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ABSTRACT 

Contractile activity represents a potent stimulus for the induction of alterations in 

skeletal muscle phenotype. The dynamic nature of gene expression requires tight regulatory 

mechanisms that match skeletal muscle protein profle to metabolic demand. Mitochondrial 

biogenesis occurs in muscle in response to altered contractile activity and is central to many 

of the adaptations that occur during this period. The mitochondrion is comprised of proteins 

that are encoded in the nuclear genome as well as those which are encoded within the 

mitochondrial DNA. Thus, the process of mitochondrial biogenesis is a complex one that 

requires communication between the nucleus and mitochondrion in order to properly 

coordinate organelle synthesis. There are numerous studies wbich have investigated activity- 

induced mitochondrial biogenesis ho wever, the stable nature of the mRNAs encoding 

mitochondrial proteins has made the elucidation of the mechanisms underlying organelle 

biogenesis diflicdt. Consequently, there exists a need for more sensitive techniques in order 

to fully understand the response of the genes encoding mitochondrial proteins to contractile 

activity In addition, there needs to be a better appreciation of the relationship between how 

muscle responds to both increased and decreased contractile activity, as it does not appear 

that one response is simply the opposite to the other. 

Thus, my thesis was designed to fiilfil1 the following purposes. 1) To cl- some 

of the ambiguities that exist in the response of skeletal muscle ta short-term microgravity 

exposure and determine at which level of gene expression that adaptations are regulated. 

Furthemore, it is known that the cardiovascular system is subjected to many stressors during 
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microgravity exposure and 1 wish to determine the molecular response of cardiac muscle to 

spaceflight. 2) The stable nature of skeletal muscle gene products which encode 

mitochondrial proteins has prevented the elucidation of the mechanisms responsible for the 

changes in gene expression following increases in contractile activity. My experiments were 

directed towards developing more diable methods for examining the expression of nuclear 

genes encoding mitochondrial genes. 3) Current in vivo models for studying the effects of 

contractile activity on gene expression do not allow for the precise manipulation of the 

intracellular environment that is necessary to determine the putative signals that initiate 

alterations in gene expression. 1 wished to develop a contracting ce11 culture model to better 

investigate the mechanisms which underlie the response of skeletal muscle to increased 

contractile activity. 

In this regard, my studies utilized both whole animal and cell culture models. Steady- 

state mRNA and protein leveIs were measured, in order to determine the extent of the 

activity-induced mitochondrial adaptations in addition to providing some insight into the 

level of regulation of this process. By measuring the transcription and degradation of 

specific mRNAs, a better understanding of how increased contractile activity elicits 

adaptations in the expression of genes encoding mitochondrial proteins was developed- In 

addition, a ce11 culture model of increased muscle contraction aliowed for control of specific 

proteins and a better definition of the transcriptional regulation of nuclear-encoded 

rnitochondnal genes. Also, the inhibition of muscle contraction at various levels allowed for 

the determination of the signal(s) responsible for activity-induced skeletal muscle 



mitochondrial biogenesis. 

Following exposure to rnicrogravity, tissue-specific adaptations in the expression of 

mitochondnal proteins in skeletal and cardiac muscle were evident. In contrast, the response 

of skeletal muscle to increased contractile activiîy was explored to provide a clear definition 

of the molecular rnechanisms that initiate mitochondrial biogenesis. Using direct muscle 

gene injection and a .  in viîro &A decay system , sequential activity-induced elevations 

in both mRNA transcription and stability, respectively, were evident. Also, cytochrome c 

expression was dependent on the type of stimulation (Le. continuous vs. intermittent), 

suggesting a role of the recovery phase in this adaptation. Finally, using a ce11 culture mode1 

it was detemiined that activity-induced elevations in the transcription ofthe nuclear-encoded 

cytochrome c gene could be mapped to a specific region. This adaptation was mediated by 

specific proteins binding within this region and was dependent on cross-bridge cycling. 

Thus, mitochondrial adaptations in muscle during conditions of increased and 

decreased contractile activity display a unique, tissue-specific rcsponse. [o addition, the data 

presented herein provide the groundwork for M e r  investigation into the molecular basis 

of activity-induced skeletal muscle mitochondrial biogenesis. 
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REVIEW OF RELATED 

LITERATURE 



1. GENE EXPRESSION 

Differences in the levels of proteins among mammalian tissues resdt fkom altered 

expression of these genes within these tissues (Comor et al. 1996, Hood, 1990). There are 

numerous factors which contribute directly to tissue-specifk gene expression, and these 

factors are also lüiely responsible for adaptations occurring within a tissue in response to an 

external stressor. Although there are many potential levels of regdation for the expression 

of nuclear and mitochondrial genes, 1 will Iùnit this review to gene transcription and mRNA 

stability. 

1.1 Transcription of Nuclear Protein-coding Genes 

The majority of the genetic information contained in a eukaryotic cell is located 

within the nuclear genome, with a small number of proteins being encoded by the 

mitochondrial DNA. Within the nucleus, the multi-subunit enzyme RNA polymerase II 

(POLE) is responsible for the transcription of protein-coding genes into messenger RNA 

(mRNA; Myer and Young, 1998). The POLII holoenryme, which is comprised of subunits 

responsible for DNA-binding in addition to those involved in the regulation of transcriptional 

activity, comprises the heart of the core transcriptional complex and is the target for many 

transcription CO-factors (Myer and Young, 1998, see below). When in a non-dividing state, 

nuclear DNA is complexed with an octamer of core histone proteins ( H 2 4  H2i3, H3 and H4; 

WoWe, 1997) which bind DNA in their N-termini (Hansen et al., 1998). This complex, 

temed the nucleosome, prevents POLII access to the DNA, thus preventing gene 

transcription. In order to transcnbe nuclear-encoded genes, the nucleosome must be 
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disrupted, thereby exposing the promoter regions to the transcriptionai machinery 

(Edmonson and Roth, 1996). This is an ATP-dependent process that is facilitated by a 

family of proteins tenned helicases (Eisen and Lucchesi, 1998). In addition, histone 

acetyltransferases wifl acetylate intemal lysine residues of the core histone N-terminal 

domains, resdting in changes in histone conformation which dismpt the nucleosome and 

allow POLII and other transcription factors access to the gene promoters (Kuo and Ailis, 

1998). This acetylation is often transient and cm be reversed by the action of histone 

deacetylases (Kuo and Allis, 1998). Thus, the nature of the nucleosome allows for the 

selective regulation of the expression of nuclear-encoded genes. 

1.1.1 Core Transcriptional Compler 

Many protein-coding genes contain a T-A rich region withïn their promoters termed 

a TATA box. This TATA box is commonly found approximatel y 3 0 basepairs (bp) upstream 

of the transcription start site, and has been shown to be the site within the promoter at which 

the transcriptional apparatus binds (Ptashne and Gann, 1997; Zawel and Reinberg, 1995). 

Although POL II alone can bind to the TATA box, this occurs at a very low and somewhat 

inefficient rate (Smale, 1997). However, there is a large famüy of transcription factors 

(T'FUS) which are necessary to increase the efficiency of both the DNA binding and 

transcriptional elongation of POLII (Beii and Tora, 1999; Hahn, 1998; Myer and Young, 

1998; Tansey and Herr, 1997; Zawel and Reinberg, 1995). The TATA-binding protein 

(TBP) is a 38-kDA protein which, as its name suggests, binds to the TATA box and is very 

strongly associated with a large group of TBP-activating factors (TAFs) collectively termed 
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TFIID ( H o f h a ~  et al., 1997; Lewin 1990; Tansey and Hen; 1997). The TBP-TAI? 

complex is very stable, with dissociation occurring only under denaturing condftions (Tanese 

et al., 1991). Interestingly, TFIID is also thought to play a major role in the initiation of 

transcription of TATA-less promoters (discussed in more detail below). The nature of TBP 

binding to the TATA box is altered by direct TAF protein-protein interactions. T'Fm 

binding to the TATA box is stabilized by interaction with amino acids 2 17-240 of the protein 

TFIIA (Kang et al., 1995). Upon binding to the TATA box TFIID interacts with TFIIB, a 

protein that spans approximately 30 bp and acts to direct the growing transcription pre- 

initiation complex PIC) to transcription start site (Ha et al., 1993). TFIIB interacts with 

TFIIF, the factor responsible for the recruitment of POLIl into the PIC. Thus, TFIIB can be 

thought of as a molecular bridge between TFIID and POLII (Flores et al., 1991). There are 

2 other proteins, TFIIE and TFIIH which associate with the PIC however, they are more 

essential for promoter clearance and the nucleotide excisionrepair (Aboussekhra et al., 1995; 

Dahus ,  1996; ZaweI and Rehberg, 1995). 

1.1.2 TATA-less Promoters 

There are some eukaryotic protein-coding geneq such as cytochrome c (Scarpulla 

et al., 1981), which do not contain a TATA box within their promoter regions yet are 

efficiently transcribed within the nucleus (Smale, 1997). Thus, the TATA box i s  not the ody 

region which can direct the transcription of mRNA. These TATA-less promoters contain an 

initiator (Inr) sequence which encompasses the sequences between -6 to +l  1 bp and contains 

a loosely defined consensus sequence ( C M ;  Smale, 1997). This consensus sequence, 



5 

which overiaps the transcription start site (A being located at +1 bp), must be surrounded 

by at least a few pyrimidines to confer accurate transcnptional activation of these genes 

(Jahavery et al., 1994; Lo and Smale, 1996). Interestingly, Inr regions are located in many 

TATA-containing promoters and appear to increase transcnptional efficiency (Means and 

Farnharn, 1990). When a .  Inr region was placed downstream of either a TATA box or 

multiple Spl binding sites, transcnptional activity was greater than that observed in the 

absence of the Inr (Means and Famham, 1990). Thus, the Inr is similar to the TATA box 

in that 1) both of these regions cm direct accurate transcription of protein-coding genes and 

2) each can support high levels of transcription when subjected to an upstream activator 

(Smale, 1997). However, it is likely that there are still some unidentined components 

involved in Inr driven transcription and the full nature of the expression of these TATA-less 

promoters rernains unlaiown. 

1-1.2.1 TFrn  

Simikir to transcription f?om TATA-containing promoters, many TATA-less 

promoters drive transcription via the recruïtment of TFIID to the transcription start site 

(Carcarno et al., 199 1 ; Kaufinann and Smale, 1994; Means and Famham, 1990; Vemjzer et 

al., 1995). However, it still remains unclear which component of the TFIID complex is 

responsible for Inr binding (Smale, 1997). It appears that the essential components of TFIID 

are TBP and two TAFs within the TFIID complex, TAF15O and TM254  since a TBP- 

TAFISO-TM250 complex can initiate transcription fiom the Inr region in vitro (Verrijzer 

et al., 1995). It has been hypothesised that TFIID-Inr interactions are weaker than TFIID- 
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TATA interactions, since punfied T F D  alone cannot bind Inr promoter sequences in the 

absence of an intact TATA box, as indicated by gel mobility shift analysis (Kauhann and 

Smale, 1994) This suggests the involvement of other factors which stabilise TFIID-Inr 

interactions in vivo. A likely candidate involved in the stabilisation of TFm) binding to the 

Inr is TFIl-1, one of the first proteins found to exhibit Inr binding (Roy et al., 1991). 

1.1.2.2 TFII-1 

TFII-1 has been shown to replace the requirement for TFIIA in the PIC (see section 

1.1.1. above). TFII-1 is capable of binding to DNA containhg a TATA box and an Lnr and 

this persists even in the presence of a mutated TATA box suggesting the involvement of 

TFII-1 in the transcription of TATA-less promoters (Roy et al., 1993). TFII-1 c m  also 

stimulate transcription in the presence of TBP aione (Roy et al., 1991), although it remains 

likely that the entire TFIID complex is necessary for Inr driven transcription (Kauhann and 

Smale, 1994; Verrijzer et al., 1995). 

1.1.2.3 Other Factors 

It has been speculated that POLD itself is capable of binding to the Inr (Carcarno et 

al., 1991). However, this hypothesis was based on experiments in which purified POLII, 

TBP, TFIIB and TFIIF were shown to bind Inr elements. Since the latter three components 

are not capable of binding to Inr regions, it was proposed that POLII was the protein 

responsible for Int binding. Although this is a logical conclusion, no direct evidence has 

demonstrated that POLII aione can bind to the Inr. Auother recently reported protein Y i  

Yang 1 (YY1) has been shown to possess a high affinity for sequences containing a CCAT 
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core, and will thus bind to a small subset of In. containhg promoters (Seto et al., 199 1). 

Transcription of adenoassociated virus P5 prornoter, which contaius an Inr sequence but no 

TATA box, can be reconstituted in vitro by the addition of only W1, TFIIB and POLII 

(üsheva and Shenk, 1994). There was no requirement for TBP or TFIID, and these proteins 

actually inhibited the Y Y  1 -dependent transcription initiation. 

1.2. Transcriptional Elongation 

To date much of the research directed at the analysis of gene transcription has 

focussed on the pre-initiation and initiation stages of this process. However, DNA 

transcription is comprised of two essential stages, initiation and elongation (Aso et al., 

199%; Shilatifard, 1998a). In recent years there has been an increase in the amount of 

research investigating transcriptionai elongation, which has begun to help improve the 

understanding of how this process is controlled. 

1.2.1. pTEFs 

The initiation of mRNA tmnscript elongation is controlied by the actions of 

transcription elongation factors (Marshall and Price, 1995; Wada et al., 1998a). Positive 

transcription factors @TEFs) have been purified fiom Drosophila extracts and yielded three 

activities, pTEFa, factor 2 and pTEFb (Marshail and Price, 1995). Although dl three factors 

aid in transcnpt elongation, it appears that pTEFb is the oniy factor that is strictly required 

in that it supports elongation in the absence of the other two factors (Marshall and Price, 

1995). pTEFb is comprised of two subunits which have been characterized as  a 124 kDa 

cyclin dependent kinase (CDK9) and a 43 kDA cyclin (cyclinT; Peng et al., 1998). It has 
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also been shown that pTEFb can phosphoryiate the C-terminal domain (CTD) of the Iargest 

subunit of RNA polymerase II @ahmus, 1 996; Marshall et al., 1 996). pTEFb is thought to 

release the transcriptional cornplex fiom elongation arrest, possibly through phosphorylation 

of the CTD of the largest POLII subunit by the CDK9 subunit. 

1.22. DSIF 

A recently identified protein, termed DRB-sensitivity inducing fztor @SE), is 

composed of 160 kDa and 14 kDa subutlits. DSIF inhibits elongation in combination with 

5,6-dichloro-1 -B-D-ribofuranosylbeddazole (DRB; Wada et al., l998a), a chernical 

which has previously been shown to inhibit mRNA synthesis. DSIF has beenrecently s h o w  

to interact with pTEFb. This is signincant since pTEFb releases POLII fiom elongation 

arrest. Thus, the activities of these antagonistic proteins likely act to modulate the rates of 

transcriptional elongation (Wada et ai., 1 998b). In addition, DSLF bas been shown to interact 

with a novel protein termed NELF (negative elongation factor), a protein comprised of five 

subunits which cooperates with DSIF to strongly inhibit POLII elongation (Yamaguchi et al., 

1999). The smallest NELF subunit is identical to RD, a putative RNA-binding protein of 

unknown function. The relevance of this finding remains unknown and the relatively novel 

nature of the relationship between DSIF and NELF means that the understanding of their 

functions in vivo are speculative in nature. However, a better comprehension of this 

interaction is likely to evolve in the near füture. 

1.23. SI1 

SI1 is an ubiquitously expressed 38 kDa elongation factor that was discovered and 
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purified in the mid 1970s (Sekimizu et ai,, 1976). h has been established that POLII directed 

transcription is not a continuous process and that many transcription arrests occur during 

&A synthesis (Reines et al., 1996). During transcription POLII encounters many intrinsic 

arrest sites, which are typically composed of two or more closely spaced T-rich stretches in 

the template strand (Shilatifard, 1998a). SI1 acts to release POLII fkom its arrested state by 

allowing elongation to proceed through these arrest sites (Kerppola and Kane, 199 1). Upon 

transcriptional arrest POLIi undergoes a conformational change which leads to a loss of 

contact between the 3 ' end of the growing transcnpt and the POLII catalytic site (Donahue 

et al., 1994). It is likely that SI1 promotes reiterative message cleavage and re-extension of 

the nascent transcript held within the POLII active site &ban and Luse, 1992). Evidence 

suggests that although a physical interaction between SII and POLII is necessary for 

transcript cleavage, the enzymatic activity is contained within POLII itself (Izban and Luse, 

1992; Reines, 1992). 

1.2.4. The Elongin ( S m  Complex 

The elongin/SIII complex of proteins is comprised of A, B and C subunits with 

molecuiar masses of 1 10, 18 and 15 kDa, respectively (Bradsher et al., 1993a; Bradsher et 

al., 1993b). Elongin A is the transcriptionallly active subunit while Elongins B and C are 

positive regulatory subunits, which form a stable complex capable of inducing the 

transcriptional activity of Elongin A (As0 et al., 1995b). Elongin C appears to be the true 

inducer of Elongin A activity, since these two proteins can interact in the absence of Elongin 

B. However, Elongin B is incapable of binding to Elongin A without the presence of 
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Elongin C, suggesting a chaperone-iïke fiinction for Elongin B ( h o  et al., 1995b). The 

elongidSIII complex suppresses transient pausing of POLII, but the exact mechanism of 

action remains unkflown, It has been shown that elongin B/C complex is tightly bound by 

the von Hippel-Landau (VHL) hunor suppressor protein (Duan et al., 1995) suggesting that 

these factors regulate gene expression by slowing the transcriptional activity of POLE 

Patients with deficient levels of VHL protein exhibit an increased incidence of various types 

of cancer, mely a result of an increased POLII activity mediated by a disruption of the 

ElongidSIIINIiZ, interactions. 

1.2.5. ELL 

ELL is an 80 kDa polypeptide, originally purified fiom rat liver nuclei, which 

contains no obvious structurai motifs characteristic of transcription factors but is capable of 

inhibiting transcriptional pausing by POLE (Shilatifârd et al., 1996). ELL contains an 

elongation activation domain as well as a novel domain which negatively regulates 

elongation in vitro (Shilatifard et al., 1 997). If ELL is added to transcription reactions before 

the formation of the PIC, there is a reduction in the rate of transcription (Shilatif'ard et al., 

1997). Patients with acute myeloid leukemia posses a deletion of the negative regulation 

domain of ELL which results in an increased promoter-specific transcription initiation. 

However, it has recently been discovered that ELL exists as a Holo-ELL complex compnsed 

of other cellular proteins with an approximate mass of 210 kDa (Shilatifard, 1998b). The 

ELL-associated proteins (EAPs) which constitute this complex inhibit the negative effects 

of ELL, and the Holo-ELL complex acts to increase the rate of catalytic rate of transcription 
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elongation (Shilatîfiard, 1998b). Thus, it appears likely that one of the EAPs interacts with 

the negative transcription regulation domain of ELL and prevents transcription inhibition. 

1.2.6. TFILF 

TFIIF exhibits a unique feature compared to the other general transcripfion factors 

in that it h a  the ability to affect POLE activity by a l t e ~ g  both the rates of initiation and 

elongation (Reines et al., 1996). If POLII interacts with T'FIE prior to encomtering a 

transcriptional arrest site, there appears to be a reduced likelihood that anest WU a c c u  (Gu 

and Reines, 1995). It appears that although TF-IIF action is unique fkom that of SII, there is 

a complementary relationship which exists between the two proteins. TFIIF reduces the 

chance that tramcnptionally active complexes will pause and SII releases those which do 

expenence transcription arrest. 

13. Transcription Factors 

It is well established that activity of the core transcriptional complex can be 

modulated by the activity of proteins which bind to the gene either in the promoter 5 ' to the 

transcription start site or within the intron (Callchoven and Geert, 1996; Chambers et al., 

1995; DarneLi, 1982). The list of such tmnscription factors is extensive and the bEonnation 

known about many of these proteins is sutlicient to produce a lengthy review for each one. 

AS such 1 will b i t  m y  discussion to a relatively cursory explanation of c-Jm and Sp 1, two 

transcription factors which have been implicated in the regdation of the cytochrome c gene 

in striated muscle (Evans and Scarpulla, 1989; Xia et al., 1998) and are thus relevant to this 

thesis. 



13.1. c4un 

The Jun protein is an inducible transcription factor which has been shown to respond 

to numerous cellular stimuli. A viral couterpart of this protein (v-jun) is encoded by the 

avian sarcoma virus 17 and the abbreviation of the Japanese term ju-nama, meaning 17, is 

the origin of the current nomendature of Jun (Rahmsdorf, 1996). c h  is a basic Ieucine 

zipper protein that was originally identified as a 3 9 kDa moiety that irnmunoprecipitated with 

c-Fos (Curran et al., 1984, Curran et al., 1985). c-Jun binds to DNA as a dimer, either with 

another c-jun molecule (homodimer) or as a heterodimer with c-fos or other members of the 

Sun and Fos families. This c-jun dimer is capable of initiating transcription and is referred 

to as AP-1 (Bohmann et al., 1987). The consensus AP-1 binding sequence (TGAGTCA) is 

present in numerous cellular genes making cJun a potent regdator of gene transcription. 

T g  date, much of the evidence that has defined the regdation of cJun has shown that the 

activity ofthe protein is regulated mainly by post-translational modifications (Papavassilliou 

et al., 1995). For example, in non-treated cells c-Jun is phosphorylated on serine (SER) and 

threonine (THR) residues within the carboxy-terminus. Hyper-phosphorylation of these 

residues decreases the DNA-binding capacity of c-Jun, and mutations of these residues 

results in an enhancement of c-Jun transcriptional activation (E3oyle et aI., 199 1 ; Hagmeyer 

et al., 1993). It has been shown that following treatment with a phorbol ester (Nikolokaki 

et al., 1993), protein kinase C can inhibit the activity of glycogen synthase kinase-3B (GSK- 

3P), which phosphorylates c-Jun in its C-tenninus (Nikolokaki et al., 1993; Sutherland et al., 

1993; Troussard et al., 1999). Thus, phorbol ester activation of c-Jun predominantly 
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involves removal of the basal inhibitory hyperphosphorylation and thereby activating the 

protein (Goode et ai., 1992). Accordingly, under normal conditions c-Jun is heavily 

phosphorylated within its DNA-binding domain by GSK-3B, and the removal of this 

suppressive effect is one of the important events in c-Jun activation. 

When in an activated state, in addition to being hypophosphorylated in its carboxy 

terminus, c-Jm is phoshorylated in its N-terminal domain (Papavassilliou et al., 1995, 

Rahmsdorf, 1996). More specifically, phosphorylation of serine 63 and 73 residues and 

threonines 9 1 and 93 is evident in response to numerous extracellular stimuli (Franklin et al., 

1992; Natoli et al., 1994; PapavassilIiou et al., 1995; Radler-Pohl et al., 1993). 

Phosphorylation of these amino-terminal sites is mediated by one of three mitogen-activated 

protein kinases (MAPKs). ErklErk2 @42/p44) were the proteins which demonstrated 

the ability to activate c-Jun (Chen et ai., 1992). Subsequently, the c-Jun n-terminal kinase 

(JMO, also termed stress-activated protein kinase (SAPK), and p38 kinase have both been 

shown to activate c-Jun via N-temiinai phosphorylation (Dénjard et al., 1992; Roue et al., 

1994). Similar domah  (Thr-N-Tyr) exist within each of these kinases and phosphorylation 

within this region is essential for the activation of kinase activity. In addition, although 

extracellular growth factors that act through the epidemal growth factor receptor and Ras 

proteins will activate ail three pathways, there appears to be stimulus-specific effects on each 

kinase. For example, anisomycin has a modest effect on ErklErk2 while exhibiting a very 

strong activation of SAPKLJNK a d o r  p38 (Cano et al., 1994, Cano and Mahadevan, 1995). 

This specificity of action is iikely a result of events that occur upstream of each kinase, and 
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demonstrates both the complex organktion of cell signalhg and the cross-talk that exists 

between pathways. 

13.2. Spl 

Spl is an ubiquitous zinc fïnger transcription factor that binds to GC-rich regions 

within the promoter of many cellular genes (Berg, 1992; Jones et al., 1987; Kadonaga et ai., 

1987; Phillipsen and Suske, 1999). Named for the method of its original method of 

purification (Sepharose and ~hosphocelluiose columns; Kadonaga et al., 1987), Spl is a 

member of a class of GC-rich binding proteins which includes Sp2, Sp3, Sp4 and Egr- 

l/nf268 (Berg, 1992). The cnticd structurai difFerences among these proteins occur within 

the zinc h g e r  DNA-binding regions and confer the ability for each to bind a different 

consensus sequence (Berg, 1992). The Spl DNA-binding domain consists of an 8 1 amino 

acid sequence that recognizes the sequence 5'-GGGGCGGGGC-3 ' (Kriwacki et al., 1992). 

It is known that other members of the Sp family can bind this sequence, albeit at a much 

lower affinty (Hagen et al., 1992). Contained within the DNA-binding domain are three 

zinc fingers motifs, within which are cntical amino acid sequences thought to interact with 

the DNA. These sequences are Lys-His-Ala within the first zinc fïnger, Arg-Glu-Arg within 

the second and Arg-His-Lys within the third (Phillipsen and Suske, 1999). These regions are 

highly conserved among many of the members of the Sp family (except Sp2), which 

uidicates the importance of this region in Spl fùnction. The ubiquitous expression of Spl 

suggests that it is a vital factor in the regulation of gene expression, and this protein has been 

implicated in ce11 cycle regulation, chromatin remodelling and other important cellular 
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functions (Birnbaum et al., 1 995; Ellis et al., 1996; Karlseder et al., 1 996). Surprisingly, Sp 1 

null mutant cells have been developed and they appear to grow and differentiate normally 

in vitro (Marin et al., 1997). However, the generation of Spl knockout mice has 

demonstrated that Sp l n d l  embryos demonstrate slow growth and a l l  die by day 11 of 

gestation. These embryos exhibit a wide range of abnormalities at d a y  1 1, appearing as an 

mdifferentiated mass of ceils up to what appears to be a nomial embryo possessing a heart, 

eyes and other hallmarks that are characteristic of embryonic development (Marin et al., 

1997). This phenotype Wrely suggests that Spl plays a more critical role in ce11 maintenance 

compared to ce11 differentiation. However the vast differences in phenotype may dso 

indicate that other members of the Sp 1 faxnily can help to combat deficiencies in Sp 1 content 

during differentiation. 

Sp 1 has been shown to play arole in the transcription of some TATA-less promoters 

(Smale, 1997) further suggesting the involvement of Sp 1 in ce11 maintenance. In addition, 

this makes Spl a likely target for many transcription factors and other proteins capable of 

regulating transcriptional activation. It has been recently shown that Egr-1 , an imrnediate 

early gene that responds to numerous stimuli (Abu-shakra et al., 1 993 ; Michel et al., 1994), 

can inhibit Spl activity through a physical dispiacement of the protein fÎom the promoter 

(Huang et al., 1997; Silverman et al., 1997). Furhermore, histone deacetylase, a protein 

seemingly unrelated to Sp 1, has been shown to repress Sp 1 fiinction by a direct protein- 

protein interaction (Doetzlho fer et al., 1 999). Thus, it appears that Sp 1 is an important factor 

whose regdation is paramount in the expression of many cellular genes. It is known that 
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many of the genes encoding mitochondrial protein contain Spl sites within their promoters 

(Lenka et al., 1998), and it has recently been shown that overexpression of Sp i can indeed 

activate the expression of these genes (Zaid et al., 1999). Consequently, it is evident that Sp 1 

plays a role in the maintenance of mitochondrial protein expression, and it is likely that Sp 1 

activation is a pivotal step in the regulation of mitochondrial biogenesis. 

1.4. mRNA Stability 

The degradaiion of &As within the cytosol is a complex process that provides the 

cell with a non-transcriptional mechanism for regulating the levels of cellular transcripts. 

In addition, it has been shown that mRNA stability is altered in response to nurnerous 

cellular perturbations (Ross, 1995). Most mRNAs are degraded within the cytosol by two 

classes of cellular nucleases. Exoribonucleases degrade mRNAs fiom the 3'end while 

endoribonucleases cleave mRNAs at sites within their sequences (Binder et al., 1989). 

Endonbonuclease cleavage is usually aided by a protein bound to the mRNA and the 

resultant hgments are degraded by exoribonucleases within the cytosol @ay and Tuite, 

1998, Ross, 1996). 

1.4.1. Poly (A) Tai1 

Most eukaryotic mRNAs have a poly A tail of = 200 nucleotides added to their 3 ' 

end. This cis element can act to confer mRNA stability, since an inverse relationship exists 

between poly (A) tail length and mRNA degradation rate (Shapiro et ai., 1988). The addition 

of these nucleotides may act to delay the access of exoribonucleases to the coding region, 

thereby prolonghg message half-Me. It has k e n  shown that deadenylation is the first step 
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in the decay of ce& mRNAs (Lieberman et al., 1992; Shyu et al., 1991) which suggests 

that the presence of a poly (A) tail may act to increase mRNA stability. In addition, there 

are proteins which bind within th is  region, termed poly (A) binding proteins, which act to 

prevent nuclease degradation of the transcript (Bernstein et al., 1989). 

1.43. Poly (A) Binding Protein 

The existence of a protein which binds to the poly (A) tail of mRNA w i t b  the 

cytosol has been known for some t h e  (Blobel, 1973). This poly (A) binding protein (PABP) 

lkely acts to prevent or delay poly (A) tail removal and the subsequent degradation of the 

mRNA coding region (Ross, 1995). The discovery of PABP may help to explain the inverse 

relationship between poly (A) tail length and mRNA hdf-Iife (Shapiro et al., 1988). 

Although the longer poly (A) tail may just delay access of exoribonucleases to the coding 

region, which will act to maintain message integrity, it is possible that as the length of the 

poly (A) tail increases more PABP molecules can bind to the mRNA, thereby preventing its 

degradation. 

1.4.3. AU-rich Regions 

It is important to note that not all of the elernents responsible for regulating mRNA 

stability act to increase half-life. Many short-lived mRNAs contain an AU-rich element 

(ARE) within their 3 '-untranslated region (UTR; Ross, 1995). The destabilimg 

characteristics of the ARE have been well documented and were first illustrated by Shaw and 

Kamen (Shaw and Kamen, 1986). When the 3 '-UTR from granulocyte macrophage colony 

stimulating factor (GM-CSF) was inserted at the end of the coding region of p-globin 
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mRNA, the normally stable P-globin mRNA displayed decay rates similar to the unstable 

GM-CSF mRNA (Shaw and Kamen, 1 986)- This destabilizing effect of the ARE has 

been demonstrated numerous times in since. Somae of the most extensively studied ARE- 

containhg mRNAs are those encoding immediate early genes, which usually code for 

proteins involved in the transcription of nuclear genes. n e  3 '-UTR of c-fos contains several 

AUUUA pentamers and an adjacent U-rich regiom. It is thought that the ARE facilitates 

degradation of the mRNA coding region while the U-rich region promotes deadenylation and 

accentuates the destabilizing effect of the ARE (Alberta et al., 1994; Chen and Shyu, 1994). 

However, not all ARES are created equal and these regions have been shown to differentially 

destabilize &As (Ross, 1995). This is evident b y  the fact that cytochrome c, a very stable 

mRNA (Freyssenet et al., 1999b), contains an AUUUA sequence within it's 3'-UTR 

Contractile acîivity has been shown to both increase cytochrome c mRNA stability 

(Freyssenet et al., 1999a) and decrease RNA-protein. interactions within the 3 '-UTR (Yan et 

al., 1996) in skeletal muscle. In addition, recent repmrts suggest that AUF 1, an ARE-binding 

protein (see below), binds within this region and ahis binding is reduced in response to 

contractile actitity (McClure and Hamilton, 1999). Thus, it appears that the ARE located 

within the 3 '-UTR is involved in the regdation of cytochrome c mRNA stability in skeletal 

muscle. 

1.4.4. ARE Binding Proteins 

It is clear that the effects of the ARE are mediated by cytosolic proteins which bind 

to that region, since cyclohexamide treatment to inbibit protein synthesis stabiiizes ARE- 
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containing mRNAs (Brewer and Ross, 1989). In addition, degradation of these rnRNAs will 

oniy proceed in the presence of cytosolic proteins (Wilson and Brewer, 1999). The best 

defined protein of this type is AUF 1 (Wilson and Brewer, 1999). AUF 1 is a 3 7 kDa protein 

that contains two unique RNA recognition motifs (RRM) which have also been identified 

in other RNA-binding proteins (Wilson and Brewer, 1999; Zhang et al., 1993). AUFl has 

been localized to chromosomes 4 and X, and this gene codes for multiple isoforms of AUF1 

which are generated through alternative splicing of the pre-mRNA (Wagner et al., 1996; 

Wilson and Brewer, 1999). However, it remains uncIear as to exactly how AUFl exerts its 

function. It has been shown that isolated AUFl binds to RNA but has no affect on mRNA 

turnover in vitro (Wilson and Brewer, 1999), which suggests that AUF 1 -mediated mRNA 

decay occurs through a cornplex of proteins that includes AUF 1. In solution, AUF 1 exists 

as a homodimer and Likely binds to the ARE as a hexamer (DeMaria et ai., 1997). ln 

addition, alterations in AUFl expression have been shown to minor changes in the 

destabilizrtion of fbandrogen receptor and GM-CSF mRNAs (Buzby et al., 1996; Pende et 

ai., 1996). 

In addition to AUFl there are other proteins which bind to ARES within the 3 '-UTR 

of mRNAs, although they are not as well undemood. There are rnafnmaIim proteins which 

have sequence homology to the Drosophila Embryonic Lethal Abnormal Vision (elav) 

proteins. These elav-like proteins contain 3 RRMs, 2 of which are located in the N-tenninal 

region with the other found in the C-tenninus (Wilson and Brewer, I999). The N-terminal 
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RRMs bind to the ARE while the C-terminal RRM has been shown to bind to poly (A) 

sequences (Chung et al., 1 996; Ma et al., 1 997). The elav-like proteins are thought to bring 

the poly (A) tail into close proximity to the ARE and, unlike AUFl, have been shown to 

stabilize glucose transporter 1 mRNA in adipocytes (Jain et al., 1 997). The binding of elav- 

like proteins may act to prevent ribonucleolytic cleavage of the mRNA or rnay prevent the 

binding of destabili;ring factors (Le. AUF 1) to the ARE. Thus, the same cis-element (ARE) 

can initiate opposite effects depending on the protein binding witbin that region. 

Interestingly, the glycolytic enqme glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) has also demonstrated the ability to bind tc the ARE (Mogemegg et al., f 986; 

Nagy and Rigby, 1995), and this binding activity has been attributed to the NAD'-binding 

region of the enzyme (Nagy and Rigby, 1995). AUH, a protein isolated fkom brain tissue, 

demonstrates a hyrdratase activity and has been shown to bind to the ARE (Nakagawa et al., 

1995). This RNA binding activity has been locdised to a 20 amino acid sequence which has 

no homology to other known RNA-biding motifs (Nakagawa and Moroni, 1997). However, 

the functional significance of the RNA-binding capabilities of either of these enzymes has 

yet to be estabiished. 

1.4.5. Stem-loop Structures 

Many different mRNAs possess a stem-loop structure in their UTR. The effects of 

these stem-loop structures on mRNA stability varies, and a few examples will be discussed 

below. 

Histone mRNA lacks a poly(A) tail but possesses a 6 bp stem-4 bp loop structure 
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located with the first 30 nucleotides of its 3 '-UTR which appears to be involved in regulating 

mRNA stability (Ross, 1995). This is demonstrated by the observation that when the coding 

region of the normally stable globin mRNA (Russel et al., 1997) is attached to the 3'-UTR 

of histone mRNA, the globin mRNA displays the decay characteristics of wild-type histone 

mRNA (Luscher et al., 1985; Pandey and Marzluff, 1987). Histone mRNA is normally 

found in very low abundance during the G, phase of the cell cycle but the levels of histone 

mRNA rise sharply during S phase. During S phase the half-Me of histone mRNA is 40 

minutes @oss, 1995) and in iate S phase this half-life falls to 10 minutes (Harris et al-, 199 1 ; 

Heintz et al, 1983). If the region 3 ' of the histone stem-loop in the UTR is elongated and 

polyadenylated, mRNA levels are not properly regulated and likely not destabilized at the 

appropriate t h e  points (Levine et ai., 1987). Thus, the location of the stem-loop structure 

is important in destabilizing histone mRNA and this effect is likely mediated by an unknown 

stem-loop binding protein. 

Histone mRNAs are not the sole proprietors of mRNA stem-loop structures which 

alter the expression of cellular mRNAs or proteins. The mRNAs encoding the transferrin 

receptor and femtin, both of which are involved in cellular iron homeostasis, contain stem- 

loop structures termed iron-responsive elements @Es) and are regulated 

posttranscnptionally (Klausner et ai., 1 993 ; Rouault and Klausner 1 997). The transferrïn 

receptor imports iron into the ce11 while femtin is responsible for intracelldar iron storage. 

When there is a need for iron within the cell femtin levels are reduced while there is an 

increase in transferrh receptor content. This response is mediated by correspondhg changes 



in the levels of the mRNAs which code for these proteins (Harford and Klausner, 1 WO), and 

is mediated by the following mechanism. Two cellular proteins, known as the iron 

regulatory proteins (IRPs) 1 and 2, reguiate the expression of both femtin and the transferrin 

receptor by binding to the stem-loop structures Iocated within their mRNAs. Femtin mRNA 

contains its IRE within the 5' region. During conditions of low celIuIar iron levels, IRPs 

bind to this region and act to inhibit translation of the femtin mRNA. This effectively 

reduces the levels of femtin within the cell, thereby acting to reduce iron storage which 

results in an elevation in cellular fiee iron Ievels (Hentze et al., 1987). In contrast, the 3 ' IRE 

of the transferrin receptor mRNA acts to stabilize rhe mRNA via interactions with IRPs 

(Casey et al., 1988; Owen and Kühn, 1987). During conditions of iron depletion IRPs bind 

to the 3 ' IRE within the transfenin receptor mRNA and results in a 20- to 30-fold increase 

in message stability. This results in elevations in the levels of the transferrin receptor, thus 

increasing ce11 iron uptake capacity (Rouault and Klausner, 1997). It has also been 

demonstrated that ifeither the 5' stem-loop of femtin mRNA or the 3 'IRE of the transferrin 

receptor mRNA is placed on a non-related reporter &A, its expression is subsequently 

regulated by cellular iron levels (Casey et al., 1988; Hentze et al., 1987). It is unclear as to 

whether the actions of the IRPs are dependent on the iron content of the cell, or whether the 

levels of cellular fkee heme are responsible for mediating IRP activity and the subsequent 

regulation of iron levels within the cell. 

1.4.6. 5' Untranslated Region and mRNA Cap 

The significance of the 5'-UTR in mediating mRNA stability remains relatively 
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undefined (Ross, 1995). It has been reported that aiterations in mRNA stability can be 

brought about by introducing a translationginhibithg stem-loop in the 5 '-UTR (Aharon and 

Schneider, 1993). In addition, the unstable mRNA encoding c-myc has also demonstrated 

stabilization by lengthening of the 5 '-UTR in a translation-independent manner (Bonnieu et 

al., 1988). Ifthis 5 '-UTR is Lengthened by only 40 nucleotides mRNA stabïlity is unaf5ected 

while a 600 bp insertion stabilizes the mRNA 5-fold (Bonnieu et al., 1988). Thus, there may 

be a protein which is capable of interacting within the extended 600 nucleotide 5'-UTR that 

cannot bind to the shorter sequence. 

One important structure tbat is found on the 5' end of nuclear-encoded m R N A s  is the 

7-methylguanosine cap that is CO-transcriptionally added to the mRNA (Lehninger et al., 

1995; Salditt-Georgieff et al., 1980). Capped mRNAs are known to be at least fourfold more 

stable than their uncapped counterparts (Peltz et al., 1987) and suggests that decapping may 

represent an important step in mRNA degradation. 

2- MITOCHONDRIAL, BIOGENESIS 

The mitochondrion is the cellular organelle which is responsible for the provision of 

ATP through the aerobic metabolism of substrates (Lehainger et al., 1993). Mitochondrial 

content varies among tissues within the body and is reiated, at least in part, to the metabolic 

activity of the tissue. For example, in vertebrates cardiac muscle has a much higher volume 

of mitochondria per ce11 than does skeletal muscle which correlates with a higher, continuous 

contractile activity in heart cornpareci to the voluntary, intermittent contraction pattern 

evident in skeletal muscle recruitment (Williams, 1986a). T'us,  it is apparent that the 
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reliance of a tissue on aerobic metabolism dictates the level of expression of mitochondrial 

proteins. The mitochondnon possesses its own circular double stranded DNA (mtDNA) that 

is sirnilar to bacterial DNA (Attardi and Schatz, 1988). The entire human mitochondnal 

genome has been sequenced and is comprised of 16,569 base pairs @p.; Anderson et al., 

1984) which accounts for less than 1% of total cellular DNA. The mitochondrial genome 

encodes 13 mRNAs, 22 tRNAs and 2 rRNAs, which fail to account for the large number of 

proteins located within the mitochondrion. Thus, the majority of mitochondrial proteins 

must be encoded within the nuclear genome. In addition, it seems likely that there is 

communication between the nucleus and mitochondrion to coordinate the levels of protein 

expression during both adaptive and non-adaptive conditions (Scarpulla, 1997). However, 

the nature of this nucleo-rnitochondrial communication is relatively undefined in mammals 

and remains Iargely speculative at this point (GriveIl, 1 995). 

During organelle assembly and regular maintenance of intm-mitochondrial protein 

levels, the genes encoded within the mtDNA must be expressed. To date, o d y  a single 

nuclear-encoded protein, termed mitochondrial transcription factor A (mtTFA; Clayton, 

1984; Clayton, 1991), has been identified and shown to transcribe al1 of the elements 

encoded within the mtDNA. Transcription proceeds fiom the D-loop region and both the 

heavy and light s-ds are transcribed as a single strand which is subsequentiy processed to 

yield the appropriate mRNAs, rRNAs and tRNAs (Attardi and Schatz, 1989). Like their 

nuclear counterparts, mitochondrial m R N h  are poly-adenylated, however they lack a 5 '- 

methyl guanosine cap (Anderson et al., 1981). In addition, tissue mitochondrial enzyme 
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zctivity appears to be related to mtDNA copy nurmber (Williams, 1986a). Thus, the 

maintenance of mitochondrial protein levels appear to depend largely on mtDNA replication. 

Activity-induced elevations in mtDNA content have been shown to parailel changes in both 

mitochondrial enzyme activity and mRNA level (-ex and Williams, 1990) and this 

represents a unique aspect in the regulation of mitochondrial genes d&g organelle 

biogenesis. During non-proliferating conditions in adult skeletal muscle, nuclear DNA does 

not replicate thereby conferring a reliance on transcription and mRNA stability in order to 

b ~ g  about changes in cellular mRNA levels. 

2.1. Skeletal Muscle 

Skeletal muscle is a phenotypically dynarmic tissue that responds to chronic 

contractile activity by altering its protein profile. n e r e  are numerous ways to induce 

mitochondrial biogenesis in skeletal muscle and the information provided below will 

encompass results f?om some of these different modelts. 

2.1.1. Mitochondrial Enzymes 

Increases in the activities of many mitochondrial enzymes occur in skeletal muscle 

in response to elevations in contractile activity elici~ed by both endurance exercise and 

chronic stimulation (Booth and Thomason, 1 99 1 ; Essig, 1 996; Pette and Vrbovii, 1992). 

Increases in the activities of certain mitochondrial enzymes (e.g. cytochrome c oxidase) 

parallel increases in content of mitochondria within the ce11 (Reichmann et al., 1985) and 

may serve as accurate markers of mitochondnal biogenesis. In addition, chronic stimulation 

induces elevations in the activity of nuclear-encoded e-es (Le. citrate synthase, Williams 



26 

et al., 1986b) that are similar to those observed for holoenzyrnes such as cytochrome c 

oxidase, which contain nuclear- and mitochondnally-encoded subunits ( C o ~ o r  and Hood, 

unpublished observation). This CO-ordinated adaptation of enzyme activity suggests some 

form of communication between the nucleus and the mitochondrion, and that activity- 

uiduced organelle biogenesis is a tightly coordinated, yet poorly understood phenornenon. 

2.1.2. Gene Expression 

With the relatively recent elucidation of the DNA sequences of many ceMar genes, 

much ofthe work e x d g  activity-induced skeletal muscle rnitochondrial biogenesis over 

the last 10-15 years has been directed at determining the regulation of the expression of 

specific genes of interest. In contrast, much of the emlier investigations on the effects of 

contractile activity on skeletal muscle phenotype set out to define important adaptations in 

muscle physiology and fimction by measuring contractile properties ( Saimons and Vrbovii, 

1969; Pette and Vrbovh, 1973), blood flow (Hilton et al., 1970; Hudlickti et al., 1977) and 

enzyme activities (Holloszy, 1967; Pette et al., 1975; Pette et al., 1973). These initial 

findings demonstrated that the primary physiological response of skeletai muscle to chronic 

contractile activity (i.e. endurance exercise) was increased muscle performance and 

resistance to fatigue. In addition, a vast number of subsequent studies have provided a better 

understanding of how the ce11 translates an increased contractile activity into adaptations in 

m u d e  phenotype. The more recent use of molecular biological techniques for the 

investigation of activity-induced effects on muscle gene expression have provided valuable 

insight into the mechanisms which regulate these mitochoncirial adaptations (Freyssenet et 
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al., 1999a; Yan et al., 1996). The in vivo activity mode1 represents the current standard 

method of investigation into these adaptations and has helped to defhe the process of 

activity-induced mitochondrial biogenesis. However, this technique does not allow for the 

precise cellular manipulation that is necessary to M y  define the mechanisms that are directly 

responsible for the observed alterations in muscle phenotype. 

The nature of the adaptation of muscle to increased contractile activity has been well 

characterized in vivo. Chronic elevations in muscle activity have been shown to induce 

increases in the levels of numerous mitochondrial proteins and their associated mRNAs 

(Freyssenet et al., 1999a; Hood et ai., 1989; Williams et al., 1986b; Yan et al., 1996). In 

addition, these elevations are correlated with elevations in mtDNA copy number which are 

brought about by mtDNA replication (Annex and Williams, 1990). This characteristic is 

unique to mitochondrial gene expression and provides a regdatable process which is absent 

in the expression of nuclear genes encoding mitochonàrid proteins. Furthemore, it 

illustrates the complexities involved in the coordination of organelle biogenesis. Chronic 

stimulation of rat tibialis anterior muscle is effective in elevating the levels of many 

mitochondrial proteins (Essig, 1996; Pette and Vrbov5, 1992) however, there appears to be 

a wide range in the extent of adaptation. Steady-state cytochrome c protein levels are 

elevated approximately 2-fold afler either 9 days of continuous (Yan et al., 1996) or 5 days 

of intermittent (3 hrs/day) stimulation (1 0 Hz; Freyssenet et al., 1999a), yet after a similar 

time penod (10 days) the levels of mtHSP70 and HSP6O are elevated by 9.3- and 3.6-fold, 

respectively (OniatsQ et ai., 1995). Interestingly, the adaptation in cytochrome c expression 
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occurs more rapidly in response to intexmittent than to contïnuous elevations in contractile 

activity. This suggests that events occurring during the recovery fiom exercise act to 

accelerate adaptations in muscle phenotype, a phenornenon that has been duded to 

previously (Takahashi et al., 1993). Thus, although there appears to be a coordinated 

organelle adaptation to contractile activïty, the eaent of the response appears to Vary 

depending on the protein of interest and the delivery of the stimulus. 

The response of mitochondrial protein expression to contractile activity ofien takes 

many days and is likely a result of earlier events which occur relatively rapidly after the omet 

of stimulation, leading to adaptations in the expression of associated mRNAs and proteins. 

In addition, the regulation of organelle assembly appears to depend on changes in mRNA 

expression, since alterations in protein levels and enzyme activity are ofien evident either in 

parallel with or subsequent to adaptations in mRNA expression (Freyssenet et al., 1999a; 

Hood et al., 1989; Seedorf et al., 1986; Williams et al., 1986b; Yan et al., 1996). Since 

steady-state mRNA levels are a result of the equilibrium that exists between gene 

transcription and mRNA stability, contractile activity must initiate alterations in one or both 

of these processes. The mRNAs encoding mitochondrial proteins turn over at very low rates 

(Connor et al., 1996) making investigation into the transcription and degradation of these 

rnRNAs in vivo difficult using many of the existing methodologies. It has been recently 

reported using nuclear run-on analyses that the inducible HSP70 (cytosolic) is 

transcriptionally up-regulated following 24 hrs of contractile activity (Neufer et al., 1996). 

Although HSP70 is not a mitochondrial protein, it is involved in the chaperonhg of proteins 
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to the mitochondrion for import to the organelle (Schaiz, 1996). Thus, this was one of the 

first reports of an activity-induced transcriptional activation of a protein that is involved in 

skeletai muscle mitochondrial biogenesis, and suggested that the use of nuclear =-on may 

prove useful for investigation into the transcriptional regdation of genes involved in 

organelle biogenesis. However, this technique often involves the use of large amounts of 

fiesh tissue which is not ideal for use in many of the animal models used to investigate 

muscle mitochondrial biogenesis which often employ smder mammals (e-g. rats). In 

addition, subsequent attempts in our laboratory (Comor and Hood, unpublished 

observations) have failed to yield consistently reliable results in rat skeletal muscle, making 

nuclear m-on  a less than ideal technique. Thus, the use of other methods or models rnay 

be necessary to investigate mRNA turnover in skeletal muscle in response to contractile 

activity. There have been signïficant advances towards utilizing more effective techniques 

to investigate this process and it has recently been shown that both cytochrome c mRNA 

transcription and stability are increased following contlactile activity as measured using 

direct gene injection and in vitro mRNA decay assays, respectively (Freyssenet et al., 1999a). 

It is known that reporter DNA that is directly injected into skeletal muscle is taken up and 

expressed at detectable levels (Davis and Jasmin, 1993; Thornason and Booth; 1990; Wolff 

et al., 1990). This type of analysis allows the meanirement of gene transcription in vivo 

while utilizing relatively small amounts of tissue to do so. In addition, in vitro mRNA decay 

assays which utïiize cytosolic extmcts to mesure message degradation have recently been 

shown to be effective in evaluating the effects of contractile activity on the turnover of 
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rnRNAs which encode mitochondrial proteins. However, although these techniques have 

proven effective for examinTng the regdation of stable mRNAs, they do not provide a means 

by which to improve the understanding of the signalling pathways which are responsible for 

the initiation of activity-induced muscle mitochondrial biogenesis. It has been recentiy 

established that acute contractile activity increases the activities of the mitogen activated 

protein kinase, c-jun n-terminal kinase and p38 kinase pathways in skeletal muscle (Aronson 

et al., 1997; Goodyear et al., 1996; Hayashi et al., 1999). However, these observations are 

primady descriptive and do not explain which elements of muscle contraction are 

responsible for these adaptations. For example, membrane depolarization, Ca2+mobilization, 

cross-bridge cycbg  and alterations in energy metabolism are events which occur during 

muscle contraction. Each of these are known to initiate intracellular signalling cascades 

(Biswas et al., 1999; Eble et al., 1998; Fields et al., 1997; Hardingham et al., 1997; Schmidt, 

1995) which could ultimately lead to aitered gene expression. Until each of these events can 

be systernatically disrupted and the subsequent consequences evaluated, the essential 

components of muscle contraction that elicit phenotype adaptations wiU remah unknown. 

Thus, the development of a contracting muscle ce11 culture mode1 may provide an 

opportunity to fiilly define the events which are responsible for the process of activity- 

induced skeletal muscle mitochondrial biogenesis. In addition, manipulation of the 

intracellular milieu is possible in culture by the forced expression of specifïc proteins and 

through the use of the numerous cellular inhibitors that exist on the market. This type of 

control over the cellular environment will allow for more precise experimentd control and 
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may lead to the definition of the mechanisms respousible for activity-induced rnitochondnal 

biogenesis. Contracthg ce11 culture models have been used for the study of mitochondrial 

proteins in primary cardiac myocytes ma et al., 1997, Xia et al., 1998), and should be a 

feasible option for use in skeletal muscle. 

2.2. Other Tissues 

Mitochondrial biogenesis is not confined to skeletal muscle, and is a vital component 

of cellular survival in numerous tissues throughout the body. 1 will briefly summarize this 

process as it relates to nerve tissue and cardiac muscle. 

Mitochondria are present in neurons and, as would be expected, appear to be 

locaiized to areas requiring hi& amounts of energy. CYTOX activity in gray matter is much 

higher than in white matter (Hevner et al., 1999, suggesting a greater energy demand in non- 

myelinated tissues. In addition, many deleterious neurological diseases, such as Alzheimer's, 

Parkinson's disease, Amyelinating Iateral sclerosis ( U S )  and muitiple sclerosis are 

associated with decreased mitochondrial enzyme activities. This illustrates a vital role for 

the organelle in the maintenance of neuronal function (Heals et al., 1999; Tatton and 

Olanow; 1999; Wong-Riley et al., 1997). Furthemore, the reduced capacity of the 

mitochondrion to provide energy for the central nervous system (CNS) may represent a 

possible explanation for the severe decrements in CNS h c t i o n  that are associated with these 

afllictions. In addition, improvement in mitochondrial function may represent a potential 

avenue for the development of successful treatrnents for these debilitating neurological 

disorders. Mitochondria have recently been shown to play a pivotal role in apoptosis, and 
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reductions in mitochondnal enqme activities occur coincident with neuronal ce11 death 

(Martin et al., 1999). Thus, it appears that mitochondria are also vital for the maintenance 

of nerve cell integrity and survivai. Interestingly, there appears to be sorne ambiguity in the 

response of neurons to changes in activity. For example, blockade of optic nerve action 

potentials with tetrodotoxin selectively alters the content of mitochondrial proteins 

in the retina (Liu and Wong-Riley, 1995; Wong-Riley et al., 1998). TTX blocks the light- 

evoked responses of the retina and resulted in decreases CYTOX activity and associated 

reductions in the levels of both nuclear- and mitochondrially-encoded CYTOX subunit 

mRNAs and proteins. In addition to the cells of the retina, these adaptations occur in the 

primary visual cortex, suggesting that activity-induced adaptations are capable of being 

transmitted Eom the initial site of applicaticn (retina) to areas downstream of the treatment 

(visual centre). This type of adaptation dso occurs in skeletal muscle when motor nerve 

activity is disrupted wirh TTX, and suggests an universaliv of energy-dependent regulation 

of tissue mitochondrial content. Surprisingly, reductions in the levels of nuclear-encoded 

mitochondrial CYTOX protein subunits are greater in magnitude and earlier in onset than 

those for mitochondrially-encoded subunïts. This contr;adicts the idea that regulation of 

CYTOX holoenzyme activity depends on the cataiytic subunits and resides within the 

nuclear-encoded subunits which are thought mainly t a  modulate enzyme fünction by 

allostenc modification of the mitochondrially-encoded subunits (Lenka et ai., 1998). 

Hypoxia has been shown to decrease CYTOX activity by 20-3 0% while high levels of neural 

activity were maintaiaed (LaManna et al., 1996). This maintenance of function in the face 
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of comprornised mitochondrial content does not often occur in skeletal muscle, thereby 

emphasizing the existence of tissue- and stimulus-specifïc mechanisms of mitochondrial 

adaptation. During development, the levels of CYTOX subunit IV and HSP6O increase post- 

natally in a simiIar fashion, suggesting CO-orninated regulation of nuclear-encoded 

mitochondrial genes throughout development (D'Souza and Brown, 1998). It has also been 

proposed that mitochondria play a role in estabiishing neuronal polarity, likely by controuing 

Local ca2' and/or energy gradients (Matison, 1999). These observations indicate the 

importance of mitochondrial biogenesis in neuron development and suggest a coordinated 

regdation of the nuclear genes encoding mitochondrial proteins during this process. 

Cardiac muscle is aIso a phenoîypically dynamic tissue that responds to alterations 

in extenial stressors (Sadoshima and h o ,  1997; Xia et al., 1997; Xia et ai., 1998). During 

development, the heart undergoes mitochondrial biogenesis as indicated by progressive 

increases in CYTOX enzyme activity and the Ievels of cytochrome c mRNA and protein 

levels (Stevens et al., 1995). Interestingly, it has been proposed that gene expression in the 

heart is regulated, in part, by endocrine and paracrine effects (Sadoshima and Izumo, 1 997). 

Indeed, cardiac mitochondrial biogenesis occurs in response to pressure-induced cardiac 

hypertrophy(Nishio et al., 1995% Nishio et al., 1995b). However, this response is attenuated 

by methimazole treatment, which renders the animal hypothyroid. In addition, pressure 

overload-induced cardiac hypertrophy only occurs if aortic conshicbon is conducted above 

the rend artery in order to stimulate the renin-angiotensin system. Taken together, these 

observations validate the notion of an endocrine contribution to cardiac mitochondrial 
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biogenesis. In addition, thyroid hormone-induced cardiac hypertrophy has been shown to be 

correlated with aiterations in the levels of nuclear-encoded mitochondrial proteins which are 

located in the outer mitochondrial membrane or within the matrix of the organelle (Craig et 

al., 1998). This observation suggests a coordinated regdation of nuclear genes during 

mitochondrial biogenesis, a simiiar pattern to that observed in neurons. Furthemore, 

changes in CYTOX activity occurred in the absence of changes in CYTOX subunit WC 

mRNA, niggesting a role of protein turnover in this response. These data are consistent with 

those reported for skeIetal muscle undergohg mitochondrial biogenesis for a similar time 

penod (Hood et al. 1989) suggesting that some common pathways may be regulating 

mitochondrial biogenesis in these two striated muscle tissues. The anti-AIDs h g  

zidovudine (AZT) is a thymidine analog that acts to inhibit HIV viral replication by 

termiriahg DNA transcription. However, although fhis dnig is sornewhat effective, one 

harmfùl side effect is that it interferes with mitochondrial DNA replication, which may 

confer deleterious side effects on cellular metabolism and ATP formation. AZT treatment 

has been show to decrease the levels of the rnitochondnally-encoded CYTOX subunit III 

mRNA and induce a parallel reduction in CYTOX holoenzyme h c t i o n  while having no 

effect on CYTOX subunit VIc mRNA (Freyssenet et al., 1999c; McCurdy and Kennedy, 

1998). These observations are consistent with the idea that CYTOX activity is reguiated by 

the mitochondridy-encoded cataiytic subunits (Lenka et al., 1998), and appears to be m e r  

fiom the pattern evident in nerve tissue. Recent experiments have attempted to examine 

a~tivity-induced alterations in cytochrome c expression in cardiac myocytes in culture m a  
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et al., 1997, Xia et al., 1998). These studies have shown that CYTOX activity is increased 

by muscle contraction and the expression of the nuclear-encoded cytochrome c gene is 

regulated by c-jun and NRF-1. This type of analysis has yet to be conducted in skeletal 

muscle myocytes, and would represent a major step in understanding the events responsible 

for contractile activity-induced alterations in gene expression in skeletal muscle. 

Thus, it is clear that mitochondrial biogenesis in excitable cells (e-g. neurons, cardiac 

muscle and skeletal muscle) share some common regdatory responses. Most notably, 

mitochondnal content appears to be associated with the metabolic activity of the tissue, with 

increases or decreases in demand resulting in paralle1 changes in mitochondrial content. 

However, it is clear th& the coordination of this response is extremely complex and the 

mechanisms by which these adaptations are achieved Vary among tissues. 
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Rationale for Manuscri~t " 1 

The ramifications of muscle disuse on tissue structure and fünction are v m  and the 

mechanisms responsible are complex and somewhat poorly understood Many different 

rnodels exist to study the effects of reduced muscle activity on skeletal muscle phenotype. 

However, although these models are very effective in creating conditions of decreased 

muscle use, they each possess some inherent problems. Denervation renders muscle 

completely inactive while removing the infiuence of trophic factors on the muscle. 

Moreover, this treatment severely impairs the ambulatory pattern of the animal. Treatment 

with 'ITX is reversible and keeps the trophic influence of the nerve on the muscle inItact, but 

does not remedy the ambulatory perturbations. Microgravity provides a unique mode1 of 

decreased muscie use in that both nerve function and limb rnovement remah intact. 

However, the response of skeletal muscle to microgravity is complex and rem& poorly 

dehed. 

This study was designed to gain insight into the response of the genes encoding 

mitochondrial proteins to rnicrogravity exposure in skeletal and cardiac muscle foLlowing 

spaceflight. Thus, 1 measured the levels of mitochondrial enzyme activities, protein b e l s  

and the correspondhg mRNAs in heart and skeletal muscle in order to develop a better 

understanding of some of the molecular events which characterize the physiodogical 

adaptations o c c e g  in these tissues under conditions of microgravity. 1 was respansible 

for al1 of the experimental work in this paper and Dr. Hood served as the principal 

investigator of the study. 
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ABSTRACT 

The purpose of this study was to examine the expression of nuclear and mitochondrial genes 

in cardiac and skeletd muscle (triceps brachii) in response to short-duration microgravity 

exposure. Six addt male rats were exposed to microgravity for six days and were cornpared 

to ground-based control animals ( ~ 6 ) .  We observed a signifïcant 32% increae in heart 

malate dehydrogenase (MDH) enzyme activity, which was accompanied by a 62% elevation 

in heart MDH mRNA levels, following microgravity exposure. Despite modest elevations 

in the mRNAs encoding subunits III, N and WC, as well as a 2.2-fold higher subunit IV 

protein content following exposure to micrograviiy, heart cytochrome c oxidase (CYTOX) 

enzyme activity remained unchanged. In skeletal muscle, MDH expression was unaected 

by microgravity, but CYTOX activity was significantly reduced 4 1 % by microgravity, while 

subunit III, TV and VIc mRNA levels, and subunit N protein Ievels were unaltered. Thus, 

tissue-specific (i.e. heart vs. skeletal muscle) clifferences exist in the regdation of nuclear- 

encoded mitochondrial proteins in response to microgravity. In addition, the expression of 

nuclear-encoded proteins such as CYTOX subunit N and MDH are differentiall y regulated 

within a tissue. Our data also illustrate that the heart undergoes previously unidentified 

mitochondrial adaptations in response to short-term micrograviity conditions, more dramatic 

than those evident in skeletal muscle. Further shidies evaluating the functional consequences 

of these adaptations in the hart, as weIl as those designed to measure protein turnover, are 

warranted in response to microgravity. 

hdex terms: spaceflight; gene expression; heart; mitochondrial biogenesis 
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Mammalian skeletal muscle is a phenotypically dynamic tissue capable of altering 

its metabolic protein profile in response to changes in physiological demand. There are many 

models of decreased muscle use, such as denervation, immobilktion and hindlimb 

unweighting, which lead to large changes in gene expression (3) and fiber size (1). A typicd 

adaptation evident in the Iiterature is a reduction in the levels of muscle mitochondrial 

proteins (16, 20). In contrast, the decreased use imposed by exposure to microgravity 

appears to produce an inconsistent and relatively poorly understood mitochondnal protein 

adaptation in skeletal muscle (1,19). For example, 3-hydroxyacyl-CoA dehydrogenase 

(HAD) levels were decreased in the soleus following a 7 day spaceflight (9) however, HAD 

expression was unafYected in vastus lateralis and vastus intermedius muscles after a 9 day 

exposure to microgravity (2). In addition, while pymvate oxidation was unchanged by 9 days 

ofspaceflight, the rate of palmitate oxidation was reduced (2). n e s e  data illustrate the need 

for m e r  investigation into the effects of short-duration micro gravi^. exposure on skeletal 

muscle metabohc enzymes. Furthemore, few measurements have been made of the mRNAs 

which encode metabolic enzymes (24), and no studies have compared the expression of 

specific mitochondrial proteins and their respective mRNA levels. In addition, much of the 

existing work has been related to skeletal muscle and very littie is h o w n  about the response 

of the heart to microgravity. During spaceflight, the effects of gravity on the cardiovascular 

system are removed, and the blood volume that is normally pooled in the lower h b s  in a 

lg enviromnent is shifted to the thorax, thereby temporarily increasing venous return (10, 

25). This shift in blood volume may cause alterations in gene expression via pathways 
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similar to those utilized during stretch-induced cardiac hypertrophy (22). Thus, the overall 

purpose of this study was to determine the effects of a short-duration spaceflight on cardiac 

and skeletal muscle mitochondria at both the protein and mRNA levels of expression. This 

analysis should help us better understand the regulation of the expression of genes encoding 

mitochondnal proteins in these tissues when subjected to microgravity. 



METHODS 

Ejcperimental unimals. Adult male Sprague-Dawley rats (Taconic Farms, 

Germantown, NY) were exposed to microgravity for 6 days (final mass 216 * 4 g; n=6) 

aboard the Shuttle Transport System-54 mission. Similar age-matched animals (233 5 8 g; 

n=6) served as ground-based conîrols. Al1 animals were fed and housed similady, as 

previously descnbed (5). Portions of the triceps brachii and heart muscles fkom animais 

subjected to microgravity were excised and snap fiozen in liquid N, 3-9 hours following the 

completion of the mission. Portions of the heart and triceps brachii muscles from control 

animals were removed the following day during a similar time period. 

Wetdry mass ratios. Triceps brachii and heart fkgments were pulverized to a powder 

at the temperature of liquid N,. Portions of the powders were dried ovemight at 7 0 ' ~  to a 

constant weight, and the ratio of wet-to-dry mass was cdculated. 

Enzyme analyses. Frozen triceps brachii and heart tissue powders were used to 

determine cytochrome c oxidase (CYTOX) activity by rneasuring the oxidation of reduced 

cytochrome c (1 1). These tissue powders were also used to measure glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH) and malate dehydrogenase (MDH) enzyme activities 

as previously described (1 8). AU of these enzyme activities were detennined photometncally 

(Bechan DU-64) at 30°C. 

mRNA rneasurernents. Total RNA was isolated from heart and triceps tissue powders 

as previously described (6). Ten pg of total RNA were separated on a 1% agarose mini-gel 

and transfened to a nylon membrane (Hybond-N, Amersham). RNA was fixed to the 
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membrane with ultraviolet light, and these northem blots were hybridised overnighrt with 3 2 ~ -  

dCTP labelled cDNAs specific for CYTOX subunits III, N and WC, and MDH nnRNAs as 

well as 18s rRNA. Blots were washed initially 3 X 10 min with 2X SSC, 0.1% SDS at room 

temperature. Al1 of the blots were then washed for 15 min at 55 OC with 0.1X S SC, 0.1 % 

SDS and then subsequently washed for 15 min at 60°C with 0.1X SSC, 0.1% SDS. The 

levels of specific mRNAs were quaatified following a 1-24 hour exposure using celectronic 

autoradiography (Packard), and 18s &NA levels were used to correct for uneven loading 

between lanes, 

Western blotting. Proteins from triceps brachii muscle (20 pg; n=6) and heart (1 5 pg; 

n=6) were separated on a 15% polyacrylamide gel using one-dimensional SDSPAGE. 

Proteins were electrotransferred to nitrocelluiose membranes (Hybond-C, Amersham) for 

subsequent immunoblotting, as done previously (8,17,23). Following blocking in 5% skim 

rniW1.25% horse S e m ,  membranes were incubated with a monoclonal antibody directed 

agauist CYTOX subunit N, at a working dilution of 1 : 1000 in 1% skùn mi&. Goat anti- 

rnouse IgG conjugated aikaline phosphatase (1:750 dilution) was used as the siecondary 

antibody. CYTOX subunit N proteins were visualised using a colour reaction, and ahe bands 

were quantified by Iaser densitometry. 

StatisticaI analyses. Values presented are means * SEM and statistical si&cance 

was determined using Student's t-tests for independent samples. Differences were 

considered statisticdy significant at the 0.05 confidence Ievel. 
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RESULTS 

Wet:dry mass ratios. The wet:dry mass ratios were 4.01 * 0.08 for control triceps brachii, 

4.59 * 0.25 for space triceps brachii, 4.10 * 0-07 for control heart and 4.1 1 0.06 for Space 

heart tissues. There were no s i a c a n t  clifferences among these values. 

Protein expression. Six days of microgravity exposure resulted in a siPnificant 32% increase 

in heart mitochondnai MDH enzyme activity compared to that in control hearts. No 

significant effect of microgravity on heart CYTOX activity or GAPDH activity was observed 

(Table 1). Despite the lack of change in CYTOX holoenzyme activity in heart muscle, 

microgravity induced a 2.2 * 0.2-fold increase (n4; p<0.05) in CYTOX subunit IV protein 

level compared to the hearts of ground-based control animais (Fig.1). The response of 

skeletal muscle to microgravity differed fkom that of cardiac muscle. CYTOX activity in the 

triceps muscle was significantly decreased by 41% following microgravity exposure 

compared to the activities found in the triceps of control animais (Table 1 ). However, MDH 

enzyme activity in skeletal muscle remained unaected by the microgravity treatment. Ln 

contrast, the activity of the glycolytic enzyme GAPDH was significantly elevated by 58% in 

the triceps muscle in response to microgravity. No effect of rnicrogravi'cy on CYTOX 

subunit IV level was observed in skeletai muscle (Fig. 1). 

mRNA expression. Total RNA levels in the hearts of anirnals subject to microgravity (1 057 

6 1 pg/g; n-4) were not difEerent fkom those found in the hearts of control animals (1 025 

126 pdg; n=6). However, changes were observed in the leveis of specific mRNAs. In 

particular, a 62% increase @<O.OS) in MDH mRNA following microgravity exposure was 
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observed in heart muscle (Figs. 2A, 2B). The level of m R N A s  encoding CYTOX subunits 

III, IV and WC were rnodestly increased by 23-37%. In contrast to the results observed in 

heart muscle, the total RNA concentration in skeietal muscle was signincantly decreased by 

26% foliowuig the six day spaceflight, fiom 916 * 83 pg/g @=6) to 682 42 pg/g ( ~ 6 )  of 

muscle wet weight. However, there were no corresponding reductions in the levels of the 

mRNAs encoding MDH, CYTOX subunit III, subunit IV or subunit WC in the triceps muscle 

following microgravity exposure (Figs. 3A, 3 B). 



DISCUSSION 

The microgravity environment imposed on an organism during spacenight provides 

a unique mode1 for the study of gravibtiond effects on organ function. Our objective in this 

study was to detennine the extent of the mitochondrial adaptations occun-ing in both cardiac 

and skeletal muscle following short-term microgravity exposure. Since changes in 

mitochondrial content are strongly correlated with performance, at least in skeletal muscle 

(12), our findings may have implications for muscle performance deficits observed following 

spaceflight (5, 7). Further, characterization of these changes using multiple enzyme 

rneasurements may help to c l a r e  the ambiguities currently evident in the fiterature with 

regard to the response of muscle to microgravity (1, 19). With respect to the heart, we are 

unaware of any study which has documented the extent of metabolic enzyme changes which 

occur during spaceflight in this tissue. This rnay provide some insight into potentid changes 

in cardiac fiinctional capacity during microgravity exposure. Our study was uniquely 

designed to evaluate not only protein measures, but aIso coincident evaiuations of changes 

in mRNA expression, thereby helping to define precursor (i.e. mRNA)-product (Le. protein) 

relationships, and some underlying mechanisms responsible for the changes in protein 1eveIs 

observed. 

Tissue-specific differences in the regdation of mitochondrial proteins have been 

documented previously (6, 22,26), and our results highlight tissue-specific adaptations to 

short-term microgravity conditions in two different striated muscle types. Apart fiom the 

reduction in CYTOX enzyme activity, gene expression in the triceps muscle remained 
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relatively d e c t e d  by six days of microgravity. Interestingly, heart muscle displayed 

significant increases in MDH activïty and concomitant augmentations in the levels of MDH 

mRNA. The other mitochondrial enzyme measured, CYTOX, was not signincantly 

increased, but subunit mRNA levels tended to be higher in the hearts of animais subject to 

spaceflight. These data iden- a previously unrecognized cardiac muscle adaptation to 

microgravity9 inthat the heart achieves a greater oxidative capaciq subsequent to spaceflight. 

The mechanisms responsible for inducing this adaptation remain speculative. In humans, it 

is known that microgravity exposure causes a redistribution of blood volume fkom the lower 

limbs to the thorax (25), thereby increasing venous retuni and end-diastolic volumes in the 

heart, at l e s t  in the early stages (4), despite a concomitant reduction in plasma volume (15). 

The obligatory stretching of the myocardium which accompanies this altered venous r e m  

is known to be a powerful stimulus for the induction of changes in gene expression (21). 

Thus, alterations in the expression of mitochondrial proteins may also occur in human 

cardiac muscle exposed to microgravity. 

Our data also illustrate the markedly different gene expression responses of 

mitochondrial proteins to a given physiological perhibation such as rnicrogravity. For 

example, the 62% increase in MDH mRNA levels was accompanied by a 32% increase in 

enzyme activity in the hearts of spaceflight animals. These data suggest that, in the heart, the 

augmented levels of MDH protein may be a result of an increase in cellular mRNA levels 

due to altered mRNA transcription or stability, matched by a somewhat lesser increase in 

MDH protein degradation. With regard to CYTOX, a balance may have existed between 
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the modest increase in subunit mRNAs and subunit protein degradation, leading to unaltered 

CYTOX enzyme activity. In con- a qualitatively different response was observed with 

CYTOX subunit IV, in which the smdl increase in mRNA level was accompanied by a much 

larger increase in subunit N protein level. This suggests the occurrance of a decrease in 

subunit IV degradation rate as a resuit of six days of microgravity, and the results highlight 

the fact that proteins with similar organe11a.r destinations w i t h  the same tissue may be 

regulated completely diaerently in response to a physiological pertubation. 

The surprisingly large adaptations evident in the heart were not apparent in skeletal 

muscle, which displayed a much greater resistance to phenotypic alterations in response to 

microgravity exposure. For example, CYTOX subunit IV mRNA and protein levels were 

completely unaected by the treatment in the triceps brachii muscle. MDH mRNA and 

enzyme activity levels were simiiarly unchanged. However, it should be noted that since 

total RNA per g of muscle was significantly reduced in this tissue, this implies that a 

reduction in both MDH and subunit IV mRNAs did occur when expressed per g of muscle. 

In order for MDH and subunit IV protein levels to remain constant (Fig. 1, Table l), an 

increase in translational efficiency could have occurred, even in the absence of a change in 

protein degradation rate. With regard to CYTOX, the catalytic properties of the holoenzyme 

responsible for enzyme activity reside in subunits 1, II and III (14). An increase in the 

translational efficiency of these catalytically-relevant subunits could have been exceeded by 

an increase in degradation rate, resulting in the decline of enzyme activity observed in the 

present shidy. Clearly, M e r  work is needed to corroborate the alterations in degradation 
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rate of nuclear-encoded mitochondrial proteins which we have interpreted to occur in 

response to microgravity exposure. Elevated protein degradation rates are expected to occur 

in view of the muscle atrophy which is observed following a 6 day space flight (9, as well 

as the enhanced protein turnover reported for non-rnitochondrial proteins in skeletal muscle 

subject to unweighting (3). 

Our data also demonstrate that the regdation of a multi-subunit enzyme such as 

CYTOX is very complex, as evident from the relatively s m d  elevation in subunit N 

mRN& accompanied by the large increase in subunit TV protein levels in the heart, in the 

absence of changes in CYTOX enzyme activity. It is interesting to note that the mRNAs 

encoding subunits III, N and VIc responded similarly to microgravity. This coordinated 

expression of mRNAs derived f?om the nuclear and mitochondnal genomes which code for 

subunits of the same ho loenzyme has been previously documented under steady-state 

conditions (6, 11) and during conditions of altered mitochondrial biogenesis (13,27). 

The microgravity mode1 of decreased muscle use is a valuable one which allows for 

the elucidation of multiple adaptations occurring in a number of different tissues during and 

d e r  spaceflight. Our understanding of these adaptations will facilitate the subsequent 

development of appropriate countermeasures designed to eliminate or mod% these changes, 

thereby alleviating some of the problems which occur upon the return to a lg environment. 

As extensively discussed by Roy et al. (1 9) some o f  the inherent limitations in the design of 

experiments utilizing microgravity were evident in our study. The relatively low number of 

animais exposed to microgravity, the long periods of time between the retum to lg and tissue 
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collection (up to 9 hours), as weli as the large number of investigators involved in dividing 

up these tissues, create signincant obstacles during data collection and interpretation. 

Although, we appreciate the logistical constraints involved in exposing animals to a 

microgravity environment, we also feel that these design shortcomings must be addressed 

in fiiture work of this kïnd, if possible. 

In siimmary, the data in the present study iUUStfate differences in the expression of 

mitochondrial enzymes in heart and skeletal muscle subject to micropvity in the rat, and 

they reveal a surprising response in cardiac muscle subject to this condition- Fuaher 

investigation into the role of protein degradation in the observed adaptations i s  warranted as 

a fünction of microgravity exposure tirne. In addition, a determination of the physiological 

consequences of these mitochondrial adaptations is necessary in order to fully understand the 

cardiac and skeletal muscle responses to spacefight. 
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Fig. 1. The effects of microgravity on CYTOX nibunit N protein expression in skeleîai 

muscle and heart. Proteins from cytosoiic extracts fiom triceps brachü (A; n=6) and hem 

(B; n=6) muscles were incubated with a monoclonal antibody directed towards CYTOX 

subunit N. The levels of this protein in tissues fiom spaceflight (S) and ground-based 

control animals (C) were quantified using laser densitometry. 

Fig. 2. Effect of microgravity on the expression of mRNAs encoding mitochondrial 

proteins in heart. Total RNA (10 pg) fiom the hearts of spaceflight (S) and control (C) 

animds were probed with cDNAs specifïc for the M A S  encoding cytochrome c oxidase 

(CYTOX) subunit III, subunit IV, subunit VIc and malate dehydrogenase W H )  as weil 

as the 18s rRNA subunit. Representative blots are depicted in (A) and a graphical summary 

of a l l  of the samples ( ~ 6 )  is presented in (B), with values expressed as a percentage of the 

levels observed in control hearts. Arrows on the left of each autoradiogram indicate the 

levels of migration of the 28s and 18s rRNAs. *P<0.05 compared with control hearts. 
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Fig. 3. Effect of microgravity on the expression of mRNAs encoding mitochondnai 

proteins in skeletal muscle. Total RNA (10 pg) fiom the triceps brachü of spaceflight (S) 

and control (C) animais were probed with cDNAs specific for the rnRNAs encoding 

cytochrome c oxidase (CYTOX) subunit III, subunit IV, subunit VIc and malate 

dehydrogenase (MDH), as well as the 18s rRNA subunit. Representative blots are depicted 

in (A) and a graphical representation of all of the sarnples (n=6) is presented in (B), with 

values being expressed as a percentage of the levels observed in control triceps brachii 

muscle. Arrows on the left of e u h  autoradiogram indicate the levels of migration of the 

28s and 18s rRNAs. 



Table 1 .  Enzyme activities of heart and îrkeps brachii muscles of conb-02 and spaceflght 

unimals 

Enzyme Control Space Control Space 

triceps brachii triceps brachU heart heart 

% of control - 

CYTOX 

% of control - 

GAPDH 1544.9 
130.0 

% of control - 

E-e activity values are mean + SEM and expressed as U/g wet weight; n = 6 rats in each 

group; * p<0.05 compared to control. 
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Rationale for Manuscri~t " 
Contractile activity is a potent stimulus for the induction of mitochondnal biogenesis 

in skeletal muscle. Since only 13 of the proteins contained within the mitochondrion are 

encoded in the mitochondrial DNA, there is a reliance on the regdation of the expression of 

nuclear gencs for mitochondrial biogenesis to occur. The levels of many of the mRNAs 

encoding mitochondrial proteins are elevated in response to contractile activity however, the 

mechanisms behind these adaptations remain unknown. Steady-state levels of a particular 

nuclear-encoded mRNA result fiom the balance between its transcription within the nucleus 

and its degradation (or stability) in the cytosol. Definition of this equilibnum in skeletal 

muscle has proven difficult due in part to low rates of mRNA turnover. This study was 

designed in an attempt to rneasure the transcription of the cytochrome c gene using direct 

gene injection, and to evaluate mRNA stability by developing an in vitro mRNA decay 

system during mitochondrial biogenesis. 

In this study 1 was responsible for electrode implantation and electrical stimulation 

of half of the animais and ail of the work pertaullng to in vitro mRNA decay. 1 was also 

responsible for a large portion of the manuscript preparation as well as preparation of the 

figures used therein. Damien Freyssenet was responsible for the meanirement of steady-state 

cytochrome c mRNA and protein levels dong with al1 of the direct gene injection 

experirnents. Mark Takahashi was responsible for half of the electrode implantation 

surgeries. Dr. Hood served as the principal investigator of the study. 



Cytochrome c transcriptional activation and mRNA stability during contractile activiw 

in skeletai muscle. 

hblished in Am. J. Physiol. 277 (Endocrinul. Merab. 40): E26-E32, 1999 
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ABSTRACT 

We evaluated contractile activity-induced alterations in cytochrome c transcriptional 

activation and mRNA stability using unilateral chronic stimulation (1 0 Hz, 3 hdday) of the 

rat tibialis anterior (TA) muscle for 1,2,3,4,5 and 7 days (n=3- 1 Ugroup). Transcriptional 

activation was assessed by direct plasmid DNA injection into the TA using a 

chlorarnphenicol acetyltransferase (CAT) reporter gene linked to 326 bp of the cytocbrome 

c promoter. Cytochrome c mRNA in stimulated muscles increased by 1.3- to 1 -7-fold above 

control between 1 and 7 days. Cytochrome c protein was increased afler 5 days of 

stimulation to reach levels which were 19-fold higher than control by 7 days. Cytochrome 

c mRNA stability, determined using an in vitro decay assay, was greater in stimulated TA 

than in control between 2 and 4 days, likely mediated by the induction of a cytosolic factor. 

In contrast, cytochrome c transcriptional activation was elevated o d y  after 5 days of 

stimulation when mEWA stability had returned to control levels. Thus, the contractile 

activity-induced increase in cytochrome c mRNA was due to an early increase in mRNA 

stability, followed by an elevation in transcriptional activation, leading to an eventual 

increase in cytochrome c protein levels. 

Index terms: cell-free mRNA decay, chronic stimulation, direct gene injection, 

mitochondrial biogenesis 
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It is welf established that mitochondrial biogenesis can be elicited in skeletal muscle 

in response to sustained contractile activity (10, 12). Xncreases in the volume of skeletal 

muscle mitochondria (9, 20), as well as concomitant elevations in the activity of many 

mitochondrial enzymes occur inresponse to increased muscle activity (8,13). These changes 

occurring at the protein level of expression are also accompanied by elevations in rnRNAs 

derived fiom both the nuclear and the mitochondrial genomes (1 4,32). Alterations in gene 

transcription a d o r  mRNA stability could potentially explain these increases. However, the 

relative contribution of these processes in response to contractile activity has not been 

established. 

In the present study, we used the expression of cytochrome c as a representative 

mode1 of the possible adaptations in mRNA turnover which transpire during chronic 

stimulation. Cytochrome c is a nuclear-encoded mitochondrial protein involved in electron 

transport between complexes III and IV of the mitochondrial respiratory chah. The sequence 

of the cytochrome c gene has been extensively studied and both the coding region (24) and 

the upstream regulatory elements have been determined (1 1). In skeletal muscle, cytochrome 

c mRNA and protein levels are known to be up-regulated in parallel with changes in 

contractile activity (8,36). Recently, it has been s h o w  that continuous contractile activity 

(24 houdday) induced an alteration in RNA-protein interactions at the 3' end of the 

cytochrome c mRNA, suggesting that increases in skeletal muscle cytochrome c mRNA 

expression may be at least partiaily mediated by changes in message stability (36). To 

fbrther investigate this hypothesis, we evaluated both cytochrome c transcriptional activation 
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and mRNA degradation using a physiologically relevant contraction (3 hrs/day) and recovery 

penod stimulation paradigm. To measure transcriptional activation, we used direct plasmid 

DNA injection into skeletal muscle. A number of studies have shown that promoter-reporter 

chimeric gene constructs are successfully taken up and expressed in skeletal muscle (30,33). 

Transcriptional activation can be subsequentiy determined by measuring the expression of 

the protein encoded by the reporter gene. To evaluate cytochrome c mRNA degradation, we 

utilized a cell-fiee mRNA decay system (2 1) using extracts derived from stimulated and non- 

stimulated control skeletal muscle. Thus, measurements of both transcriptional activation 

as well as mRNA stabiliiy were used to interpret the tirne course changes in cytochrome c 

mRNA expression during chronic contractile activity. 
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METHODS 

Animal care and surgery. Male Sprague-Dawley rats (283 i- 5 g) were housed 

individually in a temperature-controlled room (2 1 "C) with a 12h-ligWl2h-dark cycle, and 

were allowed food and water udlibitum. A smaller group of animals was used for a separate 

mRNA çtabïlity experiment (352 * 14 g, ~ 6 ) .  Anirnals were anesthetized with an 

intrapentoneal injection of sodium pentobarbital (65 mgkg body weight) and platinum 

electrodes (Med-Wire, Leico Industries, New York, NY) were surgically implanted on both 

sides of the common peroned nerve of the left hindimb as previously described (27). This 

procedure was used to stimulate both the tibialis anterior (TA) and the extensor digitorum 

longus (EDL) muscles. The contralateral non-stimulated limb served as an intemal control. 

Animais subject to this protoc01 are able to locomote fieely within the cage, and appear to 

eat and drink in unaffected fashion. 

Plasrnids. The plasmid constructs (pRC4CATBN-326 and -66) used to assess 

cflochrome c transcriptional activation were generous gifts of Dr. R. Scarpulla 

(Noahwestern University, Chicago, IL, USA). The -326 construct contains sequences of the 

rat cytochrome c promoter which include 326 bp upstream of the transcription start site, 

linked to a chloramphenicol acetyltransferase (CAT) reporter gene. This construct has been 

previously shown to give full cytochrome c promoter activity in COS-1 cells (1 1). The -66 

constnrct, which represents the minimal promoter region (1 1) ,  was used in initial studies for 

comparison to the -326 promoter. The plasmid directing the synthesis of B-galactosidase (P 

gal) under the control of the Rous Sarcoma Virus long terminal repeat (pRSV/$-gal) was also 
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used with the intent of correcthg for DNA transfection efficiency, Plasmid DNA was 

isolated using an allcalüie lysis technique followed by phenol/chlorofonn extractions. DNA 

was then dissolved in 0.9% sodium chlonde and the DNA concentration was detennined at 

600 nm using the diphenylamine assay (3 1). The q d t y  of DNA was assessed by restriction 

endonuclease digestion and 1% agarose gel electrophoresis. 

Directphsrnid irijectiorr, One week post-operatively, animals were anesthetized with 

an intraperitoned injection of sodium pentobarbital(65 rnglkg body weight), and a single 

incision was made in the skin covering the right and left TA muscles. A 27-gauge needle 

was inserted obliquely 0.1-0.2 cm deep into the TA muscle to inject a combination of 

pRC4CAT/-326 or -66, and pRSV/B-gal (50 pg each) in a final volume of 100 pl. The 

incision was then sutured and animals were allowed to recover for 2 days prior to the omet 

of chronic stimulation. 

Stimulation protocol and tissue sampling. Two days foIlowing the plasmid DNA 

injections, TA and EDL musdes were stimulated (10 ]Hz, 0.1 ms duration, 3 hours/day) for 

1,2,3,4,5 and 7 days (28,29). On the day following the indicated stimulation time penod 

(21 hours later), animais were anesthetized, TA muscles were rernoved fiom both the 

stimulated and contralateral Iimbs, weighed and fiozen. in a separate experiment designed 

in part to evaluate the effect of continuous contractile activïty on cytochrome c mRNA 

stability alone, animals were stimulated at 10 Hz for 10 days (24 hourdday), as done 

previously (27). Six hours after the cessation of stimulation, bilaterd TA muscles were 

removed, fiozen and stored. AU muscles were then powdered and stored in liquid N, until 
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required for analyses. 

lWA analyses. Total RNA was isolated fÏom fiozen muscle powders (50-70 mg) as 

previously described (6). RNA concentration and purity were detennined by ultraviolet 

photometry at 260 and 280 nm, respectively. Total RNA (6 pg) was then separated on a 

denaruring formaldehyde-1 % agarose gel and transferred overnight to a nylon membrane 

(Hybond N, Amersham, Mississauga, Canada). Cytochrome c and 18s rRNA radiolabelled 

cDNAs were generated by random primer labelling in the presence of [U-~~PI-~CTP 

(Amersham). Following the removal of unincorporated nucleotides, label incorporation was 

determined by Cerenkov counting. Blots were prehybndized ovemight (42OC) and the 

membranes were subsequentiy hybridised overnight at 42°C with the appropriate 

radiolabelled cDNA probe (2 x 1 o6 cpm) as done previously (6). The blots were rinsed with 

2 x SSC (0.15 M NaCV0.030 M sodium citrate), 0.1 % sodium dodecyl sulfate (SDS) and 

subsequently washed 3 x 10 minutes at room temperature with 2 x SSC, 0.1 % SDS, 

followed by a 15 minute wash at 50 OC in 0.1 x SSC, 0.1% SDS. The blots were quantified 

by electronic autoradiography (Instantimager, Packard), which measures the total 

radioactivity in the region of the cytochrome c mRNA. In this case, ali three bands 

corresponding to the cytochrome c mRNA species were quafltified. Blots were then 

corrected for uneven loading with subsequent probing using a cDNA encoding 18s rRNA. 

Tissue extraction for protein assays and imrnunoblolting. Powdered tissues (20-25 

mg) were diluted 40-fold (wh) in 0.1 M &PO, buf5er (pH 7.2) containing 2 mM EDTA 

and sonicated (8 x 10 sec) on ice. Samples were then centrifüged for 6 min in a microfuge 
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at 4°C. The supernates were removed and protein concentration was detennined 

photometncally (2). 

SDS gel elech.ophoresis and irnmunobIotting8 Muscle protein extracts (75 pg) were 

applied to one dimensional SDS polyacrylamide gels (1 SS%, w/v) and electrophoresed 

overnight. The separated proteins were then electrotransferred to nitrocellulose membranes 

(Hybond C, Amersham) and incubated ovemight with a rabbit anti-rat cytochrome c 

polyclonal antibody (1500, 25). The secondary antibody was an alkaline phosphatase- 

conjugated goat anti-rabbit antibody (1 : 1000), affording visualisation of the antigen by a 

standard colour reaction. The imrnunoblots were then quantified by laser densitometry (28). 

LAT and pgalactosidase activities. Muscle powders (1 00- 125 mg) were diluted 3- 

fold (wh) in 0.25 M Tris (pH 7.9), subsequently fiozen in an ethanoVdry ice bath and thawed 

at 37°C three times. The resulting homogenates were then centrifuged in a microfuge for 5 

minutes at 4OC, and the supernates were used as muscle extracts for CAT and fi-gal 

activities. To assess CAT activity, 10 pl of muscle exbact were mixed with 4 pl of 10 rnM 

acevl-CoA and 8 -6 pl (0.2 15 pCi) of [14C]chloramphenicol (55 mCi/mmol; Amersham). 

The mixture was adjusted to a final volume of 40 pl with 0.25 M Tris (pH 7.9) and was 

subsequenly incubated at 3 7 O C for 3 -5 hours. Chloramphenicol was then extracted fiom the 

reaction mixture with ethyl acetate, dried in a vacuum dessicator, and resuspended in 30 pl 

of ethyl acetate. Samples were applied to thin-layer chromatography (TLC) plates and the 

acetylated and non-acetylated forms of chloramphenicol were separated for 30 minutes at 

room temperature with chloroform/methanol{95/5% v/v) as the mobile phase. Signals were 
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then visualized and quanrined by electronic autoradiography (Instantimager, Packard). To 

assess J3-gal activity, 20 pl of the muscle extracts were combined with 130 pl of water and 

an equal volume (1 50 pl) of assay buffer, consisting of 120 mMNajEPO,, 80 mM NaH,P04, 

2 m M  MgCl,, 100 mM fhnercaptoethanol and 1.18 mM O-nihophenyl-f!-D- 

galactopyranoside. The reaction mixture was then incubated at 37 OC for 2.5 hours, and P-gal 

activity was determined photometrically at 420 nm. Reactions conraining extracts derived 

fiom muscles which had not been transfected with the j3-gal constmct possessed an 

endogenous enyme activity (7) ranging fiom 0.045-0.069 absorbance uuitsh- There also 

appeared to be a modest effect of stimulation on endogenous B-gal activity, since this 

activity was elevated by 25-30% from day 1 to day 7 (redts not shown). Thus, in order to 

use J3-gal expression to correct CAT activity for transfection efficiency, we calculated the 

actual îransfected P-gal activity by subtracting the endogenous activity fiom the total activity 

measured during the time course of the experiment. 

In vitro M A  decay. Protein extracts from stimuiated and non-stimulated control 

EDL muscles were prepared according to previously published protocols (1 5,36), with some 

modifications. Briefly, skeletal muscle powders (50-100 mg) were homogenised (Ultra 

Turrax, 7 mm probe) 3 x 10 sec (70% maximum) in 1 ml of homogenisation buffer 

comprised of 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 20 mM HEPES, 

0.5 mM D ï T  and 0.5 mM PMSF. These homogenates were then centrifllged for 15 min at 

5,000g (Beckrnan, Avanti 5-25) at 4OC. The resulting supernatant fiactions were then 

subjected to M e r  centrifugation at 15,000g (4°C) for 15 minutes and the resultant post- 



100 

mitochondrïal supernate (S15) was transferred to a sterile eppendorf tube. Protein 

concentrations of the S 15 hctions fiom stimuiated and control muscles were determined 

photometricdy (2). Total RNA (30 or 60 pg) from stimuiated or control EDL muscles was 

incubated with 60 or 200 pg of SI5 extract obtained fiom either stimulated or control 

muscles in a 300 pl reaction volume at 37°C. Aliquots were removed at various times as 

indicated in the Figure Legends, and the RNA was extracted using a 

phenol/chloroform/isoamyl dcohol extraction procedure. The RNA was then precipitated 

at -70°C for 1 hour, and subsequently pelleted, dried and resuspended in 10 pl of sterile HzO. 

The RNA was separated on a 1 % agarose gel, transferred to a nylon membrane (Hybond-N, 

Amersharn), and fixed to the membrane with ultraviolet light. These membranes were 

probed with "P-~CTP labelled cDNAs specific for cytochrome c mRNA, and signals were 

quafltified using electronic autoradiography (Instantimager, Packard). 

Srutistical andyses. The effects of chronic stimulation on muscle mass, total protein, 

total RNA, cytochrome c mRNA and cytochrome c protein levels were evaluated ushg 

paired t-tests. Changes in cytochrome c transcriptional activation and mRNA stability 

following increased contractile activity were determined using two-way analyses of variance, 

followed by Tukey's post-hoc test. AU values are presented as mean * S.E.M. and 

differences were considered to be statistically significant at the 0.05 level of confidence. 
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WSULTS 

Body m a s ,  TA muscle weighis, total protein and total RNA concentrations. Chronic 

contractile activity had no effect on body mass or TA muscle mass over the 7 day time period 

(Table 1). Control TA muscle mass averaged 485.9 * 12.8 m g  (n = 43). Total protein 

concentration in control muscle averaged 84.7 -t 4.4 mg/g wet weight (n = 27), and was not 

iduenced by contractile activity. The total RNA concentration in non-stimulated control 

TA muscle was 1846.2 * 77.2 pg/g (n = 34) and was not significantly af5ected by the 

simulation protocol (Table 1 ). 

Cytochrome c mRNA and protein levels. Chronic contractile activity induced an 

increase in steady-state cytochrome c mRNA content in the TA muscle, fYom 1.3-fold on day 

1, to I -7-fold between days 5 and 7 @<O.OS; Fig 1 A, 1 C).  The 1.5-fold increases apparent 

at days 2 and 4 tended toward, but did not attain statisticd significance (O.O%p<O. 1). There 

was no effect of contractile activity on 18s rRNA levels, as reporîed previously (28). The 

tirne course ofthe stimulation-induced aiterations in cytochrome c mRNA was different from 

that observed for cytochrome c protein content (Fig. 1 C). No changes in protein level were 

evident until5 days of stimulation (Figs. lB, 1C). Cytochrome c protein remained elevated 

in the stimulated TA muscle at 7 days of stimulation, attaining levels which were 1.9-fold 

above those observed in control muscle (Fig. 1 C). These increases in expression are typical 

of those observed using this chronic stimulation mode1 (14,27-29,36). 

Tramfected p-galactosidase activiîy in conîrol and stimuluted TA muscles. 

Transfected P-gal activity, wed as a correction factor for transfection efficiency, varied 



102 

between 0.05-0-08 absorbance unitshr over the 7 day experimental period. There was no 

effect of Gme or stimulation on transfected P-gal activity. 

Cytochrome c transcriptiond activation. Initial studies were performed using 

control, UflStimuIated TA muscles to codkm that transcriptional activation of the 

cytochrome c promoter would occur following injection with the cytochrome c DNA 

comtructs. Transcriptional activation of the pRC4CAT/-66 constmct was only margindy 

above background levels of detectability (n=8). In contrast, CAT activity driven by the 

pRC4CATI-326 constmct was much higher than background levels, and it was found to 

progressively increase over t h e  following injection, even as much as 5 weeks later (results 

not shown). These initial studies confirmed the effectiveness of our injection protocol, 

verified the stability of the transcriptional activation product (CAT) in our injected muscles, 

and led us to the use of the pRC4CAT/-326 constmct in evaluating the effect of contractile 

activity on cytochrome c transcriptional activation. 

A the-dependent increase in cytochrome c promoter-drïven CAT activity was 

evident over the 7 day penod in non-hulated TA muscle. An approximate 4-fold 

accumulation of corrected CAT activity above that found at day 1 was evident between days 

4 and 7 of the experimental protocol (Fig. 2B; n=27). In the stimulated muscle, an increase 

in CAT activity was only evident after 5 days of contractile activity, reaching values that 

were 2.1-fold higher @<0.05) than those memured in contraiateral, non-stimulated TA 

muscies (Figs. 2A, 2B, n=ll). 

Cytochrome c M A  stability. In establishing the in vitro mRNA decay assay 
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conditions, we first showed that mRNA stability was d e c t e d  in the presence of the 

individual components of the decay reaction. We also documented that mRNA levels 

progressively decreased as a fünction of incubation t h e  (5, 10, 20, and 40 min) in the 

presence of cytosol, and that decay was linear with the amount of cytosolic hction added 

(20,40 and 66 pg proteinAane; Connor and Hood, unpublished observations). The assay 

conditions chosen (10 and 20 min; 20 pg proteidlane) represent the outcome of those 

preliminary studies. We assessed the effect of contractile activity on cytochrome c mRNA 

stability at each time point of the 7 day experimental protocol. Since similar results were 

observed in 2, 3 and 4 day stimulated and non-stimulated muscle, only the data obtained 

fiom muscle subjected to 3 days of contractile activity are illustrated (Fig. 3A). When total 

RNA was incubated with cytosol isolated fiom the same muscle, cytochrome c rnRNA 

derived fiom the stimulated muscle (Fig. 3A lanes 1-3) was degraded at a slower rate than 

cytochrome c mRNA f?om control muscle Fig. 3 ,  A (lanes 3-6) and BI. This contractile 

activity-mediated increase in cytochrome c mRNA stability was no longer evident following 

5 days of stimulation, when rates of degradation in the stimulated muscle were equivalent 

to the cytosol-induced degradation of cytochrome c mRNA fiom control muscle pig. 4, A 

( lanes 1-3 vs. lanes 4-6) and BI. These results at 5 days were also similar to rates of 

cytochrome c mRNA decay at both 1 and 7 days (not shown). 

In a separate subset of animais, we m e r  evaluated the role of the cytosolic hction 

in mediating cytochrome c &A stability under conditions of continuous contractile 

activity (24 hdday for 10 days), simila. to that used recently (36). This treatrnent resulted 
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in a 1.9-fold increase in cytochrome c mRNA in the stimdated muscle. In these decay 

reactions, cytosolic fiactions obtained fiom both stimulated and control muscles were 

incubated only with RNA isolated fiom control muscle. Cytochrome c mRNA -*as more 

stable in the presence of cytosolic fraction derived nom the muscle subject to continuous 

chronic contractile activity (Fig. 5). The t, value (26 min) was 88% higher in the presence 

of the cytosol fiom stimdated muscle, compared to the value obtained in the presence of the 

control cytosol(14 min). These data are consistent with the concept hypothesized by Yan 

et al. (1 996) that a reduced expression of a destabilizing factor occurs in response to chronic 

contracile activity. Consequently, there is a reduction in the degradation rate of cytochrome 

c mRNA. 



Contractile activity is a potent stimdus for the induction of mitochondrial biogenesis 

in skeletal muscle (cf. 10, 12 for reviews), and thus serves as a good experimental mode1 to 

study the underlying mechanisms involved in organelle synthesis and turnover. In the 

present study, contractile activity was induced using a chronic low-frequency electrical 

stimulation protocol (10 Hz, 3 hrdday), which has been shown to lead to mitochoadrial 

phenotypic alterations, as well as increases in muscle mitochondrial content (28, 29). En 

order to document some of the underlying mechanisms involved in these adaptations, we 

chose to measure cytochrome c protein and mRNA levels, as  well as the attendent processes 

of gene transcription and mRNA stability. The results indicate that increases in cytochrome 

c expression brought about by chronic contractile activity are due to tirne-dependent 

adaptations, which appear to involve an increase in mRNA stability, followed by a 

subsequent increase in transcriptional activation. 

The application of a cell-fiee mRNA decay assay (2 1) to measure mRNA degradation 

in the presence of a cytosolic hction permitted the conclusion that the early increases in 

cytochrome c mRNA expression were due to a change in mRNA stability. The mRNA decay 

assay employed appears to be sensitive enough to measure subtle dterations in mRNA 

stability, even when studying rnRNAs possessing relatively low rates of turnover, as found 

in skeletal muscle (6). The cellular events mediating the stabilization of cytochrome c 

&A as a result of contractile activity Iikely involve the 3' untranslated region (UTR), 

since it is established that this is an important site of RNA-protein interactions which confers 
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alterations in mRNA stability (22, 23). Yan et aI. (36) recently demonstrated a reduced 

RNA-protein interaction in the 3 ' UTR of cytochrome c mRNA in response to 9 days of 

stimulation (24 hrs/day), at a tirne when cytochrome c mRNA levels had increased over 2- 

fold This suggested that contractile activity induced the activation of an inhibitor of RNA- 

protein interactions. This important observation is pro bably related to our fïndings, since we 

provide direct evîdence for an increase in cytochrome c mRNA stability brou@ about by a 

factor endogenous to the cytosol of 10 day, contuiuously stimulated muscle. We also show 

that an increase in stability can be a relatively early occurrence as a result of contractile 

activity, since the efTect appeared after only 2 days of treatment when the muscle was 

ailowed a recovery phase. As with the induction of the transcription factors responsible for 

transcriptiond activation (see below), we hypothesize that the recovery phase rnay have 

permitted the induction of an mRNA stabilizing factor, however its characterization and its 

effect on other nuclear-encoded mRNAs rernain to be determined. It is interesting to note 

that the inhibition of mitochondrial protein synthesis in Hep G2 hepatocytes leads to an 

increase in the stability of a variety of nuclear-encoded mRNAs (5). In this context, we have 

recendy obsemed that 5 minutes of 10 Hz contractile activity markedly reduced 

rnitochondnal protein synthesis in subsarcolemmal mitochondna (M.K. Connor, O. 

Bezborodova and D.A. Hood, unpublished observations). This decrease in intra- 

mitochondrid translation rate may be transmitted to the nuclear genome via a putative signal 

(1 8) leading to the induction of stabilizing proteins (5). 

The early mRNA stabilization was followed by an increase in transcriptional 
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activation, leading to an eventuai accumulation of cytochrome c mRNA, evident prior to an 

increase in protein level (Fig. 1). Our assessrnent of transcriptional activation was afEorded 

by the availability of the pRC4CATL326 bp cytochrome c promoterfreporter DNA construct 

(1 1). The technique of direct plasmid DNA injection into muscle, one which is useful for 

the investigation of transcriptional events in skeletal muscle during alterations in contractile 

activity (4,26), was employed. This technique requires the co-injection of a non-specific 

reporter gene to correct for transfection efficiency. In the present study, muscles were 

injected with plasmid DNA containhg a RSV promoter linked to a $-galactosidase reporter 

gene. An endogenous muscle J3-galactosidase activity consistent with r e p o  in the literature 

(7) was measured, and we also found that total (endogenous + transfected) B-galactosidase 

enzyme activity was progressively elevated in response to 7 days of muscle stimulation 

(results not shown). There was no effect of contractile activity on transfected P- 

gaiactosidase activity, and this value was used to correct CAT activity for transfection 

efficiency. It shouid be noted however, that a variety of stressors have been reported to 

activate the CMV promoter in other systems (3). Thus, the use of RSV or CMV promoter- 

driven reporter constructs must be used with caution in skeletal muscle subject to chronic 

contractile activiîy. 

Recently, the transcriptionai activation of cytochrome c in cardiac myocytes subject 

to electrïcal pacing in cell culture was reported (34). Both the NRF-1 and CAMP response 

element sites are important responsive elements within the cytochrome c promoter which 

mediate transcription under those conditions. The CAMP response element site appears to 
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bind c-Jun, and both NRF-1 and c-jun mRNA levels increase in response to cardiac pacing 

(35). In skeletai muscle, it is known that c-jun mRNA is increased as a result of contractile 

activity (1 6). It is noteworthy that the pattern of induction of imrnediate early genes such as 

c-fs, c-jun and egr-l is particularly pronounced during the 0.5-8 hour recovery phase after 

the cessation of contractile activity (1, 17, 19). This is weii within the time hune of the 2 1 

hour recovery period which we employed between each 3 hour bout of contractile activity. 

As a result, with repeated 3 hour bouts of contractile activity followed by recovery, a 

progressive accumulation of transcription factors (eg. c-Jun and NRF- 1) could have occurred, 

leading to the transcriptional activation which we observed &er five days of contractile 

activity. Thus, the recovery period may have allowed for an earlïer onset, but not necessarily 

a greater magnitude, of cytochrome c mRNA induction in cornparison to continuous 

contractile activity (36) usùig the same absolute workload (Le. 10 Hz). 

h s ~ ~ ~ ~ m a r y ,  we used the technique of direct plasmid DNA injection to measure 

transcriptional activation, combined with a sensitive mRNA decay assay to measure mRNA 

stability. The increase in cytochrome c mRNA in skeletal muscle undergoing contractile 

activity-induced mitochondrial biogenesis can be explained Iargely by the existence of time- 

dependent, rapid increases in mRNA stability, folIowed by increases in transcriptional 

activation- These changes precede increases in cytochrome c protein expression. The data 

suggest the utility of these two complimentary experimental approaches for the study of 

muscle adaptations, and iden- mRNA stability as a rapidly altered physiological process 

which deserves greater attention in the area of skeletal muscle gene expression. 
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Table 1. Body mass, tibialis anterior muscle mass, total protein and total RNA 

concentrations during chronic srimulation. 

Days of stimulation 

Parameter 1 2 3 4 5 7 

Body mass (g) 255 277 270 261 283 303 
I 17 + 21 *7  * 8  + 9  * 11 

Muscle mass (S/C) 1.01 1 .O6 0.99 1.07 1.01 1 .O2 
* 0.03 0.03 I- 0.01 * 0.02 0.01 & 0.02 

Total protein (SK)  0.92 0.89 0-99 0.95 1.03 0.97 
& 0.05 * 0.07 h 0.08 =t 0.04 * 0.10 * 0.06 

Total RNA (WC) 1.35 1.28 1.46 1.35 1-11 1.21 
* 0.18 A 0.15 h 0.25 * 0.23 A 0.07 * 0.07 

- - - .. - 

Values are mean * S.E.M.; n = 4-10 rats/group; tibialis anterior muscle mass, total protein 

and total RNA concentrations are expressed as ratios of levels obtained in stimulated (S) 

muscles to those obtained in non-stimulated control (C) muscles. 
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Fig. 1. Representative northem (A) and western (El) blots measuring the steady-state 

cytochrome c mRNA and protein levels, respectively, in 3 houdday stimulated (S) and non- 

stimdated control (C) muscle. C) Graphitai representation of multiple northem and western 

blots illustrating the time course of stimulation-induced changes in muscle cytochrome c 

rnRNA(i) andprotein(0) leveIs(n=3, 1 d;n=3,2d;  n = 4 , 3  d;n=4,4d; n=11, 5 d; 

n = 9, 7 d). * p<0.05, stimulated vs. contralateral, non-stimulated control cytochrome c 

mRNA; 7, p<O.OS, stimdated vs. condateral, non-stimulated control cytochrome c protein. 

Fig.2. Cytochrome c transcriptional activation, measured as chloramphenicol 

acety 1 tram ferase (CAT) activity in stimulated (S) and non-stimulated control (C) skeletd 

muscle injected with 50 pg of a plasmid DNA construct compnsed of  the -326 bp 

cytochrome c prornoter linked to a CAT reporter gene. A) Representative autoradiogram of 

CAT activity. B) Time course response of CAT activity fÏom multiple sets of aninials (n = 

3, 1 d; n =4,2  d; n = 3, 3 d; n = 3, 4 d; n = 12, 5 d; n = 7, 7 d; *p4.05, stimulated vs. 

contralateral, non-stimulated control). 
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Fig. 3. A) Autoradiogram of an in vitro cytochrome c mRNA decay reaction after 3 days of 

contractile activity (3 hours/day). Total RNA (1 0 &me) isolated fiom stimulated muscle 

(S) was incubated either in the presence of buf5er (Iane 1 at t = O) cytosol (20 pg/lane) 

obtained fkom the same stimulated muscle ( lanes 2-3) for 10 or 20 minutes. Similar 

incubations were conducted using RNA isolated fiom non-stimulated control muscle (C; 

lanes 4-6). B) Graphical representation of multiple cytochrome c mRNA decay experiments 

comparing 3 &y stimulated (i) and non-stimulated control (A) skeletal muscle (n = 5 

animals; * p<0.05, stimulated vs. contralateral, non-stimulated control). 

Fig. 4. A) Autoradiogram of an in vitro cytochrome c mRNA decay reaction after 5 days of 

contractile activity (3 hourdday). Total RNA (1 0 &lane) isolated fiom stimulated musde 

(S) was incubated either in the presence of bdfer (lane 1 at t = O) cytosol (20 pgAane) 

obtained fiom the same stimulated muscle ( lanes 2-3) for 10 or 20 minutes. Suriilar 

incubations were conducted using RNA isolated fiom non-stimulated control muscle (C; 

lmes 4-6). B) Graphical representation of multiple cytochrome c mRNA decay experiments 

comparing 3 day stimulated (i) and non-stimulated control (A) skeIetal muscle (n = 3 

animds). 
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Fig. 5. A) Autoradiogram of an in vitro cytochrome c mRNA decay reaction d e r  10 days 

of contractile activity (24 hours/day). Total RNA (12 pgAane) fkom non-stimulated control 

(CTL) skeietal muscle was incubated either with cytosol(40 pg/lane) fiom stimulated muscle 

( S m  or with cytosol fÎom control muscle for 5, 10, 20 or 40 minutes. B) Graphical 

representation of multiple cytochrome c mRNA decay experirnents comparing 10 day 

stimulated (i) and non-stimdated control (A) skeletal muscle (n = 6 animais; * p<O.OS, 

stimulated vs. contralateral, non-stimulated control). 
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Rationale for Manuscri~t 3 

The response of skeletal muscle to contractile activity is very complex and the 

mechanisrns responsible for these adaptations remain relatively poorly understood. This is 

due to the fact that most studies use an in vivo whole animal model to evaluate activity- 

induced gene expression. Although this model remains extremely important in terms of the 

in vivo response of skeletal muscle to contractile activity, it does not d o w  for the use of 

some precise manipulations which are routinely used in molecular biology, making the 

definition ofthe cellular mechanisms responsible for these changes dinicuit. This study was 

designed to develop a contracting skeletal muscle cell culture model in order to define the 

response of muscle to contractile activity at the molecular Ievel. This will allow for the 

manipulation of the expression of specinc proteins within the celi as well as the dissection 

of the events of muscle contraction which may initiate activity-induced adaptations. Thus, 

this model may lead to a better understanding of the potential mechanisms that underlie the 

responses of skeletal muscle to contractile activity in vivo. These data may provide the 

groundwork for the dennition of precise mechanisms that regulate skeletal muscle gene 

expression, which can lead to a better understanding of the maladies that affect skeletal 

muscle. 

1 was responsible for all of the experimental work descnbed in this paper and Dr. Hood 

served as the principal investigator of the study. 
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SUMMARY 

Contractile activity is known to induce adaptations in the expression of genes encoding 

skeletal muscle mitochondrial proteins, however the putative signals responsible for these 

adaptations remain unlaiown. We used electrical stimulation (5 Hz, 65 V) of C2C 12 muscle 

cells in culture to define the underlying mechanisms which underlie contractile activity- 

induced adaptations in the expression of nuclear-encoded rnitochondrial genes. Acute 

contractile activity elevated egr-1 mRNA levels 4.0-fold above those in non-stimulated cells 

after only 30 min of stimulation. Chronic contractile activity (4 ciays, 3 h/day) augmented 

cytochrome c mRNA to levels which were 1.6-fold higher than in control cells. 

Overexpression of the wild-type (wt) transcription factor Egr- I increased cytochrome c 

mRNA levels 2.2-fold above those in non-stimulated cells, and the combination of Egr- 1 and 

electrical stimulation elevated cytochrome c mRNA 3.6-fold above control, likely mediated 

by a combination of increased mRNA stability and transcriptional activation. 

Overexpression of a mutant form of Egr- 1 abolished this response. Cells transfected with 

full-length cytochrome c promoter/CAT reporter constructs demonstrated that the contractile 

activity-induced increases in cytochrome c mRNA were a resuit of transcriptional activation 

of the cytochrome c gene. This response was no longer evident following pre-treatment of 

cells with either TIX, BAPTA-AM or BDM, which inhibited muscle contraction at various 

levels. A similar response was apparent when the minimal cytochrome c promoter was use& 

suggesting that the factors responsible for this transcriptional activation bind within this -66 

to +l15 region. DNA binding assays revealed an elevated binding within the fïrst intron (+75 
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to 4 0 4  bp) in response to increased contractile activity, which was paralleled by 

augmentations in Spl, but not Egr-1, DNA binding. These data suggest that cross-bridge 

cycling and the attendant ATP utilkation are necessary events for cytochrome c 

tramactivation, and that Spl responds to these events by mediating an increase in 

cytochrome c gene transcription. 
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Elevations in skeletal musde contractile activity are known to induce large and rapid 

augmentations in the mRNA expression of genes encoding mitochondrial proteins (1,2,3). 

These increases result £kom a disruption in the equilïbriurn that exists between gene 

transcription and mRNA stability during non-adaptive steady-state conditions. Elevations 

in the level of the mRNA encoding the nuclear gene product cytochrome c in response to in 

vivo contractile activity have been reported (4), and our recent work has established that this 

adaptation is mediated via sequential, time-dependent elevations in both of these processes 

(5). This necessitates alterations in the expression of proteins involved in regdahg 

transcriptional activation, andfor message stabilization within the cytosol. However, the 

specific cellular events which occur during muscle contraction to initiate these adaptations 

rernain largely undefuied. These events could include membrane depolarization, Ca" 

mobilization, cross-bridge cycling and alterations in energy metabolism. Each of these are 

hown to initiate intmcelldar signaiing cascades (6-1 0) which could ultimately alter rates 

of transcription and/or mRNA stability. It is now established that acute elevations in 

contractile activity can stimulate a nurnber of kinases involved in signal transduction, 

including mitogen activated protein kinase (MAP kinase), c-jun N-terminal kinase and p38 

kinase activities in skeletal muscle (1 l,12). However, the temporal relationship between the 

onset of the putative signalling event (Le. kinase activity), transcription factor activation and 

the up-regdation of nuclear genes encoding mitochondrial proteins in response to contractile 

activity, remains unknown. 

We have previously used cytochrome c as a model, nuclear-encoded mitochondrid 
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protein, to define some of the adaptations which occur in response to contractile activity and 

artificially elevated muscle Ca2+ levels (5,7). The cytochrome c promoter contains multiple 

GC-rich regions within its promoter, which can serve as binding sites for the transcription 

factor Sp 1 (1 3-1 5). However, the zinc h g e r  transcription factor Egr-l(16) may also interact 

with these elements, since the consensus binding sequences are similar, and it may be that 

Sp 1 and Egr-1 can compete for similar, non-consensus sites (13). Furthemore, Spl- 

mediated gene transcription is inhibited by Egr-1 displacement of Sp 1 fiom the promoter (1 7, 

18). In addition, Egr-1 is rapidly induced in response to elevations in contractile activity 

(19,20) as well as elevated intracelldar Ca" levels (21). These findings suggest potential 

roles for both Sp 1 and Egr- 1 in the regdation of cytochrome c expression during conditions 

of increased contractile activity. 

Thus, in order to define some of the events occurring during muscle contraction which 

initiate the increase in cytochrome c expression observed, and to idente  some of the 

transcription factors which are imrnediately responsible for th is  increase, we adopted a 

contracthg C2C12 murine skeletd muscle ceil model. Our results indicate that 1) 

cytochrome c mRNA levels are increased by contractile activity, 2) these adaptations result 

fiom increases in gene transcription and 3) transcriptional activation appears involve 

elevations in Spl binding within the k t  intron- In addition, cross-bridge cychg  is 

necessary to confer these activity-induced adaptations in cytochrome c gene expression. 



EXPERIMENTAL PROCEDURES 

Materials - BDM, TTX and ACT were purchased fkom Sigma (St. Louis, MO). 

[14C]chloramphenicol, [D32P]dCTP, nitrocellulose and nylon membranes (Hybond N) were 

obtained f?om Amersham-Phannacia Biotech (Baie d' Urfé, PQ, Canada). BAPTA-AM was 

purchased fiom Calbiochem (San Diego, CA). Fetai bovine senun and home se- were 

O btained fiom Summit Biotechnologies (Fort Collins, CO) and Life Technologies 

(Buriington, ON, Canada), respectively. Polyclonal antibodies directed towards Egr-1 , Sp 1 

and C y c h  Dl were f?om Santa C m  Biotechnology Inc. (Santa Cruz, CA). All other 

reagents were purchased fkom Sigma and were of the highest grade available. The 

oligodeoxynucleotides used for electromobility shift assays were a) Spl, 5'- 

ATTCGATCGGGGCGGGGCGAGC-3 ' (Dalton Chemicals, Toronto); b) Egr- 1, 5'- 

GGATCCAGCGGGGGCGAGCGGGGGCGA-3 ' (Santa Cruz Biotechnology, Santa Cruz); 

and c) a sequence comprised of +75 to +104 of the first intron of the cytochrome c gene, 5'- 

GGGGACGCGGGGCGGGAAGAGGGCGAGGGCGAGGAG-3 ' (Dalton Chemicals, Toronto). 

Cell Culture - C2C 12 murine skeletal muscle cells were mauitained at 3 7 OC in 5% CO2 

on 100 mm gelatin-coated plastic dishes containing Dulbecco's modified Eagle's medium 

OMEM) supplemented with 10% fetal bovine s e m  and 1% penicillin/sîreptomycin (P/S). 

Upon reaching 90% confluence, myoblast differentiation was induced by switching to a 

lower serum medium (DMEM supplemented with 5% heat-inactivated horse senun and 1% 

PIS). Treatments were routinely carried out when the myotubes reached 90-1 00% confiuence 
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(approximately 8- 1 O days). 

Elecîrical Stimulation - The design of the electrical stimulation apparatus was derived 

through the modification of exning methods (22-24). Lids fiom plastic 100 mm culture 

dishes (Sarstedt, Montreal, PQ, Canada) were fitted with two platinum wire electrodes such 

that 5 cm lengths ran paralle1 to each other at opposite ends of the dish approximately 5 cm 

apart. Electrodes were attached to the plates using banana plugs (Electrosonic, North York, 

ON, Canada). Multiple plates were arranged in parallel and connected to a stimulator unit 

which reversed the polarity of the output every second Cells were stimulated at a fiequency 

of 5 Hz and an intensity of 65 V (1.2v/cm2). Stimulation was either performed acutely for 

5, 15,30,60 or 240 min or chronically for 4 days (3 Wday). 

Inhibition of Muscle Contraction - To determine the event(s) of muscle contraction 

responsible for activity-induced alterations in gene expression, sarcomere shortening was 

hhibited at three different levels 24 h prior to the onset of stimulation: 1) Membrane 

depolarization was inhibited by preventing the opening of voltage-gated Na' channels by 

treatment with 10 pM TTX; 2) Contraction was disrupted by pre-treatment with the 

membrane-permeable Ca2' chelator BAPTA-AM (25 pM). This was done to prevent the 

increase in cytosolic [Ca2+] which occurs subsequent to membrane depolarization; 3) 

Contraction was Uihibited by preventing cross-bridge cycling with 1.5 mM BDM. This 

concentration of BDM has been shown to have no effect on Ca2+ transients in phenylepherine 

treated cardiac myocytes (25) and Iikely acts to inhibit myosin ATPase activity (26). Cells 

were electrically sfimulated for 4 days during each treatment (3 Wday) and results fiom dmg- 
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treated cells were compared to quiescent ceIIs treated with the corresponding vehicle (VEH). 

Steady-state mRNA Measurements - Total RNA was isolated fiom stimdated and non- 

stimulated control cells as done previously (7) and resuspended in DEPC-treated H,O. 

Determination of the quality and subsequent size separation of total RNA (30 pg) was 

achieved by electrophoresis using denaturing formaldehyde-1% agarose gels, which were 

transferred and subsequently fixed to nylon membranes. These membranes were then 

probed with radiolabelled cDNA probes encoding cytochrome c, egr- 1 and 1 8 S rRNA as 

done previously (27). S tringent washes were performed at 55 OC for 1 5 min in 0.1 x S S CIO. 1 

% SDS followed by 15 min at 60 OC. Signais were quafltified by electronic autoradiography 

(Instantimager, Packard) and cytochrome c and egr- 1 mRNAs were normalized to 1 8s rRNA 

levels to correct for uneven loading. 

Plasmids - Plasmid constructs containhg various iengths of the cytochrome c promoters 

linked to a reporter gene (pRC4CAT) were provided by Dr. Richard Scarpdla (Northwestem 

University, Chicago, IL) and have been previously characterized (15,28). The pRC4CATI- 

726 constnict is comprised of sequences fiom the cytochrome c promoter fiom -726 bp 

upstream of the transcription start site to position + 1 1 5 within the first intron, fused to a 

chloramphenicol acetyltransferase (CAT) reporter gene. Experiments utilizing the minimal 

cytochrome c promoter @RC4CAT/-66) were also conducted, as this region has been shown 

to be sufncient to confer cytochrome c transcriptional activation in response to elevated 

levels of intraceliular Ca2+ (7). B-galactosidase activity was under the control of pRSV//3-gal. 

Overexpression of wild-type (wt; pCMW930) or mutant (mt; pCMW858) Egr-1 was 
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achieved with vectors provided by Dr. Vikas Sukhatme (Hamard University, Boston, MA). 

The mt Egr-1 Iacks amino acids 33 1-374 in its DNA-binduig domain and is DNA-binding 

deficient. 

DNA Transfection and Equression Assays - C2C 12 myoblasts were transfected with the 

appropriate cytochrorne c prornoter/CAT constmct (5 &100 mm dish) when they reached 

70% confluence. Cells were CO-transfected with pRSVI$-gal (5 pg/dish) to correct for 

differences in transfection efficiency. Where applicable, wt or mt expression vectors were 

transfected (5 pg/dish) in combination with cytochrome c promoter/CAT coIlStNcts. The 

total amount of DNA added was maintained constant in al1 transfected cells. Transfections 

were done using a poly-L-omithine method followed by a DMSO shock (29) and cells were 

then differentiated by switching to a low senun medium. A subgroup of cells were treated 

with 10 mM TTX, 25 mM BAPTA-AM or 1.5 mM BDM 24 h prior to the onset of 

stimulation where indicated. CAT and f3-galactosidase activities in stimdated and quiescent 

cells were measured as described previously (7). 

Memurement of mRNA Stability - Myoblasts were transfected with 5 pg of ev or wt Egr-1 

plasmid DNA when they reached 80% confiuence. Following 8-1 1 days of dïerentiation, 

transfected myocytes were either electrically stimdated for 4 days (3 hkiay) or left untreated 

for a similar tirne period. Immediately &er the final bout of stimulation, cells (stimulated 

and control) were treated with either 10 pg/rnl actinomycin D (ACT) to inhibit mRNA 

synthesis or an equivalent volume of methanol which served as the vehicle (VEH). 

Myocytes were allowed to incubate with ACT or VEH for 4, 24 or 48 hours. At the 
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appropnate time points cells were harvested and total RNA was isolated. Equal amounts of 

total RNA (1 5 pg) fiom ACT- and VEH-treated cells were subjected to Northem bloaing as 

described above. Blots were probed for cytochrome c mRNA and uneven loading was 

comcted using 18s rRNA. Cytochrome c mRNA degradation was assessed by expressing 

the mRNA levels found at all time points as a percent of the PO value. 

EZectromobiZity Shi$ Assays - Nuclear proteins were isolated fiom stimulated and control 

celis by scraping them off of culture dishes in ice cold phosphate buffered saline followed 

by centrifugation for 10 seconds in a microcentrifbge (4 OC). The supemate was discarded 

and the pellet resuspended in 400 pl of swelling buf5er (1 0 mM Hepes-KOH pH 7.9,1.5 mM 

MgCl,, 10 mM KCI, 1 mM DTT, 0.5 mM PMSF). Following a 10 min incubation on ice, 

cells were vortexed and pelleted in a microcentrifuge (4'C). The supemate was discarded 

and the pellet was resuspended in 100 p1 of resuspension bufEer (20 mM Hepes-KOH pH 7.9, 

25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT, 0.5 mM PMSF). 

Following a 20 min incubation on ice, cells were pelleted for 2 min in a microcentrifùge 

(4°C). The supemate was removed and used in electromobility shifi assays (EMSAs) 

following determination of protein content using a Bradford assay (30). These nuclear 

extracts (25 pg) were incubated with 20 pg/ml poly dI*dC, 50 FM pyrophosphate and 40,000 

cpm of a ynP-~TP end-labelled oligonucleotide (containing the sequence between +75 and 

1104 bp of the cytochrome c gene) in a binding bufEer (20 mM Tris pH 7.6,O.l M MgCI,, 

50 mM DTT, 1 mM spemiidine, 1 mM EDTA) at room temperature for 20 min. To 

determine the specificity of binding, cornpetition assays were conducted by pre-incubating 
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extracts (20 min) with a 100 molar excess of cold oligonucleotide before the addition of 

Iabelled oligonucleotide. The oligonucleotides used in these cornpetition assays were 

comprised of 1) +75 to 1-1 O4 bp of the fïrst intron of the cytochrome c gene, 2) the consensus 

Spl binding site, and 3) the consensus Egr-l binding site. Samples were nui on a non- 

denaturing 4 % acrylamide gel and were electrophoresed for 3 hours (200 V). The gel was 

subsequently fked for 15 minutes in acetic acid/methanol/H20 (10:30:60), dried and imaged 

utilizing an Instantimager (Packard). 

lmmunoblorring - C2C12 muscle cells were rînsed in ice-cold PBS and subsequently 

scraped fiom culture dishes in 200 pl of 1 X Laemmli buffer (62.5 mM Tris, 20% glycerol, 

2% SDS and 5 % 2-mercaptoethanol). Equal amounts of nuclear exaacts (50 pg) were size- 

separated by electrophoresis on a 12 % SDS-polyacrylamide gel. Proteins were tramferred 

to nitrocellulose membranes and probed with polyclonal antibodies for Egr- 1, Sp 1 or cyclin 

D 1 (1 500). Blots were then probed with the appropriate horseradish peroxidase-conjugated 

secondary antibody (1: 1000) and visualized with an enhanced cherniluminescence kit 

(Amersham-Pharmacia Biotech, Baie d' Urfé, PQ, Canada). 

StatisticaZ Analyses - The data presented are means * S.E.M. One-way analyses of 

variance (ANOVAs) were used to evaluate the effects of contractile activïty, alone or in 

combination with the overexpression of wt or mt Egr- 1, on cytochrome c mRNA levels and 

Wmscriptional activation. One-way ANOVAs were ais0 used to meanire the effects of mC, 

BAPTA-AM and BDM on cytochrome c transcriptional activation in stimulated and non- 

stimulated control ceus. In al1 cases individual differences were determined using T m ' s  



post-hoc test and differences were considered significant if pcO.05. 

Effectiveness of Stimulation of C2C12 Muscle Cells - Using our ce11 culture model, 

myotubes were observed to contract synchronously and at the correct fiequency (5 Hz) using 

voltages as low as 35 V. Cells appeared to reach maximal shortening at 55 V with no 

M e r  increase in contraction intensity apparent at voltages as high as 1 10 V, Thus, cells 

in subsequent experiments were stirnulated at an intensity of 65 V (1 .2v/cm2). This voltage 

is much lower than that previously used to stimulate cardiac myocytes in culture (3 1,32) and 

resulted in minimai myotube detachment following up to 8 h of continuous stimulation2. 

Egr-1 mRNA is Increased Following Electrical Stimulation - Increases @<0.05) in egr- 1 

mRNA levels were evident as early as 15 minutes d e r  the onset of stimuiation in C2C12 

myocytes (Fig. 1A)- This stimulation-induced increase in egr-i mRNA was transient in 

nature and reached a maximum of 4.0-fold above that in non-stimulated control cells 

following 30 min of contractile activity and declined to 2.0-fold above control after 4 h of 

stimulation. This effect of contractile activity on egr-1 expression is similar to that observed 

previously in vivo (19) and it demonstrates the effectiveness of the myocyte electricd 

stimulation model in rapidly altering muscle gene expression. The result also suggests the 

involvement of Egr-1 in the activity-induced adaptations which occur in skeletal muscle. 

Electrical Stimulation and Forced Overexpression of Egr-I lncrease Cytochrome c 

mRNA Levels - Cytochrome c was chosen as a representative model of the effect of 
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contractde activity on the expression of nuclear genes encoding mitochondnal proteins. In 

addition to electrical stimulation (5 Hz, 65 V, 3 Wday, 4 days), muscle ceUs were forced to 

overexpress either a wild-type (wt) Egr-1 protein or a mutant (mt) form of Egr-1 lacking a 

portion of the DNA-binding domain. Electrical stimulation resulted in an elevation in 

cytochrome c mRNA to levels which were 1.6-fold above those in non-stimulated ceUs (Fig. 

lB, lanes 1-2, p<0.05). This adaptation occurred pnor to changes in mitochondrial enzymes, 

reflected by cytochrome c oxidase activity which was 157.3 * 20.1 nmoYmin/mg and 150.0 

* 2.7 nmoVmidmg in control and stimdated ceiis, respectively. Transfection of non- 

stimulated ceiis with wt Egr- 1 resdted in a 2.2 * 0.4-fold increase in the levels of the protein. 

Coincident with this was an observed increase in cytochrome c mRNA Ievel which was 2.2- 

fold higher @<0.05) than that found in quiescent cells transfected with an empty vector (C 

+ ev; Fig. 1B). Elecîrical stimulation of myocytes overexpressing wt Egr-1 led to a further 

increase (p-4.05) in cytochrome c mRNA levels, reaching values which were 3 -6-fold above 

that measured in C + ev cells (Fig. 1B). Overexpression of mt Egr-1 had no effect on 

cytochrome c M A ,  regardless of whether the cells were quiescent or subjected to 4 days 

of electrical stimulation (Fig. 1 B). 

EZectricaZ Stimulation of C2CI2 Muscle CelZs hcreases Cytochrome c Transcriptional 

Activation - Ln order to assess whether electrical stimulation affects cytochrome c 

transcription, myocytes were transfected with pRC4CATL726 plasmid constructs which 

contained the full-length cytochrome c promoter linked to a CAT reporter gene. CAT assays 

revealed a 1.5-fold higher ( ~ ~ 0 . 0 5 )  cytochrome c transcriptionai activation in çtimulated, 



141 

compared to non-stimulated control cells (Fig. a), whichparalleled the stimulation-induced 

increase in cytochrome c mRNA (Fig. 1B). Since it has been shown previously that the 

factors involved in ca2+-mediated increases in transcription act within the minimal -66 bp 

cytochrome c promoter (7), we transfected cells with plasmid constnicts containhg this 

region @RC4CAT/-66). Elecpical stimulation of these cells elicited a 1.7-fold higher 

( ~ 4 . 0 5 )  CAT activity compared to non-stimulated control cells (Fig.2B). This response 

mirrored Cc-mediated expression of cytochrome c and suggested the involvement of CaZ' 

in the activity-induced expression of cytochrome c. Furthemore, the element responsible 

for the activity-induced transactivation of the cytochrome c gene is likely located within this 

minimai promoter. 

Egr-1-rnediated Cytochrorne c mRNA Expression hoZves mRNA StabiZity and is 

Independent of' irect  TramcripfionalActivation - The contribution of Egr- 1 to the activity- 

induced cytochrome c transcriptional activation was assessed by transfecting cells with wt 

Egr-1 in combination with the -726 bp cytochrome c promoter. Overexpression of wt Egr-1 

in quiescent cells had no effect on cytochrome c transcriptional activation (Fig. 24) despite 

a 2.2-fold elevation in cytochrome c mRNA under similar conditions. In addition, subjecting 

these myocytes to contractile activity elicited no effect on cytochrome c transcriptionai 

activation (Fig. 24). Similar results were obtained in cells transfected with mt Egr-1 (Fig. 

24). When myocytes were transfected with the minimal -66 bp cyîochrorne c promoter 

@RC4CAT/-66), no effect of the overexpression of wt or mt Egr-1 on CAT activity was 

evident either in the presence or absence of electrical stimulation (Fig. 2B). Thus, Egr-1 
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appears to increase the expression of cytocbrome c mRNA independent of direct 

transcriptional activation, suggesting a role for Egr-1 in the regulation of cytochrome c 

mRNA stability. To evaluate this possibility, we measured cytochrome c degradation in 

stimulated and non-stimulated cells that were transfected with either ev or wt Egr- 1 plasmids. 

Similar degradation rates of cytochrome c mRNA were obsemed in stimulated and control 

cells that were transfected with ev, which deciined by 23.8 4.5 and 30.1 9.7%, 

respectively, after 48 hours of transcriptional inhibition with ACT (Fig. 2C). Cytochrome 

c mRNAs were very stable in these cells, exhibiting an extrapolated ha-life of 

approxirnateiy 89 hours. In contrast, no reductions in cytochrome c mRNA levels were 

evident following 48 hours of ACT treatment in stimulated or non-stimulated cells that were 

overexpressing Egr-1 (Fig. SC). This illustrates a role for Egr-1 in the regulation of 

cytochrome c mRNA stability. 

Spl binding within the first inîron of the cytochrome c promoter is increased by 

contractile activity - Following four days of electrical stimulation (3 Wday) there is a 

contractile activity-induced 2.4 * OS-fold increase in Spl protein levels, while no effect of 

electrical stimulation on Egr-1 protein levels was evident (Fig 3A). Coincident with this 

increase in Sp l protein levels was an 1.8 * 0.2-fold increase in DNA binding within the Erst 

intron (+75 to +IO4 bp) of the cytochrome c promoter (Fig. 3B lune 2 versus 3). This 

binding is prevented by incubation with 100-molar excess of a cold oligodeoxynucleotide 

containing a portion of the first intron of the cytochrome c gene (Kg. 3B Zane 4). In 

addition, DNA binding was eliminated by pre-incubation with a non-radiolabeiled consensus 
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Spl deoxyribonucleotide (Fig. 3B, lune 5), suggesting that Sp 1 rnay be responsible for the 

activity-induced activation of cytochrome c transcription. There was no effect of pre- 

incubation with a cold oligonucleotide contaking the consensus Egr- 1 binding sequence 

(Fig. 38,  lune 6). To M e r  evaluate the effects of contractile activity on Sp 1 activation, 

extracts fiom stimulated and control cells were incubated with a radiolabelled consensus Sp 1 

sequence (Fig. 3C). These analyses revealed that there was a stimulation-induced elevation 

in Spl DNA binding (Fig. 3C, lune 2 versus 3), which was completely eliminated by the 

addition of an excess of cold Spl consensus oligonucleotide (Fig. 3C, Zane 5). In contrast, 

there was no effect of contractile activity on binding to an Egr-1 consensus oligonucIeotide 

(Fig. 3C, Zanes 8,9). Egr-1 binding was not evident in the presence of an excess of either 

cold Spl or Egr-1 consensus oligonucIeotides (Fig. 3C, Zanes 11,12), while no effect of pre- 

incubation with cold -66 oligonucleotide on binding to the Egr-1 consensus sequence was 

observed (Fig. 3C, lane 10). Taken together, these results suggest that electrical stimulation 

increases Spl binding within the fist intron of the cytochrome c gene and that Egr-1 does 

not bind within this region. In addition, there may be an interaction between Egr- 1 and Sp 1, 

which may be an important factor in the elimination of activity-induced transcriptional 

activation cytochrome c when Egr-1 is overexpressed (Figs. 2B and 2 0 .  

Cross-bridge CycZing is Necessary for Activiiy-induced Transcripîïonal Activation of 

Cytochrome c - To evaluate the event occurring during contractile activity which provides 

the signal responsible for activity-induced cytochrome c transactivation, muscle contraction 

was inhibited at various levels. Cells were transfected with the -726 bp cytochrome c 
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promoter and were treated 24 h pnor to the omet of stimulation with 1) T'lX (10 FM) to 

prevent membrane depolarization; 2) BAPTA-AM (25 PM) to prevent the increase in [Ca2'], 

associated with Ca2' release firom the sarcoplasmic reticulum; or 3) BDM (1.5 mM) to 

prevent cross-bridge cycling. Pre-treatment of control cells with TTX abolished muscle 

contraction entirely but had no effect on basal levels of cytochrome c transcnptional 

activation compared to VEH-treated cells (Fig. 4A). Contractile activity induced a 1 -8-fold 

activation @<O.OS) of the -726 bp cytochrome c promoter in the presence of VEH and th is  

effect was completely prevented by TT' treatment (Fig. 4A). BAPTA-AM (25 PM) was 

used to permit membrane depolarizattion while preventing stimulation-induced muscle 

shortening via the cheiation of intracellular Ca2'. In this situation, incubation with BAPTA- 

AM (25 PM) resulted in complete inhibition of muscle contraction. BAPTA-AM treatment 

resulted in a 37 % decrease @<O.OS) in cytochrome c transcriptional activation in non- 

sGmuIated cells compared to VEH treated cells (Fig- 4B), suggesting the involvement of 

Ca2' in cytochrome c transcription, as descnbed recently (7). Myotubes subjected to 

electrical stimulation demonstrated a 1.5-fold increase (pc0.05) in cytochrome c 

transactivation above that in non-stimulated control cells, while stimdated cells pre-treated 

with BAPTA-AM showed no elevation in cytochrome c transcriptional activation above that 

found in C + VEH cells Fig. 4B). Inhibition of contractile activity at the level of cross- 

bridge cycling with BDM was employed to allow membrane depolarization and [Ca2+], 

cycling to occur in response to electrical stimulation, while preventing sarcornere shortening. 

BDM had no effect on cytochrome c transcnptional activation in non-stimuiated cells (Fig. 
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4C). Electrical stimulation of VEH-treated cell resulted in a 14-fold elevation (pc0.05) in 

cytochrome c transcriptional activity while treatment of these ceUs with BDM prevented this 

contractile activity-induced elevation in cytochrome c transcription (Fig. 4C). 
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DISCUSSiON 

Contractile activity is a potent stimulus for the induction of numerous cellular adaptations 

in skeletal muscle, including mitochondrial biogenesis (1, 33). This complex process 

involves the coordinated expression of proteins encoded within the nucleus as well as those 

encoded in mitochondrion, suggesting that a vital intracellular communication exists between 

these two organelles. It is lïkely that mitochondrial assembly is regulated mainly by proteins 

onginating fiom the nucleus, since most of the factors required for the expression of 

rnitochondrial proteins are nuclear-encoded, and the vast majority of the proteins found 

within the organelle are derived fiom the nuclear genome. We have adopted the respiratory 

chain protein cytochrome c as a model for the regdation of nuclear gene expression in 

response to contractile activity. Recently, we demonstrated that an elevation in contractile 

activity evokes time-dependent augmentations in cytochrome c transcriptional activation in 

vivo (5). Here our goal was to utilize a ce11 culture model of contractile activity in order to 

mirnic the in vivo induction of cytochrome c transcription, while allowing for the defi t ion 

of some of the intracellular signais and transcription factors responsible for this adaptation. 

Electncal stimulation of C2C12 cells in culture elevated the contractile activity of 

difZerentiated myotubes, which was clearly visible upon inspection under the microscope 

compared to non-stimdated control cells. Contractile activity imposed for 4 days (3 hrdday) 

induced an elevation in cytochrome c mRNA, which was parailelled by alterations in gene 

transcription. In order to define more precisely the intracellular events associated with 

muscle contraction which mediated this transcriptional response, muscle contraction was 
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systematically disrupted at three different levels. Treatment of cells with IITX completely 

abolished muscle contraction by preventing membrane depolarization, which should 

eliminate the subsequent release of ca2+ and actin-myosin interactions. As expected, this 

prevented the activity-induced cytochrorne c transcriptional activation which was apparent 

in vehicle-treated cells. Next, the role of Ca2+ in activity-induced cytochrome c expression 

was evaluated using the membrane-permeable Ca2+ chelator BAPTA-AM. The potential 

involvement ofintracellular Ca2+ in activity-induced cytochrome c expression was suggested 

from observations that Ca2+ serves as a potent intracellular second messenger for a variety 

of cellular adaptations (1 0,34,3 5). In addition, we recently reported that a marked elevation 

in cytochrome c transcnptional activation occurs following the treatrnent of rat L6E9 muscle 

cells with the Ca2+ ionophore A23 1 87 (7), an effect which is reproducible in the mouse 

C2C12 muscle cells used in the present studf. Treatment with BAPTA-AM should permit 

the transmission of membrane depolarization, but elimuiate sarcoplasmic reticulum-mediated 

Ca2+ tramients and subsequent actin-myosin interactions. The complete inhibition of 

contractile activity which we observed during these conditions was also associated with the 

abolition of the simulation-induced cytochrome c transcriptional activation. This suggests 

that membrane depolarization alone, leading to voltage-sensitive activation of signalling 

cascades which are known to activate the transcription of numerous genes in excitable cells 

(cf. ref. 5 for review), cannot account for the observed increases in cytochrome c 

transactivatioe Finally, we evaluated contractile activity-induced increases in cytochrome 

c transactivation in the presence and absence of BDM, an agent known to elirninate cross- 
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bridge cycling, and presumably ATP utihtion, but d o w  both membrane depolarization and 

the increase in Ca2+ transients to occur. We hypothesized that if CaZ' was a primary 

intraceUular signal mediating the increase in muscle cytochrome c transactivation (7), this 

transcriptional activation should be evident even when muscle contraction was inhibited in 

electricdy stimulated ceils by preventing cross-bridge cycling. However, under these 

conditions no elevation in cytochrome c transcription was evident, suggesting that cross- 

bridge cycling, and attendant ATP utiiization, represent more important signals for 

contractile activity-induced mitochondrial biogenesis. Interestingly, other studies in cardiac 

muscle have also shown that cross-bridge formation and subsequent muscle shortening are 

vital for phenylepherine-induced adaptations in myosin expression (9). However, it still 

remains unclear as to which element of cross-bridge cycling is responsible for the initiation 

of cytochrome c iranscription, and potentiaily for mitochondrial biogenesis in generd. 

Previous studies have shown that the transcriptional activation of cytochrome c in 

response to elevated intracellular Ca" are mediated by factors which bind to elements within 

the minimal (-66 to +I l5  bp) promoter region of the cytochrome c gene (7). Our data also 

indicate that this region is responsive to contractile activity (Figs. 3B, 4A). Within the first 

intron of the cytochrome c gene are GC-rich regions which may serve as binding sites for the 

zinc-finger transcription factors Sp 1 and Egr- 1 (1 3, 14). Indeed, Egr- 1 mRNA levels were 

elevated very rapidly after the omet of muscle contraction (Fig. 1A) and overexpression of 

this protein led to an augmentation of cytochrome c mRNA in stimulated and non-shulated 

cells. These results suggested that Egr-1 was activated in response to contractile activity and 
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could possibly be involved in the elevation of cytochrome c transcription. However, 

additional studies showed that the overexpression of Egr- 1 elicited no increase in cytochrome 

c transactivation (Figs. 3 A and 3 8 ) .  Unexpectedly, we found that Egr- 1 overexpression led 

to a significant stabilj7Ation of cytochrome c mRNA (Fig. 2C). This suggests that Egr- 1 may 

be involved in the transcriptional activation of a stabilizing factor, possibly the AU-nch 

elernent binding protein AUFl (36), which is involved in the regdation of cytochrome c 

mRNA stability. The rapid onset of egr-1 mRNA is consistent with the early stabilization 

of cytochrome c mRNA which we have observed to occur in response to chronic contractile 

activity of rat tibialis anterior muscle (5). 

It is known that Spl is involved in the expression of a variety of mamrnalian genes 

involved in oxidative phosphorylation (37). In partkular, Spl affects cytochrome c 

expression by binding within the region between +83 and +IO4 bp of the gene (1 5). Here 

we show that contractile activity increases Spl protein levels and causes an elevation in 

DNA-binding within this region and to a consensus Sp 1 oligonucleotide, and in both cases 

DNA-binding is completely eliminated by pre-incubation with a non-labelled Sp 1, but not 

an Egr-1, oligonucleotide (Figs. 4A, 4B). Thus, it appears that contractile activity induces 

cytochrome c transcription via mechanisms that involve Spl. It is interesting that Egr-1 

overexpression results in a removal of the contractile activîty-induced cytochrome c 

transcriptional activation, suggesting that elevated levels of Egr- 1 interfere with the normal 

Sp 1 -mediated effect This could occur because of interactions between the two proteins, a 

possibility that has recentiy been established (1 7,18). Inhibition of the contractile activity- 
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induced cytochrome c transactivation by the mutant form of Egr-1, which is incapable of 

binding DNA, m e r  suggests that this effect may be a result of a direct Sp 1 -Egr-1 protein 

interaction. The ubiquitous nature of Sp 1 makes it a Likely target for regulation by numerous 

cellular proteins, and it has been recently shown that histone deacetylase, a protein seemingly 

unrelated to Spl, serves to repress Spl fiinction (38). However, more work is necessary to 

determine the scope of the possible interactions between Egr-1 and Sp 1 in skeletal muscle 

cells. 

In summary, it appears fkom the data presented here that ATP-dependent cross-bridge 

cycling provides a putative signal which induces skeletal muscle to initiate the transcriptional 

activation of nuclear-encoded mitochondrial genes. The levels of the mRNAs encoding Egr- 

lare rapidly increased in response to electrical stimulation, and induction of the protein may 

represent the initial steps in the stabilization of nuclear-encoded m F W A s  encoding 

mitochondrial proteins. The cis-elements between +75 and +104 bp relative to the 

transcription start site of the cytochrome c gene appear to be partly responsible for the 

contractile activity-induced transcriptional activation of cytochrome c, and this response 

appears to be reliant on enhanced Sp 1 DNA-binding. Finally, the contractile activity-induced 

transcriptional activation of cytochrome c can be inhibited by overexpression of Egr-1, 

suggesting a repressive rote for this protein on cytochrome c transcription, possibly via 

protein-protein interactions with Sp 1. 
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FIG. 1. Effect of contracMe actMty on egr-1 and cytochrome c mRNA levels in C2C12 

myocytes. A, Cells were electricdly stimulated (5 Hz, 65 V) for 5, 15,30, and 60 min and 

harvested immediately following the cessation ofstimulation. Total RNA was extracted and 

Northem blot anaiyses were carried out as descnbed in "Experimental Procedures". A 

typical Northem blot showing the levels of egr-1 mRNA in electricaily stïmuiated cells (S) 

compared to non-stimulated control cells (C) is shown (inset) and the results of repeated 

experirnents are depicted graphicaliy (+, p<0.05 versus control). B, C2C12 myoblasts were 

transfected with 5 pg of either pCMVl930 (wt), pCMW858 (mt) or an empty vector (ev). 

Ceils were then electrically stunulated (5 Hz, 65 V) for 4 days (3 Wday) or remained 

quiescent for a similar time penod. Total RNA extraction and Northem blot analyses were 

canied out as described in "Experimental Procedures". Autoradiograms demonstrating the 

levels of cytochrome c mRNA (inset) in C and S cells transfected with ev, wt or mt plasmids 

were quantified by electronic autoradiography. (*, pc0.05 versus C + ev; 7, p<O.05 versus 

ail other groups). Egr- 1 and cytochrome c mRNA levels were corrected for uneven loading 

with 18s rRNA and are expressed as a percentage of the levels observed in control ceils. 

Values are mean * S.E.M.. 
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FIG. 2. Effects of contractile actMty and Egr-1 on transcriptional activation of the fuil- 

length and minimal cytochrome c promoters in skeletal muscle ceh. A, C2C12 

myoblasts were tninsfected with 5 pg of either pCMW930 (wt), pCM'W858 (mt) or an empty 

vector (ev), 5 pg of pRC4CAT/-726 and 5 pg of pRSV/p-gal. Cells were then electricdy 

stimulated (5 Hz, 65 V) for 4 days (3 Wday) or remained quiescent for a similar time penod- 

CAT and $-galactosidase activities were measured as described in "Experimental 

Procedures". Autoradiograms of CAT assays (inset) nom control cells (C) and electrically 

stimulated cells (S) transfected with ev, wt or mt plasmids were quantined by electronic 

autoradiography. (*, p<O.OS versus C t ev). Values are mean * S.E.M. of at least 7 

independent experiments. B, To determine the effects of stimulation and Egr-1 

overexpression on activation of the minimal cytochrome c prornoter, cells were transfected 

as in (A) but with the minimal promoter pRC4CAT/-66 used instead of pRC4CATI-726. 

Autoradiograms of CAT assays (inset) fiom C and S cells transfected with ev, wt or mt Egr- 

1 were quantifïed by electronic autoradiography. (*, ~ ~ 0 . 0 5  versus C + ev). Values are mean 

S.E.M. of at least 6 independent experiments. C, Degradation of cytochrome c mRNA in 

S and C ceils expressing ev or wt plasmid DNA was measured following treatment with 10 

pg/ml actinomycin D (ACT). RNA was isolated at 4,24 and 48 hours d e r  the addition of 

ACT, and cytochrome c mRNA levels were measured and expressed as a percentage of the 

value. Values are means h S.E.M. of 3-4 experiments. 



FIG. 3. The effects of contractile activity on DNA binding within the first intron of the 

cytochrome c gene. A, C2C12 muscle cells were electrically stimulated (3 h~day, 4 days) 

and nuclear proteins were isolated as described in "Experimental Procedures". Nuclear 

extracts (50 pg) fkom stimulated (S)  and control (C) cells were separated by SDS-PAGE and 

probed with polyclonal antibodies for Sp 1, Egr- 1 or cyclin D 1. B, Nuclear proteins (25 pg) 

from C (lane 2) and S cells (lanes 3-6) were incubated with a 32~-labelled 

oligodeoxynucleotide corresponding to +75 to +IO4 bp of the fïrst intron of the cytochrome 

c gene. Nuclear extracts were also pre-incubated with non-radiolabelled 

deoxyoligonucleotides corresponding to this region (-66, lane 4, the Sp 1 consensus binding 

site (Sp, Zane 5) or the Egr-1 consensus binding sequence (Egr, lane 6). C, Ce11 extracts (25 

pg) fiom C (lanes 2, 8) and S (lanes 3-6, 9-12) cells were incubated as in A with 

radiolabelled Sp 1 (lanes 1-6) or Egr- 1 (lanes 7-12) consensus oligonucleotides. Cornpetition 

reactions were conducted with 100-molar excess non-radiolabelied -66 (lanes 4, 1 O),  Sp 

(lanes 5, 11) or Egr (lanes 6, 12) oligonucleotides. (FP, fiee probe). 
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FIG. 4. The roles of membrane depolarization, intraceiiular Ca2+ levels and cross-bridge 

cycling in activity-induced cytochrome c transcriptional activation. A, C2C12 myoblasts 

were transfected with 5 pg of pRC4CATk726 and 5 pg of pRSV/$-gai. Cells were treated 

with 10 pM TTX, to prevent opening of voltage-gated Na' channels, or vehicle gr) 24 h 

prior to the omet of stimulation. Cells either remained quiescent (C) or were electrically 

stimulated (S) for 4 days (5 Hz, 65 V, 3 May). CAT and B-galactosidase activities were 

measured as descnbed under "Experimental Procedures". CAT activities observed in C + 

V cells were set at 100 %, and all other activities were expressed as a percentage of this 

value. Values are means * S.E.M. of 6 experiments. B, Myoblasts were transfected with 5 

pg of pRC4CATI-726. To prevent the contraction-induced elevation in [Ca2+], cells were 

treated with 25 pM BAPTA-AM or V 24 hours prior to the onset of stimulation. CAT 

activities were meanired as in A and expressed as a percentage of the C + V value. Values 

are means * S.E.M. of 5 separate experiments. C, Myoblasts were transfected with 5 j ~ g  of 

pRC4CAW-726 and subsequently treated with 1.5 mM BDM, to prevent the cross-bridge 

cycling, or V 24 hours prior to the onset of stimulation. CAT activities were measured as in 

A and expressed as a percentage of the C + V value. Values are means * S.E.M. of 5 

independent experiments (*, peO.05 versur C + V). 
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GENERAL DISCUSSION 

Skeletal muscle is a phenotypically dynamic tissue in which gene expression is driven 

in part by contractile activity. For example, slow-twitch, postural muscles (Le. soleus) that 

are continually active for a large portion of the day in order to maintain body position, have 

a high mitochondrial content in order to fùlfill the large metabolic demand that is placed on 

the muscle. Without this type of parailellism between contractile activity and the expression 

of mitochondrial proteins, the muscle wodd be unable to meet daiIy energy requirements, 

which would almost certainly lead to a functional impairment. The majority of mammalian 

skeletal muscles are mked muscles consisting of a combination of fast-twitch (red and 

white) and slow-twitch (red) fibers which serve ambulatory, as opposed to postural functions. 

As such, these muscles do not demonstrate the sustained high levels of activity that those 

muscles compnsed mainly of slow-twitch fibers do, and therefore exhibit lower 

mitochondrial protein levels. 

Fast-twitch skeletal muscles can adapt their phenotype in response to alterations in 

contractile activity, and given the appropriate stimulus, muscles such as the tibialis anterior 

c m  markedly increase mitochondrial protein content to levels similar to those in the highly 

oxidative soleus muscle (Ornatslq et al., 1995). Although alterations in skeletal muscle gene 

expression in response to increased contractile activity have been well documented (Essig, 

1996; Pette and Vrbov6,l W2), the mechanisms central to these adaptations remain relatively 

unlmown. In addition to increased contractile activity, skeletal muscle gene expression can 

change in response to decreases in activity. In geneml, upon reductions in contractile activity 
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skeletal muscles will tend to rely less on aerobic means for the provision of energy, as 

indicated by an increase in glycolytic capacity and a general reduction in the activity of the 

enzymes responsible for aerobic metabolism per gram of tissue (Thornason and Booth, 

1990). However, this response does not appear to be universal, as some models of decreased 

muscle use induce different adaptations. For example, denervation causes a reduction in the 

activity of mitochondrial enzymes (Eisenberg and Hood, 1993: jasmin et al., 1995; Wicks 

and Hood, 199 1) and mitochondrial volume (Lu et al., 1997), a consistent response based on 

the enzyme activity changes that during increases in muscle contraction (Pette and Vrbovi, 

1992). However, upon exposure to microgravity, there are decreases in the levels of some 

mitochondrial enzymes while others remah unchanged (Baldwin, 1996; Roy et al., 1996). 

Thus, there appears to be model-specinc effects that underlie these discrepancies in response. 

The current literature on the effects of microgravity on skeletal muscle gene expression 

demonstrates an inconsistent response to this stimulus, and no study has examined gene 

expression in the heart foilowing spaceflight. To address this, the fïrst study (Manuscript*l) 

examined the effects of short-tem (6 days) exposure to microgravity, as elicited by 

spaceflight, on the expression of mitochondrial proteins in skeletal and cardiac muscle. 

Cytochrome c oxidase (CYTOX) enzyme activity was reduced in the biceps of animals 

exposed to microgravity, which was accompanied by an increase in the activity of the 

glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) while no change 

in malate dehydrogenase W H )  activity was evident. This response suggested that the 

muscle was becoming more reliant on glycoiytic metabolism for the provision of ATP. The 
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decrease in CYTOX activity in the triceps occurred in the absence of changes in the levels 

of the mRNAs encoding CYTOX subunits III, N and VIc, suggesting that microgravity 

elicited an increased skeletal muscle protein turnover, which in turn dected holoenzyme 

fiinction. In addition, despite these changes in CYTOX activity there was no effect of 

spaceflight on triceps subunit N protein levels. Thus, if an increase in protein turnover 

indeed occws in skeletal muscle during spaceflight it does not appear to be universal in 

scope. In addition, the disproportionate response of subunit IV protein levels and CYTOX 

enzyme activity suggests that this is not the rate lirniting subunit, and that changes in enzyme 

activity may reflect impaired holoenzyme assembly. 

Little ùiformation is known on the effects of spaceflight on the cardiovascular system, 

and no study has examined the effect of microgravity on the expression of mitochondrial 

proteins in cardiac muscle. Microgravity-induced elevations in MDH enzyme activity, which 

were accompanied by changes in MDH mRNA levels in the heart. Similarly, spaceflight 

induced modest increases (mean = 30%) in the levels ofcardiac CYTOX subunit III, IV and 

Mc mRNAs whiie CYTOX subunit IV protein levels were doubled. Thus, these data 

cumulatively suggested that the heart was undergohg mitochondrial biogenesis. However, 

no changes in CYTOX activity were evident, despite adaptations in the expression of the 

mRNAs encoding specifTc enzyme subunits. Thus, cardiac and skeletal muscle appear to 

adapt differently to microgravity. Skeletat muscle appears to be moving towards a reliance 

on glycolysis for the provision of energy, while the heart is attempting to increase the 

expression of mitochondrial proteins. In addition, there may be a disregdataion in the 
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expression of mitochondrial genes, which is suggested by the lack of coordination between 

the response of mRNA and protein levels to rnicrograviiy. 

The expression of genes encoding mitochondrial proteins in skeletal muscle in response 

to elevations in contractile activity has k e n  well documented (Hood et al., 1989; Talcahashi 

et al., 1998; Wiams et al-, 1986; Yan et al., 1996). However, these studies are mainly 

descriptive and do not provide direct evidence of the mechanisms behuid these adaptations. 

To address this, experiments were conducted (Manuscripts '2 and '3) which evaluated the 

response of cytochrome c, a nuclear-encoded mitochondrial protein, to increased contractile 

activity. 1t is known that continuous chronic contractile activity increases c ytochromc c 

mRNA levels which are associated with reduced RNA-protein interactions in the 3'- 

mtranslated region (Yan et al., 1996). However, the physiological ramifications of this 

h d i n g  were unknown and direct evidence of alterations in mRNA stability were not 

established. This is not a trivial undertaking, as the -As which encode skeletal muscle 

mitochondrial proteins have been shown to be very stable (Connor et al., 1996). This means 

that mRNA turnover likely occurs at very low rates, making the evaluation of mRNA 

transcription and degradation difficult using nuclear m o n  and transcriptional inhibition, 

respectively. Therefore, we set out to determine effective methods to analyze these processes 

using an in vivo chronic stimulation mode1 (Manuscript '2). Intermittent contractile activity 

(3 houtsfday) elicited increases in cytochrome c mRNA and protein levels. Interestingiy, 

intermittent bouts of muscle contraction led to a more rapid onset of cytochrome c mRNA 

augmentations when compared to those elicited by continuous stimulation (Yan et al., 1996). 
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This substantiates previous observations that events occurring during recovery fiom 

contractile activity are important for the induction of adaptations in gene expression (Neufer 

et al., 1998; Takabashi et al., 1993). By developing an in vitro mRNA decay system we 

illustrated a transient activity-induced elevation in cyiochrome c &A stability, which was 

accompanied by elevated cellular mRNA Ievels. Thus, we originally hypothesized that 

contractile activity induces a protein which stabilizes cytochrome c mRNA. However, other 

work has provided more direct evidence that muscle contraction reduces the levels of a 

destabihing factor (McClure and Hamilton, 1999;Yan et al., 1996). This adaptation in 

stabïlity occurred prior to increases in cytochrome c transcription, as measured using direct 

muscle gene injection (Davis and Jasmin, 1993; Thomason and Booth; 1990). Thus, the use 

of these techniques allowed us to demonstrate the temporal increases in both cytochrome c 

mRNA transcription and stability to contractile activity. 

It is known that acute muscle contraction can activate multiple signalling pathways 

(Aronson et al., 1997; Goodyear et al., 1996; Hayashi et al., 1999), but the consequences of 

this activation on gene expression rernain unclear. Thus, we developed a muscle cell culture 

mode1 to d e h e  the potential sipals generated by muscle contraction, which may lead to the 

increased activity of these signalling pathways and subsequently cause alterations in gene 

expression (Manuscript 9). Membrane depolarization, Ca2+ mobilization, cross-bridge 

cycling and alterations in energy metabolism are events which occur during muscle 

contraction. Each of these are known to initiate intracellular signalling cascades (J3iswas et 

al., 1999; Eble et al., 1998; Fields et al., 1997; Hardingham et al., 1997; Schmidt, 1995) 
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which could uitimately lead to altered gene expression. In addition, it has been recently 

reported that Ca2+ activates the transcription of the full-length (-726 to +115 bp) and the 

minimal (-66 to 4 1 5  bp) cytochrome c promoters (Freyssenet et al., 1999). We 

demonstrated that contractile activity elicits similar adaptations in cytochrorne c transcription 

which suggests that 1) ca2+ may be the component of muscle contraction that initiates 

alterations in gene expression and 2) the factors that mediate this response bind to the region 

between -66 to +115 bp of the cytochrome c gene. However, treatment of myocytes with 

butanedione monoxime, an agent that d o w s  for stimulation-induced increases in membrane 

depolarization and intracellular Ca2+ to occur while preventing cross-bridge cycling, 

completely abolished muscle contraction and prevented the associated increase cytochrome 

c gene transcription. Thus, it appears that elements of muscle contraction which occur 

downstream of the increase in [CaZ+],, perhaps cross-bridge cycling or the attendant ATP 

utilization, are responsible for initiating adaptations in cytochrome c gene expression. 

Futher examination of the cytochrome c minimal promoter revealed potential binding 

sites for the MC finger transcription factors Spl and Egr-1 (Evans and Scarpuiia, 1989), 

which bind GC-nch DNA sequences (Berg, 1992; Evans and Scarpuila, 1989), making these 

two proteins prime candidates to mediate the transcriptional activation of cytochrome c. To 

evaluate this, we transfected cells with an expression vector for Egr-1 which resulted in an 

increase in cytochrome c rnRNA, and this effect was enhanced by electrical stimulation. 

Surprisingly, Egr- 1 overexpression elicited changes in cytochrome c mRNA stability but had 

no effect on transcriptional activation. We hypothesize that Egr-1 acts to repress the 
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transcription of a destabilkhg factor, leading to an increased mRNA stability (Fig. 1). When 

we examined DNA binding within the first intron of the cytochrome c gene, there was an 

activity-induced increase in bind'ig, which was parallelled by an elevated binding to an Sp 1, 

but not an Egr-1, consensus oligonucleotide. Thus, it appears that contractile activity 

increases DNA binding within the first intron of the cytochrome c gene and that this response 

may involve Spl (Fig. 1). However, it should be noted that these results are not the 

definitive experiments that show unequivocally that Sp 1 alone is responsible for the activity- 

induced expression of cytochrome c. However, we do provide solid evidence that Spl is 

involved in this response and establish a direction for funw experiments utilizing prirnary 

skeletal muscle cells. 

In siimmary, we have shown that mitochondrial biogenesis in heart and skeletal muscle 

responds differently to microgravity. Further, in skeletal muscle it appears that increases in 

contractile activity elicit sequential, tune dependent elevations in the stability and 

transcription of cytochrome c mRNA, a nuclear gene product. The contraction-induceci 

transcriptional activation of the cytochrome c gene in skeietal muscle appears to involve Sp 1, 

but not Egr-l binding within the k s t  &on (Fig. 1). There is also evidence that Egr-1 may 

play a role in altering in cytochrome c mRNA stability following elevations in muscle 

activity by rnediating the expression of a destabilizing factor (Fig.1). Finally, all of these 

adaptations seem to require ATP-dependent cross-bridge cycling, which may represent a 

putative cellular signal for the initiation of alterations in skeletal muscle gene expression. 
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Figure 1. Working hypothesis for the regulation of cytochrome c expression in 
response to increased contractile activity (see text for details). 
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Limitations of the Study 

In most experimental procedures there are caveais associated with their Ïmplementation. 

Such protocols were used in the final manuscript in my thesis and I will attempt to outline 

both the rationale and the justifications for using these protocols. 

Skeletal muscle contraction is a complex process which consists of membrane 

depolarization, increases in cytosoiic ca2+ and ATP-dependent cross-bridge cycling. Each 

ofthese events are known to initiate intracellular signaling cascades. A major purpose of my 

thesis was to determine which of these events are responsible for contractile activity-induced 

alterations in the expression of nuclear genes encoding rnitochondrial proteins. This was 

accomplished by systematicdy disrupting muscle contraction at various levels and 

examîning the consequences on gene expression. One of the inhibitors used, 2,3- 

butanedione monoxime (BDM), disrupts muscle contraction by inhibithg myosin ATPase 

activity (Higuchi and Takemori, 1989) and preventiug ATP-dependent cross-bridge cycling 

(Yagi et al., 1992). In addition, BDM is known to inhibit muscle contraction with no 

detrimental effects on Ca2+transients at concentrations that are greater than those used in my 

midy (1.5 mM; Eble et al., 1998; Yagi et al., 1992). BDM has also been shown to affect 

diatom giiding in microalgae (Poulson et al., 1999) and oligodendrocyte migration in 

response to PDGF. These effects are elicited by the actions of BDM on myosin contained 

within the cytoskeleton. The cytoskeleton is capable of inducing alterations in intracellular 

signaling (Simpson and Armstrong, 1999), and this may be a potential drawback to the use 

of BDM in my thesis. However, BDM effects on cytoskeletal myosin ATPase activity and 
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cell spreading occur at concentrations well above those used in our study (10 mM; Cramer 

and Mitchison, 1995). Thus, the concentration of BDM used to disrupt muscle contraction 

in Manuscript 3 was chosen in order to mhimize the involvement of these potential side- 

effects of BDM. As such, 1 feel that the use of this drug to prevent muscle contraction at the 

level of cross-bridge formation is justïfïed. However, 1 do aclmowledge that other potential 

effects of BDM exist and have attempted to experimentally rninimize their confounding 

influence on the data collected- 

The introduction of plasmid DNA into mammalian ceUs is commody used to study the 

contribution of a given gene, and its protein product, to the regdation of phenoîype 

expression. DNA is often transiently introduced into cells in culture using a calcium 

phosphate method. However, this method can prove tricky and may not be suitable for use 

in dl celi types. The use of poly-L-ornithine and DMSO shock is a much simpler method 

and has been used in muscle ce11 cultures (Freyssenet et al., 1 999; Robey et al., 1996). A 5- 

10 % tninsfection efficiency has been reported for this method, with similar results obtained 

using the calcium phosphate technique (Robey et al., 1996). This value is below what is 

routinely observed by others using calcium phosphate, and this may reflect variability 

accordhg to ce11 type and laboratory preparations. Transfection efficiency was not measured 

in the current study, since this protocol has been used by others (Freyssenet et al., 1999; 

Robey et al., 1996) and we were confident that the reporter genes of interest were being 

expressed to adequate levels. There was no apparent reason to assume that large variations 

in transfection efficiencies existed for stimuiated or control cells. The cells were untreated 
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and identical to each other at the t h e  of transfection, and control and stimulated ceUs were 

transfected at the same time. Ifthe overail transfection efficiency was increased (e-g. 80 %), 

the relative rates between stimuiated and control cells should persist, although the absolute 

expression of the promoter would be expected to be equally higher in both groups of cells. 

Therefore, although the efficiency of transfection is recognized to be far below 100 %, we 

are confident that the relative values that we observed are vaiid, and introducing more DNA 

would not alter our interpretation. 
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APPENDM 1 

Extended Methods 



Method 1 In vitro mRNA DECAY 

Rationale: Many of the mRNAs which encode skeletal muscle proteins are very stable, 
making investigations of mRNA turnover in vivo ditncdt. The use of an in vitro 
system addresses this problem by allowing the creation of mRNA degradation 
conditions in which mRNA decay can proceed at a rapid rate. 

Preparation of Cytosolic Extracts 

1. In a 13 ml Sarstedt tube homogenize skeletal muscle powders (50 - 100 mg) 3 x 10 sec 

(1 0 mm probe; 70% maximum) in 1 ml of homogenisation buffer. 

2. Centrifuge the homogenates for 15 min at 5,000g (4 OC). Transfer the supernate to a 13 

ml Sarstedt tube. 

3. Centrifuge the supernate at 1 5,000g (4 OC) for 15 minutes and transfer the resulting post- 

mitochondrial supemate (S 15) to a sterile eppendorf tube. 

4. Determine the protein concentrations of the S 15 fractions using the Bradford total protein 

assay. 

I n  vitro Decay Reaction 

1. Incubate total RNA (30 pg) and S 15 extract (45 pg) in a steriie eppendorf tube. Volume 

the reaction up to 300 pl with sterile DEPC treated water and incubate at 37 OC. 

2. Remove aliquots (1 00 pl) d e r  the desired time periods and transfer them to a sterile 

eppendorf tube containing 100 pl of phenol. Mïx vigorously. 

3. Spin in a microcentrifuge for 30 seconds. 
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Traasfer the aqueous phase to a sterile eppendorf tube. Add 100 pl of 

phenol/chloroforrn~isoamyl alcohol(25:24: 1) and mix vigorously. 

Spin in a microcentrifuge for 30 seconds. 

Transfer the aqueous phase to a sterile eppendorf tube. Add 100 pl of 

chloroform/isoamyl alcohol(24: 1) and mix vigorously. 

Spin in a microcentrifuge for 3 0 seconds. 

Transfer the aqueous phase to a sterile eppendorf tube. Add 10 pl of 3 M Na Acetate 

(pH 5.2) and 300 pl of 100% ethanol. Mix vigorously and then precipitate at -70 OC for 

1 hour or at -20 OC overnight. 

Spin in a microcentrifige for 15 minutes at 4 OC. 

10. Wash the pellet with 75% ethanol and spin in a microcentrifige for 5 minutes at 4°C. 

Pour off the supernate. 

1 1. Cover the eppendorf with parahlm and poke holes in the covering. Place samples in the 

vacuum dessicator for 5 minutes (maximum) being carefd not to "over dry" the pellet- 

12. Resuspend the pellet in 10 pl of sterile DEPC H,O. Add 3 pl of 0.5 m g h l  EtBr and 12 

pl of RNA sarnple b e e r  to the RNA and run on a 1% agarose gel. 

13. Transfer the RNA to a nylon membrane (Hybond-N) overnight and fix the RNA to the 

membrane by exposing the blot to ultraviolet light on the transilluminator for 10 minutes 

(RNA side down). 



SOLUTIONS 

Homogenization Solution 

25 % glycerol 

0.42 M NaCl 

1.5 mM MgC12 

0.2 mM EDTA 

20 mM HEPES (pH 7.9) 

0.5 d DTT 

0.5 r n M  PMSF 

DEPC water 

For 10 ml 

2.5 ml of sterile 100% stock solution 

1 ml of a 4.2 M stock solution 

100 pl of a 150 mM stock solution 

4 pl of a 0.5 M stock solution 

500 pl of a 400 mM stock solution 

10 pl of a 0.5 M stock solution 

10 pl of a 0.5 M stock solution 

5.876 ml 



Method 2 Gene Injection into rat tibialis anterior muscle 

References 

Wolff et al. Science 247: 1465-1468,1990 

Wolff et al. BioTechniciues 1 1 : 474-485, 1991 

Davis et al. Human Gene Terapv 4: 15 1-1 59, 1993 

Materials 

1 cc syringe without needle 

27 gauge needle (PrecisionGlide, Becton Dickinson, NJ, USA) through Fischer 

forceps (sterile) 

scissors (sterile) 

5-0 silk braided (Ethicon, incPeterborough, Canada) 

PIasmid DNA: 50 pg of plasmid of interest + 50 pg of plasmid used to the assess 

injection efficiency in 100 pl of normal sterile saline solution (use DPA assay to measure 

DNA concentration). The concentration must be above 1 &pl. 

Procedure 

1. Anaesthetize the animal with an intraperitoneal injection of sodium pentobarbital (40 

mdkg). 

2. Shave the lower hindlimb of the animal is shaved, 
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3. Sterilize the incision by applying iodine to the shaved area (Proviodine solution, Rougier 

hc. Chambly, Que) 

4. Place &al on right side allowing clear access to the injection site of the left hindlimb. 

5. Make a small incision in the skin (0-4 cm) so that the underlying muscle can be directly 

visualized. Do the incision at the upper part of the TA. 

6. Fil1 the syringe up with the DNA solution (100 fi total) fiom 0.1 to 0.2 cc ( see the 

graduations on the syringe). Make sure that the needle is tightly fixed on the syrhge. 

7. Perform the injection (30 sec) by maintaining a very small angle between the muscle and 

the syringe. Do not go deeper than 1 to 3 mm. Go fiom 0.2 to 0.1 cc on the syringe (avoid 

inj ecting air). 

8. Remove the needle very gently fiom the muscle (10 sec). If the injection has been 

properly done, you can not see any leak nom the muscle. Wait 5 minutes. 

9. Suture the s k i .  with the 5-0 sillc bmided. One h o t  should be enough. 

10. Allow the animal to recover without any m e r  handling. Do not massage or put any 

pressure on the injected muscle. This has been shown to markedly reduce gene 

expression of the reporter gene (Davis et al. Human Gene Therapy 4: 15 1 - 159, 1993). 



Method 3 Chloramphenicol acetyltransferase KAT) assav 

1. Reaction mix: 

Reagent 

0.25 M Tris HCl (pH 7.9) 

(Pl) Notes 

18.9 Variable to a total of 28.9 ~1 

O. 1 mM 14C-chlorarnphenicol** 9.1 Depends on initial concentration 

1 OmM Acetyl COA"' 2.0 Stored at -20°C, dont reuse 

TOTAL 40.0 

'Amount of extract depends on the strength of the promotor and transfection efficiency. 

O* 

D-threo-[dichloroacetyl-l-'4C]i:hl~ramphenicol (code CFA.754), 50 ,uCi,MW= 325, SA = 56 mCi/mmol, 

172 pCilmg, concentration = 25 pCi/ml, final chernical concentration = 0. I mM, 0.23 pcilreaction. 

*" 
10 mM AcetyI CoA, lithium salt = 8.8 m g / d  H,O. 

2. Incubate assay tubes at 37 OC for 30 to 120 minutes, depending on the amount of activity 

expected. If r 1 hour is expected, double the [Acetyl CoA] to a final concentration 1 mM 

to prevent substrate limitation. The assay can be repeated with stored extract at higher 

volume, with more Acetyl CoA, for longer time, etc. to get detectable results. During the 

reaction t h e ,  prepare the T t C  chamber. 

3. Extract chIoramphenic01 by adding 0.5 ml ethyl acetate; cap tightly, vortex vigorously 

and spin for 30 seconds in the microfuge. 

4. With Pasteur pipette, transfer organic (upper) phase to disposable eppendorf tube. 
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5. Evaporate the ethyi acetate under vacuum in a dessicator to dryness (takes 20-30 

minutes). 

6. Resuspend the invisible residue by adding 25 pl of ethyl acetate. 

7. Application of the Samples 

Tape the TLC plate on a glas plate with the even edge near the m g e s .  

Take up half of the sample volume (7.5 pl) and spot on the pre-marked TLC plate 

AUow the spot to dry and apply the remaining 7.5 pl of the sample. 

8. Preparation of the TLC Chamber 

Prepare 9 5 5  chloroforrn:methanol (vh) = 142.5 ml Chloroform : 7.5 ml MeOH. 

Add to the chamber and cover using a g las  plate sealed with grease and weighed down 

with lead. Do this 30-60 minutes before the TLC m. (This prepares the atmosphere - 

particularly if filter paper surrounds the back and sides of the chamber to absorb 

vapeurs). 

9. TLCRun 

Clamp the sides of the TLC plate to the glas with small clips - LABEL IT with a pencil, 

top left. 

Put it in a far side of chamber, tilted away to the back side, so that the solvent front is 

visible. 

AUow 30-45 minutes for the solvent to reach approximately 2 cm fiom the top of the 

TLC plate. (Best results are obtaiued with fiesh solvent + 60 minutes of pre-incubation 
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of chamber). 

10. Allow the plate to air dry for 3 minutes, remove the tape and glass and cover with Saran 

m P -  

11. Place on Instantimager until a reliable signal is visible. This time wiil Vary dependhg 

on the signal strength (Le. -726 bp cytochrome c promoter: 1 hour, -66 bp cytochrome 

c promoter: overnight). 

12. Qumtirj. blots and express acetylated forms (upper 2 bands) as a percentage of the total 

(dl 3 bands). This gives CAT activity as a percent conversion. 



Method 4 Electrical Stimulation of Mvocytes in Culture 

Cells: C2C 12 murine rnyocytes 

Dishes: 100 x 20 mm plastic non-coated culture dishes (Sarstedt 83.1802) are coated with 

1 ml of 0.2% gelatin. The plates are then Ieft in the hood overnight (Iids off) 

under the germicidai (U.V.) light. 

Modifications: 

1. Punch 2 holes (7 cm apart) in the lids of the culture dishes, at the mid-line of 

the lid, with a heated syringe needle (1 8 gauge). 

2. Permanently solder a 9.4 cm piece of platinum wire to a '8 hexagonal nut- 

Place the platinum wire through the holes in the lid (hm above) and fk the 

hexagonal nut to the plastic using water tight silicone. 

3. Bend the piatinum wire such that it nrns dose to the bottom of the culture 

dish (not touching) and it nins at an =45 O angle f?om the other hole in the lid. 

Bend the platinum wire back towards the lid of the dish 5 cm f?om the first 

bend. Fix the end of the wire to the underside of the dish with silicone. 

4. Screw the comector for the banana plug into the hexagonal nut. It is possible 

to make the comection more permanent by CAREFULLY soldering the 

mnnector to the hexagonal nut (watch for heat build-up, the lids may melt). 

5. Repeat steps 2 -4 for the other hole in the lid. This preparation should result 

in a final codïguration where there are 5 cm pieces of platinum wire running 

parallel to each 0 t h  on each culture dish lid (Fig. 1). 



189 

6. To sterilize the lids, expose them to the germicidd (U.V.) light overnight in 

the culture hood before they are used. During the stimulation protocol, 

wiping the electrodes with a kimwipe and 70% ethanol will sufEce to 

maintain stenle conditions. 

Medium: Cells are allowed to proMerate in Dulbecco's Modified Eagle's Medium 

(DMEM; Sigma, D-5796) supplemented with 10% fetal bovine serum (Summit 

Biotechnologies, FP- 100-05) and 1 % penicillin/streptomycin (Sigma, P-078 1) 

until myoblasts reach 90-100% confluence (3 days). Differentiation is then 

induced by switching the celis to DMEM supplemented with 5% heat inactivated 

horse serum (Life technologies, 1 6050- 1 14) and 1 % penicillin/streptomycin. 

Stimulation of the cells is routinely carrïed out when the myotubes are 90-1 00% 

confluent (8 days). 

Stimulator: The sfimdator was manufactured by the York University Electronics Shop 

with the following specifications: 

Gange bipolar output (Le., plus and minus amplitude adjustable using one knob). 

Output voltage range is O to +300V and -300V. 

Output current is 1A max. 

Output pulse duration is adjustable fkom 0.001 to O. 1 seconds (10-1 kHz). 

Output pulse repetition rate is adjustable fiom 0.0005 to 0.01 seconds (100-2 

kHz). 

Polarity duration range is adjustable fkom 1 to 100 seconds (0.01 to 1 Hz). 
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Polarity duration range defines the time duration for the output "pulse burst" to 

be positive before switching to a similar negative (amplitude) pulse burst (Le. 

positive and negative duration are of equal value except for the amplitude). 

Culture dishes were modified with Johnson miniature banana jacks (Electrosonic, 

E108-1021-001). 

1) 20 (AWG) gauge wire was used with Johnson miniature baniina plugs (Electrosonic, 

E108-1003-001) soldered at each end to facilitate connection to the dishes. 

CO, incubator: Sanyo (MCO-17A) with a rear port to ailow access of the electrodes to - 

the incubator fiom the stimulator unit. 

T-wical use: Myotubes can be routinely stimulated in a PARALLEL circuit using voltages 

as low as 40 V but we typicaily use 65 V (1.2 V/cm2). Cells are stimulated 

at a fkequency of 5 Hz (4 ms duration) for durations of a few minutes up to 

a few days. This experimental set up results in observable synchronous 

contractions. Cells can be stimdated for up to 8 M d a y  for up to 4 days, 

although we typically stimulate for 3 hrs/day. Attempts to stimulate ce11 for 

24 hrs/day have been unsuccessful to date, possibly due to the higher strength 

of contraction of the Iarge myotubes on the 100 mm dishes compared to those 

on 35 mm dishes. We see little ce11 detachment after up to 4 days of 

stimulation (3 hrs/day) and it is likely that cells can be treated for longer 

periods 0 4  days). 



Connecting leads 

LID 

Figure 1. Schematic of the apparatus for electricat stimulation 
of C 12C12 skeletal muscle cells in culture. 
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