the non-parametric Kruskal-Wallis T'est was used with reported Kruskal-Wallis statistic (KW). 

Note: Where they appear, numbers in parenthasis are modified n values for a specific test. 

veh and OV-FK506; FKSB-ori 



: 
Fiber CSA (pmZ) 

S. D. 
S. E. 
SDH Acllvity * 

S, D. 
S. E. 
GPDH Activity ** 

S. D. 
S. E. 
( y  I f )  
Fiber CSA (prnz) 

S. D. 
S, E. 
SDH Activlty ' 

S. D. 
S. E, 
GPDH Activity ** 

S. D. 
S. E. 

- 3  . h59pz'?' ," ( n-*3: :.:9 ,. #%Zï@f 
0.0001 

0.0001 

0.0001 

OV-veh >ail conditions 

OV-veh and OV-FK506 < 
Shamlveh, CsA only, FK506 
only and OV-CsA; OV-CsA < 
Shamlveh 
OV-Veh c Shamtveh, OV-CsA 
and OV-FK506 

1055.9 

270.4 
34.6 
81,2 

17.0 
2.2 

(57) 141.3 

59.0 
7.8 

981.4 

287.4 
36.2 
99.1 

26.6 
3.3 

(62) 134.5 

50.0 
6.3 

h n 7- ; E X . ?  7 aa382.3; ici32 +' - : Z t B E  

KW= 52.3 

KW= 
131.7 

KW= 27.1 

969,3 

312.7 
38.5 

110.7 

19.9 
2.4 

137,6 

56.9 
7.0 

1035.4 

414,7 
48.5 

107-4 

22.6 
2,6 

115.5 

49.7 
5.8 

968.7 

334.2 
40.2 

100,O 

16.4 
2.0 

121.3 

55.7 
6.7 

1287.9 

368.8 
38.5 
77.7 

22.3 
2.3 

103.9 

38.1 
4.0 

<0.0001 

<0.0001 

<0.0001 

OV-veh and OV-FK506 > al1 
conditicris 

OV-veh < Shamlveh and OV- 
CsA; OV-FK506 c CsA-only 
and OV-CsA 

OV-veh c Shamlveh, CsA only, 
FK506 only and OV-CsA; OV- 
F K506 < Sharnlveh, CsA only 
and OV-CsA 

1493.7 

366.5 
55.2 
78.7 

24.0 
3.6 

260.1 

61.4 

F(5,237) 
= 10.1 

KW= 32.4 

KW= 65.0 

1400.6 

499.5 
96.1 
70.1 

21.1 
4.1 

226.8 

62.4 

1347.6 

404.1 
62.3 
70.2 

16.7 
2.5 

253.2 

53.0 
8.2 

1443.0 

368.5 
60.6 
66.7 

16.8 
2.7 

255.0 

71.3 

1888.2 

366.5 
59.4 
59.3 

17.4 
2.8 

181.8 

39.1 

1651.2 

376.1 
50,8 
58.0 

13.7 
1.8 

(40.8) 214.8 

41.4 
5.9 6.3 9.3 11 .71 12.0 





Summary One-Way Analysis of Variance for Plantaris Fiber Type Proportions (Figs. 3-1b and 4-1) 



Summary One-Way Analysis of Variance for Plantaris Transcript Levek (Figs. 3 8  and 4-8) 

!F+ :JT ': ,$2'ff+aim 
MHC 1 

S. D. 
S, E, 
MHC Ila 

S. D. 
S. E. 
MHC Ilx 

S. D. 
S. E, 
SERCA-2 

S. D, 
S, E. 
GPDH 

S. D. 
S. E. 

Yehicle lCsA 1 FK-506 1 OV-veh 1 OV-CsA 1 OV-FK506 IF Ratio Ipvalue IGroup Differences 
fii+2;; - 5:r[n+2 {&zz?;.?. f~~dF3~3Q~~4~fi-~3,f3:~5.~~~-63~&@~~@3p -5 

NS 

Shamlveh s FK506 only and 0 1  
FK5û6 

NS 

OV-veh > al1 groups 

NS 

F(5, 10) = 
1.756 

F(5,10) = 
3.810 

F(5, 10) = 
1.652 

F(5, 10) = 
4.281 

F(5, 10) = 
2.036 

0.2096 

0,0342 

0.2333 

0.0069 

0,1585 

57.8 

20.4 
11.8 

3225.3 

7464.6 
845.6 
70.4 

62.4 
36.0 

233.4 

132.2 
76.3 
89.1 

61.3 
35.4 

300.2 

338.2 
239.2 

5178.3 

986-6 
682.8 

1.4 

1.9 
1.4 

202.3 

159.5 
1 12,8 
117.7 

29.3 
20,7 

82.5 

26.9 
15.5 

2095.4 

932.7 
538.5 
91.9 

86.6 
50.0 

431.9 

109.0 
62.9 

214.4 

64.2 
37.0 

262.1 

127,9 
73.8 

2257.3 

567.4 
327.6 
21.1 

18.3 
10.6 

243.6 

119.5 
69.0 

166.2 

55.5 
32.0 

346.1 

189.2 
133.8 

4301.0 

1165.2 
824.0 

0.0 

0.0 
0.0 

237.0 

146.9 
103.9 
137.5 

56.0 
39.6 

325.2 

178.6 
103.2 

3853,5 

369.4 
213.3 
75.9 

28.5 
16.5 

788.3 

222.2 
128.3 
163,l 

20.9 
12.1 




