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ABSTRACT 

Proton nuclear magnetic resonanœ spectroscopy (1-H NMR) can be used to study 

skeietal muscle metabolism. The mdx mouse is a unique animal which aliaws study of 

muscle regeneration, and moâels the disease of Duchenne muswlar dystmphy (OMO). The 

goals of these stdies were to deterrnine the potential of 1-H NMR speclroscopy as an 

alternative to wnventional histology in monitoring: 1) the progression of mdrdystrophy, and 

2) beneficial treatrnents (g l~mcort i~ds)  on mkdystrophy. In vitm 1-H NMR spectra (ex 

vivo and perchloric acid extra&) of limb and diaphragm muscles were obtained f m  

different ages of contrd and mdxmice, and from mice which were treated with prednisone 

or deflazacart. Peîks with contributions f m  creatine, taurine and lipids were examined in 

the ex vivo samples. Additionally, valine, lactate, alanine, glutamate, succinate, glutamine, 

camitine, glycine and glucose peaks were examined in spectra fmm extracts. Decreased 

levels of taurine and camitine characterized pre and active dystrophy intervals in mdx 

muscle compared to contnd. Levels of taurine increased with stabilization of the disease 

with repair. Measures of accumulated muscle repair and many spectral peaks were highly 

and significantly correllated. lncreased amoonts of lipids were found in the diaphragm 

compared to limb spectra. Treatment, which improved muscle phenotype, resulted in 

increased levels of taurine. Also, glutamate, alanine and succinate were decreased in mdx 

diaphragm compared to control, and increased with deflazacort-treatment in mdx DIA. 

Therefore, 1-H NMR differentially discriminates: 1) contrd and mdx muscle, 2) the 

progression of mdxdystrophy and developmental stages in normal growth, 3) mild and 

severe dystrophic phenotypes (diaphragm vs. limb), and 4) changes associateci with 

improved muscle phenotype and regeneration (due to treatrnent or injury). The results focus 

on monitoring muscle repair, not degeneration. Preliminaty magnetic resonanœ imaging 

studies point to eventuat application of the findings to non-invasive measurement of 

treatment effects by in vivol-H NMR spectroscopy. We conclude that 1-H NMR is a diable 

tool in the objective investigation of muscle repair status during muscular dystmphy. 
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CHAPTER 1 

INTRODUCTION 



1.DUCHENNEMUSCULARDYSTROPHY 

Duchenne muscular dystrophy (DMD) is a sen'ous X-linked recessive disease with 

a relatively high inadence (1 in 3500) (reviewed by Bieber 8 Hoffman, 1990; Partridge, 

1993). It is a primary myopathy iesulting frwn a lack of dystrophin (Hoffman et al., 1987) 

and a decrease in dystmphin-associated proteins in al1 cells of the body (Ohlendieck 8 

Campbell, 1991 ; Matsumura 8 Campbell, 1994; Worton, 1995). Dystrophin is believed to 

stabilize the sarcolernma (Petrof et al., 1993a) and regulate intracellu!w calcium (Dunn & 

Radda, 1991 ; Turner et al., 1991). 

1.1. Course of Duchenne dystraphy 

DMD primarily affects skeletal muscle and is characterized by persistent cycles of 

degeneration followed at first by regenemüon, and later failure to ragenerate as myofibers 

gradually become replaced by adipose and fibrotic tissue. Each muscle is affected at a 

different tirne in DMD, with some muscles more susceptible to darnage (Liu, China al., 

1 993). 

At birth, senim creatine kinase (CK) levels are at least 40 times the upper normal 

limit, and in Manitoba this rneasure is used for screening virtually al1 newbom males 

(Green berg et al., 1 991 ). Upon a high CU rneasure, the disease is confirmeci almbst invari- 

ably by a muscle biopsy (Bieber & Hoffrnan, 1990; Greenberg et al., 1991). Clinically, the 

onset of muscle weakness accurs at about 3 Yeats, with loss of ambulation at around 10 

years, and death from respiratory or cardiac failure in the patienvs mid-twenties (Broake et 

al., 1989). There is no cure for DMD, but since diagnosis occurs very eady in I L ,  it is 
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important to study possible treatments that might be implemented eariy, and to monitor the 

progression of the disease. The deveiopment of treattments for DMD is aimed at: 1) r~plac- 

ing dystmphin in an attempt to mate  a nomal muscle phenotype (cell and gene therapies), 

or 2) slowing the disease progression. C u m  tly , assessrnent of rate of disease progression 

depends upon standardized clinical muscle tesüng or timed functional assessments of 

routine muscular activities such as walking, climbing stairs and sitting (Broake et al., 1989). 

1.2. Cell and gene therapy 

DM0 is a candidate for cd1 or gene therapies (reviewed by Hauser 8 Chamberlain, 

1996) because the gene responsible has been identified, skeletal muscle cells are acces- 

sible targets, and they are multinucleated and post-mitotic. Myoblast (cell) transfer (Gussoni 

et al., 1992; Huard et al., 1992; Mendell et al., 1995), in which normal donor muscle cells 

are injected into the patient, is not efficient in restoring muscle force or preventing 

deterioration in its present state (Mendell et al., 1995). Therefore, ment  studies have 

focused on developing alternate dystmphin delivery rnethods in the fom of plasmids 

(Acsadi et al., 1991 ; Davis 8 Jasmin, 1993), liposomes (Trivedi 8 Dickson, 1995), retre 

vinises (Dunckley et al., 1993) and adenoviruses (Ragot et al ., 1993; Vincent et al., 1993; 

Acsadi et al., 1996). The results of gene transfer studies on the animal model of DMD (the 

mdx mouse) are very encouraging, but at present, the efficiency is insuficient to justify 

human trials. 

1.3. Glu cocorticoid treatrnent 

The glucocorticoids prednisone and deflazacort are the only known treatments that 
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alleviate the progression of DMD. Prednisone has been studied in clinical trials (for 

examples see Mendell et al., 1989; Fenichel et al., 1991 ; Griggs et al., 1991 ; Khan, 1993) 

using varying doses for varying amounts of time. All studies report an initial increase in 

muscle strength with treatrnent mpared to placebetreated DMD patients. Effects are 

observed as early as 10 days after the beginning of treatment (Griggs et al., 1991 ). Longer 

terni studies (Fenichel et al., 1991 ) demonstrate that prednisone decreases loss of function 

and slows the progression of muscle weakness, but does not changeaspects of the disease 

that were present at the beginning of treatrnent (Le. the ability to walk does not retum; 

Mendell et al., 1989). The occurrence of adverse side-effects (Cushingoid appearance, 

weight gain, increased hair growth, bone fractures, imtability) prevents the use of 

prednisone over extended periods of time. Defiazawrt, an oxazoline derivative of pred- 

nisone, has been suggested as an altemate treatment and has ben used in clinical trials 

(Mesa et al., 1991 ; Angelini et al., 1994). It significantly improves muscle strength and 

functional ability, with lower side-effects than prednisme (i.e. moderate weight gain and 

slight behavioral changes). 

Glucocorticoids are generally considered ta have catabalic enects on mature muscle 

(Mayer & Rosen, 1977; Kelly et al., 1986). Thus, mechanisms of prednisone- and 

deflazacort-induced decreases of DMD progression are unknown. Many theories have k e n  

proposecl (reviewed by Khan, 1993) which implicate ptednisone in: 1) upregulating 

dystrophin, dystrophin-related proteins (Passaquin et al., 1993) or an alternative protein to 

dystrophin (Mesa et al., 1991), 2) changing calcium handling by decreasing cellular ca2' 
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content (Metzhger et al., 1995). 3) anü-inflammation or alteration of Me amount of necrosis 

(Kissel et al., 1991 ; 1993). 4) decreasing the rate of muscle protein breakdmn (Rifai et al., 

1 992), and 5) en hancement of muscle regeneration (see section 2.4). 

2. THE MDXMOUSE AND MUSCLE REGENERATION 

Mdxmice suffer from an X-linked (Buffield et al., 1984) lad< of dystrophin (Sicinski 

et al., 1989) identical to DMD. Muscle fibers undergo segmental necmis, but muscle 

regeneration is accentuated instead of muscles succumbing to fibrais and adipose 

replacement. Therefore, the mdKmouse is a useful madel for studying muscle regeneration, 

in addition to studying Duchenne dystrophy. 

2.1. Course of mlr dystrophy 

Histologically, skeletal muscle fibers of the mdx mouse undergo three distinct 

phases: pre-dystrophy, active dystrophy and stable dystrophy (McArdle et al., 1995). Pre- 

dystrophy occurs during the fint 10-1 5 days of life when mdxfiben appear nomal (Bulfield 

et al., 1984; Dangain & Vrbova, 19û4). Degeneration becornes very active between 3 and 

6 weeks of age (Bu field et al., 1 984; Dangain & Vrbova, 1984). and this stage is temed 

active dystrophy. Grouped necrosis of segments of fibers OCCUK, with subsequent success- 

ful regeneration (Anderson et al., 1987), probably due to maximal muscle cell replication at 

this time (McGeachie et al., 1 993). Regenerated fibers are evident by their cecitrally located 

nuclei, and this often serves as an index of accumulated musde repair (Anderson et al., 

1 987; 1 933; Karpâti et al., 1988). Sligh t contractile weakness accompanies active dystroph y 



(h viveMuntoni et al.. 1993; Pastoret 8 Sebille, 1993; tir vifn,Anderson et al., 1988). 

In the stable dystrophie phase (after 8 weeks of age), muscle necrasis decreases 

in intensity (Dangain 8 Vrbava, 1984; Zacharias 8 Anderson, 1991). Regeneration, albeit 

at lower intensity, occurs thmughout the life of the mdxmouse (Anderson et al., 1987; 

Zacharias 8 Anderson, 1991 ; McGeachie et al., 1993; Penner, 1993; Lefaucheur et al., 

1995). Nu i t  mdxlimb muscle exhibits very little adipose or canneetive tissue, and there is 

no apparent fiber loss vanabe et al., 1986; Anderson et al., 1987; 1988; Camwath & 

Shotton, 1987). However, one study suggests that after 23 months of age, mdxmice suffer 

from muscle wasting and fibrosis and a progressive motor deficit (Lefaucheur et al., 1995), 

not withstanding apparent intra-strain difierences betuwen mdxcolonies. Some muscles are 

preferentially affected by dystrophy (i.e. soleus more than extensor digitorum longus) 

(Anderson et al., 1987; Camwath & Shotton, 1987), with a higher potential for regmeration 

in slow-twitch muscles (Anderson et al., 1988). 

In contrast to limb muscles, the mdxdiaphragm exhibits a more severe pattern of 

degeneration, fibmsis and functional deficit (Steciman et al., f 991 ; Dupont-Versteegden 8 

McCarter, 1992; Loubwtin et al., 1993; Penner, 1993; Petrof et al., 1993b). However, adult 

mdxmice show no overt respiratory irnpaiment. The differences between DM0 and mdx 

disease progression and outcornes have lead some investigators to question the use of mdu 

mice to model DMD or its treatments. ûthers interpret mdxresults in view of the differences 

and with caution. 
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2.2. Muscle regeneration 

Skeletal muscle has the remarkable capacity to f m  essentially normal tissue af'ter 

an insult (reviewed by Carlson 8 Faulkner, 1983; Grounds, 1991 ; Hume et al., 1991 ; 

Grounds 8 Yablonka-Reuveni, 1993). The basic pracess of regeneration is similar 

regardless of the cause (Le. dystrophy, mechanical insult), but the outcome and t h e  course 

may Vary. 

After an insult to skeletal muscle, membrane damage, disruption of sarmmeres, 

rnitochondrial swelling and nuclear pyknosis occur which lead to necmis of myofibers. 

Phagocytic pol ymorphonudear leu kocytes and macrophages (Robertson et al., 1 993a) are 

primarily responsible for cell-mediated fragmentation of damaged myofibers. Revascular- 

ization occurs under the stimulation of many factors (reviewed Grounds, 1991), and if 

revascularization does not occur, minimal regeneration results. Once the rernoval of necrotic 

myofibers is underway, a population of activated spindleshaped muscle precursor cells 

appear beneath the extemal lamina. fhese are generally considered to originate from 

satellite cells (Moss 8 Leblond, 1971 ; Schrnalbnich, 1976; Snow, 1981 ; Yablonka-Reuveni 

8 Rivera, 1994), which are mononucleated, spindle-shaped cells located between the 

extemal lamina and the sarcolemma of adult muscle tissue. Upon activation, satellite celis 

are thought to migrate to the damaged area (Schultz et al., 1988; Allen & Rankin, 1990) and 

re-enter the ceIl cyde to serve as the pool of precursor cells for regenerating muscle (see 

Gmunds, 1991). Growth factors and hormones (reviewed by Grounds, 1991). such as basic 

fibroblast growth factor (DiMario et al., 1989; Anderson et al., 1991 ; 1993) and thyroid 
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hormone (Mclntosh et al., 1994; Pemitsky et al., 1996; Pemitsky & Anderson, 1996) have 

roles in proliferation andlor differentiation. 

Upon withdrawal frorn the ceil cycle, some muscle precursor cells, now known as 

myoblasts, fuse to forni centrally-nucleated myotubes. Others fuse to the ends and sides 

of remaining rnyofiberç. The damaged area is thereby spanned by new muscle (Robertson 

et al., 1993b; Mcfntosh et al., 1994; Pemitsky et al., 1996). Myotubes increase in diameter, 

myofibrils becsme mpletely organùed, muscle proteins change fmm embryanic or 

juvenile isofoms to adult foms, and muscle generally appears normal. The persisteme of 

centrally-nudeated fiks is cornmon. The cnish injury (McGeachie & Grounds, 1987; 

Mitchell et al., 1992; Mclntosh et al., 1994; Mclntosh 8 Anderson, 1995; Pemitsky et al., 

1996) is the method of choice for studying synchronous regeneration in the experiments 

reported in this thesis, although other investigators use freeze or marcaine-induced injury 

to study repair in vivo. 

2.3. Myogenic regulatory factors 

The m yogenic regulatory factors (MRFs ; MyoD, myf-5, m yogenin , m yf-6) play mles 

in determination and differentiation of skelctal muscle (mviewed in Olson, 1990; Weintraub, 

1993; Rudnicki & Jaenisch, 1995), and are the m a t  diable markers of early myogenic 

committed cells. They show a distinct temporal and spatial expression pattern in muscle 

development (see Bobet et al., 1991 ; Hannon et al., 1992). Each member expressed alone 

can convert a variety of cell lines into muscle cells (Tapscott et al., 1988). Gene knockout 

experiments have and continue to elucidate the many roles of the MRFs during 
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embryogenesis (Braun et al., 1992; Rudnicki et al., 1992; 1993; Venuti et al., 1995; Zhang 

et al., 1995). These experiments show that MyoD and myf-5 play crucial des in the eady 

events of myoMast fmation. On the other hand, myogenin and myf-6 are reportedly 

expressed only in postrnitooc muscle cells, although cells positive for myogenin and myf-6 

can be found in the S phase of rnitoçis. These 2 MRFs respectively have fundions in the 

late events of myotube formation, differenlation, and the final events leading to a fully 

differentiated myofiber (Weintraub, 1993). Functional redundancy is a feahire of MRF 

expression, at least dunng devdopment (Rudnicki et al., 1992; 1993; reviewed by 

Weintraub, 1993). 

Convindng evidence exists for a role of MRFs in muscle regeneration. However, the 

pattern of expression dnd redundancy of the MRFs in regenerating skeletal muscle differs 

from developing muscle (Bhagwati et al., 1996). My00 and myogenin mRNA levels parallel 

the most active phases of muscle precursor cell replication af'ter a crush-injury and in mdw 

mice (Beilharz et al., 1992). Studies show that My00 is widety exprassed in satellite cells 

and small regenerating myotubes in mdxmice (Garrett 8 Anderson, 1995: Bhagwati et al., 

1996). In addition, mice which la& MyoD have poor =pair, and there is a shift to 

proliferation by uncommitted stem cells (Megeney et al., 1996). Mdxmutant mice which also 

lack MyoD exhibit a worsened disease phenotype, a severe defidt in regeneative ability 

and a decrease in proliferation of rnyogenic cells during regeneration mpa red  to that in 

mdxrnice (Anderson et al., 1996a). It is concluded that MyoD acts at the level of satellite 

cells in regeneation (Anderson et al., 1996a; Megeney et al., 1996) and plays a critical role 
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in the induction of muscle regeneration (Bhagwati et al., 1996) for which myf-5 canno! 

substitu te (Anderson et al., 1 996a; Megeney et al., 1 996). 

2.4. Effects of glucocorticoids on the -mouse and muscle regeneration 

Prednisone probably does not increase strength by suppressing imrnunologically 

rnediated muscle damage alone (Kissel et al., 1993). At present the most convincing 

evidence suggests that glucocorticoids affect muscle regeneration. ln mdx and control 

mouse myoblast cultures (Metzinger et al., 1993; Passaquin et al., 1993) and in primary 

cultures of contrd human myoblasts (Hadiman et al., 1992). treatment with prednisone 

enhances myogenesis by accelerating myoblast prdiferation and myotube formation. 

Prednisone improves myogenesis in mixed cultures from young DMD muscle, but has no 

effect on cultures from older DMD patients (Hardiman et al., 1992). Evidence from 

experirnen ts on cloned human rn yoblast cultures indicates that the increased num ber of 

myotubes with prednisone treatment may be due to a mechanisrn that prevents myotube 

death (Sklar 8 Brown. 1991) or death of cycling cells (Sklar et al., 1991). 

A recent in vivomorphologicalstudy (Anderson et al., 1996b) reports that deflazacort 

promotes myogenesis (pmliferation and/or fusion of muscle precursor ceHs) eady in the 

repair response to injury in mdxmice. lt also has long-terni ôeneficial effects on myotube 

growth. In addition, deflazacort partially spares the makdiaphragm (Anderson et al., 1 996b) 

and cardiac muscle (unpublished data) from inflammation. Prednisone promotes only the 

longer-terni effects of myofiber growth (Le. inueased diameter of total pool of fibers) 

(Anderson et al., 1996b). One study reports that prednisone has no effect on mdxmuscle 
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(Weller et al., 1991). However, prednisone elicits a signiticant increase in whde body 

strength in mdxmice (Hudecki et al., 1993). Therefore, prednisone and deflazaaxt are very 

promising treatments for DMD and many OMO boys are now receiving me or the other 

drug. 

3. NUCLEAR MAGNETIC RESONANCE 

Fourier-transfm nuclear magnetic résonance spectroscopy (NMR) has been used 

widely in basic chemistry research for compound identification and structure detemination. 

Reœntly, NMR has been applied to the study of nomal and diseased tissues in the hope 

of eventually elucidating biochernical information in a non-invasive rnanner. In this section, 

a brief surnmary of nuclear magnetic resonance principles will be presented (from Petersen 

et al., 1985; Derame, 1987; Garlidc 8 Maisey, 1992; Andrew, 1994). followed by the 

rationale and methods for using NMR in the study of medical problems. A brief discussion 

of magnetic resonanœ imaging (MRI) will conclude the section. 

3.1. NMR Spectroscopy 

Some nuclei have an inherent spin associated with them and al1 nuelei have a 

positive charge. A magnetic moment accompanies the spin and charge combination. When 

in a magnetic field, a magnetic nucleus will precess around the field. After applying a brief 

pulse of a magnetic field osciflating at radiofrequency at a right angle to the fixed magnetic 

field, an exchange of energy between the nuclei and the applied electromagnetic field 

occurs. This is nuclear magnetic resonance (Andrew, 1994). The weak radiofrequency 
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signal induœd fmm the nuclei can be measured by placing a mil around the sample which 

is attached to a radio receiver. Then the detected NMR signal (free induction decay; FID) 

is arnplified, displayed (amplitude vs. tirne) and Fourier transfomed into a spectnim 

showing amplitude vs. frequency. 

Different NMR-active nuclei (see Andrew, 1994 for a mmplete listing) resonate at 

different frequencies. Therefore, a particular nucleus can be selectively excited by choosing 

the propet radiofrequency pulse. In addition, for a given nucleus, V ~ ~ ~ O U S  chemical 

constituents resanate at slightly different frequencies (the chemical shift) depending on the 

physical and chemical environment of the molecules and the field strength. NMR 

spectroscopy is thus able to identify the molecular constituents of a biological sample based 

on the differences in the observed frequencies between constituents. To be detectable by 

NMR, motecufar constituents must have a high enough concentration and be fairly mobile. 

Phosphorus 31 (31-P) and the proton (1-H) are two NMR nuclei of particular and 

practical interest in physiofogy and biomedicine. 31 -P is universally present and is present 

in many tissues, and as such, is an effective NMR nucleus for monitoring tissue energetics 

and pH. The low and interpretable background of the 31-P NMR signal is of benefit in 

studying energetics, but it is limited in ternis of cellular biochemical processes (Sze 8 

Jardetzky, 1990). 1 4  NMR is very sensitive with a larger number of metabolites being 

observable campareci to 31-P NMR, but is not adequate to study tissue energetics. The 

proton has an isotopic abundance of almost 100%, a high magnetic moment and high 

physiological concentrations. Sequences (algorithms in collecting NMR spectra) exist by 
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which to suppress the strong water 1-H NMR signal. However, a severe overlap of the 

resonanœs of interest is often a proôlem, owing to the small chemical-shift range of 1-H 

NMR (Andrew, 1994). High resdution NMR of extracts (Sze 8 Jardetzky, 1990; 1994), 

selecüve sdvent suppression techniques (Rothman et al., 1984) and the use of twe 

dimensional (20) NMR help overcome these problerns. 20 NMR separates NMR informa- 

tion in 2 dimensions on a surface so that each peak has a pair of coordinates instead of the 

single coordinate in a 1 D spectrurn. 

3.2. NMR applied ta studying medical problerns 

The level of some endogenous metabolites is affected by disease (Andrew, 1994). 

Therefare, it is rationalized that high-field, high-resolution NMR spectmscopy can monitor 

subtle biochemical differences which correlate with different disease states. Several 

methods for exarnining tissue have been used to study diseases, and exemplify the 

discrîminating power of NMR for diagnosis (Mountford et al., 1986; Peeling 8 Sutherland, 

1992; Kuesel et al., 1994; Rutter et al., 1995). 

Investigation of tissue extracts by NMR can be perfomed in a variety of manners 

(Bell et al., 1994), with the usual purpose of isofating precisely-localized cells, removing the 

extracellular background and extracting the remaining substances. Perchlaric acid 

extraction is the method of choice for water soluble metabolites of low rnolecular weight, 

resulting in high reliable yields of substances of interest (Sze 8 Jardetzky, 1990; 1994). 

Studying biological mmpartrnents in isolation and under optimal conditions aids in the 

understanding of complex data from complex tissues (Sze 8 Jardetzky, 1994), and often 



14 

assists and complements h vivo NMR studies. Spectra of extracts have higher motution 

than h vivo spectra because they are tiomogeneous samples which can be studied at a 

higher, un i fm  magnetic field, giving greater spectral dispersion (Peeling & Sutherland, 

1992). Therefore, quantification of metabolites can be readily carried out (Bell et al., 1994). 

Despite the above-mentioned adwntages of tissue extractions, rapid postmortem changes 

in tissue metabolites occur, necessitating speedy removal of sarnples and preparatim. As 

well, perchloric acid extractions preclude estimation of a cell's redox state, degradation of 

RNA occurs, and hydrolytic products f m  the extraction are often observeci in the spectra 

(Sze 8 Jarde*, 1994). 

The use of pieces of excised tissue (ex vivo) for NMR analysis is intemediate 

between extract and in vivo analyses for advantages and limitations. The hetemgeneity of 

the sample results in lower resolution than that of extracts, but this method has been 

successfully used to study various tissues, such as brain (Kuesel et al., 1994; Rutter et al., 

1 W5), colon (Mère et al., 1995) and the cewix (Mountford et al., 1990) in various 

pathological states. Very smal sample sizes may cause problems in positiming and 

shimming. The coaxial tube method proposed by Kuesel et al. (1992) is quite diable and 

the position of the tissue in the coi1 is stable. The main advantage of the ex vivo NMR 

method is that it allows precisely-defined pieces of tissue to be studied with high-field NMR 

which subsequently can be folfowed by histolagical examination of the same sample (albeit 

partly degraded by freeze, thaw and signal collection prior to fixation). 

The development of NMR spectroscopy for dinical practice has been relativdy slow. 
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Most human whole-body rnagnets have low magnetic-field strengths (1.5-2T) and patient 

examination time is lirnited. Therefore, the heterogeneityof living tissue results in broad and 

often overiapping peaks, decreased resdution and low sensitivity (Burt et al., 1986; Andrew, 

1994). Peak assignment and metabolite quantification bemme problematic (Heinnksen, 

1994). However, with special editing techniques and pulse sequences, studies of living 

animal models in high-fieid magnets can yield high-resolution spectra. Since contamination 

f m  neighboring regions is unwanted, several methods have been used for spatial localiz- 

ation of in vivo NMR spectra (Howe et al., 1993; Alger, 1994; Andrew, 1994). 

A sudace coil, a flat receiver mil which is laid on ar over the region of interest. is 

commonly used for regions on or just below the surface that need not be accurately 

localized. Signals fmm tissue deep to the coi1 and tissues close to the coi1 cannot be 

discriminated. Other localization techniques, used in conjunctian with the gradients of 

magnetic resonance imaging, indude single and multivoxel methods. In the single voxel 

method, a spectrum is acquired from one volume of interest, which is usually cuboid. In the 

multivoxel (spectroscopic irnaging) method, a series of NMR spectra are acquired fmm 

multiple slices or voxels î m  a magnetic resonanœ image. In this way, metabolite maps 

which indicate the spatial distribution of particular metabolites are acquired. 

3.3. Magnetic resonanœ imaging (MRI) 

Since the technical and interpretational demands of lir vivo spectroscopy are as yet 

so high, magnetic resonance imaging has been the methad of choice for rnost ln vivo 

studies. MRI is primarily an anatomic and pathologie imaging rnodality and does not provide 
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the biochemical information that NMR spectroscopy does. However, the basic NMR 

phenornena of spectroscapy and imaging are the same (see Karcunar, 1994). Medical MRI 

uses the nucleus of the body's water protons ta obtain an image (Gadick & Maisey, 1992). 

In MRf , a heterogenewssample (the body) is placed in a non-unifm magnetic field 

in which different parts of the sample experienœ different field strengths. As a result, the 

water protons in differen t areas respond at recognizably difTeren t NMR frequencies, and 

images of sections of the body are obtained (reviewed by Andrew, 1994). In other words, 

an MRI is a twedimensional representation of the NMR signal from the protons in a thin 

slice of the body. 

In order ta obtain a good image, good contrast is required. MRI generally provides 

better contrast for soft tissues than other imaging rnethods due to the variation in nuclear 

spin relaxation pmperties in normal and diseased tissues. This has an effect on image 

intensity. There are two measures of relaxation (the time it takes for nuclei to return to 

equilibrium after an applied pulse): T l  and 12. Images can either be Tl-weighted or T2- 

weighted. A Tl-weighted image is one in which T l  is an important factor in controlling 

image intensity. Tl,  or longitudinal relaxation, refers to the realignment of magnetic 

moments along the applied field after excitation. Tissues with a short T l  (they realign 

rapidly) appear brighter in Tl-weighted images than tissues with a long Tt. For example, 

fat appears brigtit and edema appears dark. A T2-weighted image is one in which T2 is an 

important factor in controlling image intensity. T2, or transverse relaxation, refers to the 

decrease in signal and loss of phase coherence due to magnetic moments not precessing 
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at e~actly the same frequency after excitation. Tissues with a long T2 are bright (fat), while 

tissues with a short T2 are da* (liver). Bath Tl- and T2-weighted images are used clinically 

to interpret imagery of body anatomy in health and disease. 

4. NMR SPECTROSCOPY AND SKELETAL MUSCLE 

An enmous rangs of magnetic resonanœ studies using a number of NMR-active 

nuclei have been perforrned on varias tissues (for example see Lundberg et al., 1990; 

Henriksen, 1994). Skeletal muscle is an ideal candidate for study Sy NMR spectroscopy 

since it is relatively easy to position a surface coi1 accurately in vivo, and studies can be 

perfonned eiîher at rest or during exercise. In this section, a brief review of sme important 

NMR-visible metabolites will occur followed by a review of 31 -P and 1 -H NMR spectmscopy 

studies of skeletal muscle. MRI studies of skeletat muscle will also be discussed. 

4.1. Important NMR-visible metabalites (see Appendix A for the structures) 

Muscle fibers get energy (see McComas, 1996) by splitting ATP (adenosine 

triphosphate). As ATP is expended, it is repleflished fm phosphocreatine (PCr). PCr is ari 

thus an energy reserve for skeletal muscle. Creatine (Cr) results fmm the production of ATP 

from ADP and PCr. A fall in PCr directly correlates to a rise in Cr. These two metabolites 

cannot be distinguished from one another by 1-H NMR spectroscopy (Styles et al., 1995), 

and levels are rneasured in terms of total creatine (Crs). 

Eventually during work the production of ATP from PCr is inadequate, and fibers 

become dependent upon the oxidation of fat and glucose (rnostiy derived from glycogen). 
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Glycolysis (the breakdown of glucose) occurs under both aerobic and anaerobic conditions 

in the myofiber's cytosd, and produces ATP. ln anaerobic conditions, the pyruvzte 

produced f m  glycoiysis is converted to lactate. Therefore, high lactate levels are probably 

a result of high glucose wnsumption and increased glucose uptake (Moreno & Anjs, 1996). 

Glucose breakdawn is mpleted by the citric acid cycle in the mitachondrim to produce 

further ATP. Succinate is a ciûic acid cyde intemediate, H i l e  glutamate and glutamine are 

formed by pathways originating from another intemiediate, a-ketoglutarate. In normal 

niuscle, glutamine has anabdic effects and may stimulate glywgen resynthesis (Rennie et 

al., 1996). Glucose and the above amino acids are visible in 1-H NMR specûa of skeletal 

muscle (for example see Venkatasubrarnanian et al., 1986). 

In prolonged exercise, glycogen is consurned and continued force praduction 

depends on lipid metabolism. In addiin, lipid breakdown supplies energy requirements of 

resting muscle and in low intensity exercise. Fat is available ta muscle as fatty acids from 

blood or fmn lipid droplets in the cytosd of myofibers. Soluble phospholipids and fatty acids 

can be studied by NMR (see Yoshizaki et al., 1981 ). Stlrdying them in membranes requires 

special techniques. 

Camitine, another skeletal muscle NMR-visible metabolite (Nakajima et al., 1994), 

is utilized in transport of long chah fatty acids into the mitochondrion for metabolic 

processing, mi le medium and short-chain fatty acids pass directly into rnitochondn'a. 

Camitine is essential for the normal oxidation of fats by the mitochondria and is involved in 

the transesterification and excretion of acyl-CoA esters, the oxidation of branched chain 
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al pha-ketoacids , and the removal of potentially toxic acylcamitine esters fmm within 

mitochondria (Hiatt et al., 1989). 

The amino acids valine, alanine and glycine are visible in t-H NMR spectra of 

skeletal musde (see Ven katasubramanian et al., 1 986), and m v e r t  to gl ycogen. Cholines 

can ' by viewed as 3 distinct peaks by high resolution NMR (phosphocholine, 

glycerophosphocholine, choline). They may measure an impairment in phaspholipid 

metabolism and are prducts of the breakdawn of the neumtransmitteracetylchdine (ACh). 

This breakdown is important in order for further muscle contraction to occur. 

Taurine is present in high concentrations in skeletal muscle 1-H NMR spectra. It is 

a very interesting free amino acid for which many biological actions have been proposed 

(Chesney, 1985; Wright et al., 1986; Huxtable, 1992). Taurine derives from the metabolism 

of methionine and cysteine (suffur-containing amino acids). It can therefore anse fmm 

dietary intake or endogenous metabolism of suifur amino acids. At least two separate 

pathways are involved in the metabolism of cysteine to taurine (see Chesney, 1985). In the 

CSA pathway, cysteine is mverted to cysteine sutfinic acid, cysteic acid and taurine by the 

enzyme cysteine suifïnic acid decarboxylase. In the cysteamine pathway, cysteine is 

aonverted to cysteamine, then hypotaurine and taurine. 60th of these pathways require the 

oxidation of hypotaurine to taurine. Taurine has been implicated in the modulation of 

neurotransmitter and honone release, osrnoregulation, stimulation of glycolysis and 

glyconeogenesis, cell proliferation and viability, antioxidation and regulation of 

phosphorylation, to narne a few (see Huxtable, 1992). In muscle, a mle in membrane 
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protection/stabilization (mechanism not understood) is suggested (Wright et al., 1986). 

4.2. 31-P NMR of skeletal muscle 

Skeletal muscle was the first tissue to be studied using 31-P spectmaopy which 

provides interesthg and valuable information about tissue bioenergetics and metabolism 

(reviewed by McCully et al., 1 994). 31 -P NMR specb.oscopy a l l ~  measurements of vatia- 

tions in concentrations of inoganic phosphate (Pi), PCr. ATP, and small amounts of PME 

(phosphomonoesters) and PD€ (phosphodiesters) at rest, dun'ng exercise, and during 

recovery. Thus, much of our knowîedge about the energetics of muscle contraction has 

been supplied by in vivo31-P studies. Basad on the shift frequency of Pi, pH measurements 

can also be made. Patterns in 31-P NMR spectra have been recognized for several 

diseases of muscle (Edwards et al., 1982; Argov & Bank, 1 991 ), including DMD (reviewed 

by Kent-Braun et al., 1994). 

In resting dystrophie muscle, PCr are levels are decreased, but ATP levels are 

normal (Younkin et al., 1987; Kemp et al., 1993). These reports on DMD muscle, and 

another on mdxmuscle (Dunn et al., 1991), show increased resting pH levels with disease 

compared to normal resting muscle, while others reveal no significant abnonnality (Griffiths 

et al., 1985). PD€ levels are also elevated in DMD which may refiect breakdown of 

phospholipids coincident Ath dystmphy (Younkin et al., 1987). Therefore, it is suggested 

that OMO patients have less energetic reserve than normal (Younkin et al., 1987), actually 

not an unexpected finding considering the large energy use involved in tissue damage and 

repair during pathology. 
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Abnormal muscle energy metabolism in response to exercise is obsewed in patients 

with DMD and in mclrmice by 31-P NMR. There appears to be a greater reduction of pH 

during exercise in DM0 (Kemp et al., 1993) and slower metabolic recovery following 

exercise in mdx mice (Dunn et al., 1992; 1993). The differecces in pH during exercise 

provide an indication of impaired ionic regulation in dystrophic muscle (Dunn et al., 1992; 

1993; LeRumeur et al., 1995). Additionally, a defect in oxidative metabolism may explain 

slower recovery (Dunn et al., 1993; LeRumeur et al., 1995). 

4.3. 1-H NMR of skeletal muscle 

1 -H NMR has not k e n  appiied extensiveiy to the spectroscopie study of skeletal 

muscle, but it has important potential for studying muscle metabolism (Anis et al., 1984a). 

Prominent metabolite peaks fmm alanine, camitine, cholines, creatines, glucose, glutamate, 

glutamine, lactate, taurine, succinate and vafine are found in 1-H NMR spectra of 

mammalian skeletal muscle perchloric acid extracts (Anjs et al., 1984b; Venkata- 

subramanian et al., 1986, Petroff, 1988) and of mammalian muscle biopsies (ex vivo) 

(bshizaki et al., 1981 ; Anjs 8 Badny, 1986). Changes in the levels of some of the 

metabolites coincide with muscle disease. 

On the basis of 1-H NMR spectra of muscle extracts, it is suggested that two disease 

sbtes associated with secondary musde changes (scdiosis and cerebral palsy) have 

characteristics distinct f r m  heatthy muscle (Anjs et al., l984b; Venkatasubramanian et al., 

1986). One report indicates that perchloticacid extracts of muscular dystrophic patients can 

alsa be distinguished from normal on the basis of a signal attributed to 3-methyl-histidine 



which is a marker for contractile protein degradation (Tanguy et al., 1994). 

/n vivo 1-H NMR spectra of skeletal muscle exhibit signals of water and fats which 

are far greater than any other metabolite (Williams et al.. 1985; Bariiny et al., 1989; Bongen 

et al., 1992; Schick et al., 1993). Studies on human subjects indicate that the lipid 

resonances between 0.8 and 2.2 ppm appear to be indicators of disease, since these 

resonances are far larger in diseased muscle and increased intensity of the lipid resonances 

is related to the severity of muscle involvement (BaAny et al., 1989; Bongers et al., 1992). 

LipiQ signals in muscle spectra of living tissue are largely produced by adipose tissue. 

Badny and cdleagues (1989) found spectral differences in the lipid composition between 

healthy muscle and that from patients with neuromuscular diseases. It is important to note 

that the lipid signals from musde show components not found in pure fat, and it is 

suggested that the resonances differentiate lipid within fat cells in muscle from lipids within 

muscle cells (Le. intracellular lipid vacuoles) (Bongers et al., 1992; Schick et al., 1993). 

Eahy ex vivo studies of muscle (Yoshizaki et al., 1981) support these h vivofindings and 

suggest that lipid signals mainly denve frorn muscle cytosol and are freely mobile as an 

energy source. 

Since the lipid peaks give limited information with present understanding, much work 

on skeletal muscle in vivo has recently been dedicated to suppressing the large lipid peaks 

so as to detect smaller metabolite signals (Bloch et al., 1995; Shen et al., 1996). For 

example, lactate editing techniques and inuessed spectral resolution have improved to the 

extent that two lactate peaks are distlnctly resolved at 1.29 and 1.34 pprn in vivo (Shen et 
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al., 1996). It has been convincingly suggested that these two lactate peaks correspond to 

twa difierent fiber type populations; glycolytk and oxidative fibers respecüvely. 

Muscle frorn the mdxmouse has been studied by 1-H NMR spectroscopy by one 

group. By 2 dimensional A vivo NMR, mdrmuscles show an additional peak conesponding 

to tri-unsaturated fatty acids that are not related to adipose tissue (GiHet et al., 1993). The 

extra signal in mdxmuscle could be related to the fluid membrane of fusing myoblasts 

(Gillet et al., 1993), which are found at a characteristic stage in young regenerating mdx 

muscle. Further study of muscle regenerah'ng after an injury shows that the extra tri- 

unsaturated fatty acid is a characteristic of the period of intense myoblast fusion (Gillet et 

al., 1995). No other 1-H NMR studies of m&muscle tissue have been reported. Close 

examination of the metabdites in rndr muscle using high field NMR would characterire 

further the dystmphic and repair processes and address questions of the chemical 

constituents of effective repair or severe disease. 

4.4. MRI and skeletal muscle 

Many MRI studies of normal and pathologicskeletal muscle have k e n  performed. 

The technique allows musde to ôe saally assessed in a non-invasive manner. MRI 

methods that have b e n  used to grade musde disease indude: 1) analysis of visual 

changes such as the sire of the involved muscle, the number and distribution of diseased 

muscles and the patternlseverity of fat infiltration (Murphy et al., 1986; Lamminen, 1990; 

Liu, Jong et al., 1993), 2) anatysis of mean T l  and T2 relaxation times (Huang et al., 1994), 

and 3) quantification of percent fat infiltration by detailed maps of T2 values (Phoenix et al., 
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1996). The severity of involvement by MRI measures appears to parallel muscle function 

upon clinical examination (Murphy et al., 1986; Huang et al., 1994). 

Normal muscle appears grey and relatively homogeneous on Tl-weighted images, 

wtiile subcutaneous fat, intermuscular fat and bone m a m  are of high signal intensity 

(Murphy et al., 1986; Suput et al., 1992). Discrimination of individual muscle groups is 

possible (Murph y et al., 1 986). MR images of late-stage DMD muscle have an increased 

amount of subcutaneous fat (high signal intensity) and homogeneous fat infiltration 

preferentially into fast muscles (Murphy et al., 1 986; Su put et al., 1992). Some sparing of 

slawer muscle (Le. sartorius, gracilis, semimembranoçus and semitendinosus) is evident. 

f 1 values are reported to be decreased in DM0 compared to control muscle (Matsumura 

et al., 1988; Huang et al., 1994), while T2 values are longer in DMD muscle, coincident with 

increased fatty infiltration (Huang et al., 1994). In addition, and consistent with pathological 

changes, the distribution of T2 values is namwer in stronger patients and wider in weaker 

ones (Huang et al., 1994). The application of MRI to skeletal muscle will continue ta reveal 

structural changes associated with disease and treatment These changes ultimately refiect 

the chemicat constituents in that tissue and advances are being made to the feasibility of 

monitoring the changes by NMR spectroscopy. 
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5. OBJECTIVES AND HYPOTHESES 

The overall purpose of this thesis is to explore the potential use of f-H NMR 

spectroscopy in monitoring the progression of muscular dystrophy and its treatrnent in mdx 

mice. 

The purposes of the studies perfmed in Chapter2 were to characterize normal and 

dystrophie mdr musda biopsies (ex vivo) at different ages and stages of dysttoph y by high 

resolution 1-H NMR spectroscopy, and to determine whether specttra carrelate W h  knovm 

histological parameters of grawth and dystrophy. It was hypothesized that: 1) 1-H NMR 

would detect changes in muscle status during normal growth in çontmi miœ and during the 

progression of dystrophy in mdx mice, and 2) spectral features would correlate to the 

phenotype of mdxmuscle as assessed by histological measures. f hese hypotheses were 

based on the assumption that biochemical changes in disease can be monitored by 

examining NMR-visible metabolites by 1-H spectroscopy. 

Chapter 3 reports on the effects of two glucacorticoids (deflazacort and prednisone) 

on control and mdxmuscle as viewed by high resolution 1-H NMR spectroscopy (ex vivo). 

Findings were interpreted in terms of reports of improved repair with treatrnent. An 

additional objective was to study muscle repair at two time points after an irnposed injury 

by analysis of ex vivo 1-H NMR spectra. It was hypothesized that: 1) glucocorticaiids would 

produce significant changes in 1-H NMR spectra consistent with increased repair or 

decreased dystrophy, 2) 1-H NMR would be able to msolve the regenerativestate of muscle 

from that of dystrophy, and 3) control muscle in tepair (assessed by histology and 1-H NMR) 



26 

would be affected by deflazacort in a similar way to effects on mdxrnuscle. 

Normal and makrnusde were characterized by high iesdution 7-H NMR spectro- 

scopy of perchloric acid extracts in Chapter 4. Additionally. Chapter 4 reports on 1-H NMR 

extrad analysis of deflazacart-treated muscle. It was hypothesized that 1) contrd and mdx 

dystmphic muscles would exhibit different spectral characteristics. and 2) spectra from 

extracts would have similar changes to those obsewed in ex vivo spectra of deflazacort- 

treated mdx and control animals. Since high resdution NMR of extracts yidds more 

information on muscle metabolites, it was expected that suggestions could be made as to 

the energy state of mdxdystrophic animals. 

Chapter 5 reports on preliminary MRI studies which were performed in order to gain 

an understanding of the potential of in vivo 1-H NMR spectroscopy and MR irnaging of 

dystrophic ( m a  muscle. It was hypothesized that MRI would distinguish mokdystrophy 

from control muscle and that regeneration after an injury would be evident on MR images. 

The thesis is concluded with a general discussion in Chapter 6. An attempt is made 

to summarize and integrate the findings reported in Chapters 2 to 5. Additionally, 

recommendations are made for further studies. 



CHAPTER 2 

AN &X WONUCLEAR MAGNETIC RESONANCE SPECTROSCOPY STUDY OF 

MUSCLE GROWH AND MDXDYSTROPHY: CORRELATION WlTH 

HJSTOPATHOLOGY 
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1. ABSTRACT 

Proton nuclear magnetic resmance spectroscopy (1-H NMR) was used to study 

skeîetal muscle. We tested the hypotheses that: 1) 1-H NMR can detect changes in muscle 

status during normal growth and during the progression of muscular dystrophy, and 2) 

spectral features can be conelated to the phenotype of dystrophic muscle as assessed by 

a morphological measure of accumulated repair. Ex vivo spectra of tibialis anterior 

(TA;n=56) and diaphragms (DIA;n=57) frwn ywng (<3wk), adolescent (3-6wk) and adult 

(~6wk) control and mukdystmphic mice were obtained. Mean heights and areas of peaks 

at 3.9 pprn (creatines), 3.4 pprn (taurine), 3.2 pprn (taurine and cholines), 3.0 pprn 

(creatines), 1.3 pprn (lipids and lactate) and 0.9 pprn (lipids and amino acids) were 

compared arnong groups. hignments da not imply these are the sole metabolites 

mtributing to the peaks. Spectra from TA and DIA differed consistently and significantiy. 

Reçonances due to taurine and creatines were generally lower in m& young than mdx 

adolescent or adult (Le. they increased with age). These same resonances were generally 

lower in mdxyoung than control young. Trials of linear discriminant analysis were between 

84 and 100% accutate in differentiating contrd f m  mdspectra and in classrfying spectra 

fmm different ages of mdx rnice. Correlations between accumulated repair and spectral 

peaks gave coefficients ranging fmm 0<R%0.71 on mdxdata. We wnclude that the taurine 

resonances are particularly useful markers for mdrdystrophy. 1-H NMR is sensitive to the 

distinct and progressive phenotype of mok dystrophy and identifies the mdx phenotype 

before the onset of dystrophic necrosis. 



2. INTRODUCTION 

Proton nuclear rnagnetic resonance specbaçcopy ( 1 4  NMR) has been used to 

study biochemical aspects of skeletal muscle (see Chapter 1, section 4.3) and the disease 

of Duchenne muscular dystrophy (DMD; see Chapter 1, secüon 1.1 ). However, the reported 

NMR studies have not examined spectrascapic features that rnight best track functional 

outcornes, namely the stages of muscle growth, the progression of dystrophy and the 

muscle repair sequelae. It is irnperative that status and repair progress be examined in 

order to rnonitor changes in the disease during and after various treatments, and that they 

be correlateci accurately to the phenotype of the muscle. 

The muk mouse model of dystrophy allows such studies to be made since it is a 

genetic homologue to DM0 (see Chapter 1, secüon 2.1) and undergoes a weli-character- 

ized disease process in limb and diaphmgm. Most NMR studies on mdxdystrophy report 

31-P NMR (Dunn et al., 1992; 1993) and show abnormal pH regulation and muscle 

energetics. These changes are postulated to be due to a reduction in the capacity to export 

proton equivalents in mdrrnuscle. One study on mdxrnouse muscle using h vivo 1 -H NMR 

suggests that increased membrane fluidity, detected as a new lipid resonance, marks the 

formation of new myotubes (Gillet et al., 1993), and is consistent with previous findings on 

phospholipids in m&rnuscle in vim(Anderson, 1991). Thus it is masonable to suggest that 

1-H NMR spectroscopy can aiso identify biochemical features that mark key steps in 

rnyogenesis and dystmphic progression in mdx mice. 

This study tested the hypothesis that 1-H NMRcan discriminate between normal and 
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mdxmuscle during growth and the progression of dystrophy. In addition we tested whether 

1-H NMR spectra were different in mdxlimb and diaphragm muscle, in view of their distinct 

mild and severe phenotypes of dystmphy respestively. Features uf 1-H NMR spectra were 

correlated to the degree of fiber centronucleaüon in the same sarnples of mdxlimb muscles 

in order to determine whether and how wefl the changes in spectra rnight predict changes 

in histology that indicate accurnulated muscle repair. 

3. MATERIALS AND METHOOS 

3.1. Animals and tissue samples 

Control (C57BUl OScSn) and mdx mice were divided into 3 groups: young (4wk), 

adolescent (3-6wk) and adult (>6wk), ages that correspond to 3 stages of mdx dystroph y 

(pre-dystrophy, active dystmphy and stable dystrophy). Anaesthetized animals (1 :1 

ketarnine - xylazine) were killed by cervical dislocation. The right tibialis anterior (TA) and 

the entire diaphragrn (DIA) were removed from each mouse, coded, irnmediately frozen in 

a via1 of PBS/D,O (phosphate buffered saline in deuterated waier; pH=7.4) in N,(I), and 

stored in a -70" freezer until use. During dissection care was taken to remove visible 

adipose tissue, nerves and blood vessels from muscles. For contrd rnice, there were a total 

of 29 TAS (young=ll; adolescent40; adult=8) and 28 DIAS (young=12; adolescent =?; 

adult=9). For mdxsamples, there were a total of 27 TAS (young=8; adolescent40; adult=9) 

and 28 DIAS (young=7; adolescent=lO; adult=l 1). Maintenance, breeding and handling of 

animals was camed out accarding ta the Canadian Council on Animal Care. 
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At the time of spectroscopy, specimens were thawed at room temperature for 15 

min. A small longitudinal piece (approximateiy 3mm) of muscle tissue was dissectted frorn 

the whole TA or DIA, excluding most tendon, adipose and newe tissues. For the DIAS, the 

musde tissue was sampled so as to include parts of the costal plus crural regions. 

Specimens were then placed in a capillary tube filled with PBS/D,O (Kuesel et al., 1992). 

3.2. Nuclear magnetic tesonance spectroscopy (NMR) 

The 1-H spectra (one dimensimal-1 D; number of scans-NS=256-640; spectral 

widtbSW=5000 Hz, relaxation delay-RD=2.4ls, time domain-TD=4K) were acquired at 

25°C with presaturaüon of the water signal on a nanow bore 360MHz spectrometer 

(AM360; Bruker; lnstitute for Biodiagnostics, National Research Council; IBD-NRC). Para- 

aminobenzoic acid (PABA; 5 cr 0.5 rnmoüL) was used as a quantitative and chernical shift 

reference. Following acquisition of spectra, sampla were weigheâ and fixed in 10% 

fom alin for 7-1 0 da ys for subsequent histopathological an alysis. Resonances were 

assigned by the spectral pattern in one-dimensional spectra of perchloric acid exttacts, by 

twedirnensional COSY spectra on sorne samples and by cornparison with chemical shift 

values of pure compoundsand literature values (Williams et al., 1985; Peeling & Sutherland, 

t992; Moreno et al., 1993; Brière et al., 1995). 

3.3. Peak height and area measurements 

For TA and DIA spectra, data were acquired on the spectral peak areas and peak 

heights listed below. Data were processed multiple times in different rnanners until a 

diable, precise method of quantification waç achieved. The results from each processing 
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mettiod (1-6, below) were statistically compared using t-tests. Spectra were: 1) baseline 

cwrected then integrated, 2) phased-oniy then integrated, 3) processed by 2 separate 

researchers, 4) processed by the same msearcher cm 2 separate occasions, 5) p~ocessed 

using d&-nmr(Bniker) software, and 6) proœssed using =spec (version 2.0.7; Baker) 

software. In the instances where baseiine correcüan was performed, baseline irregularities 

were removed by applying a series of linear corrections over the entire spectrum. These 

corrections produceci a fiattened baseline. 

Areas (integrals) were measured between 4.4 and 3.5 ppm (Al), 3.5 and 3.3 ppm 

(A2). 3.3 and 3.1 pprn (A3), 3.1 and 2.8 pprn (A4) and 1.8 and 0.8 pprn (AS) for each 

spectrum (see Fig 2.1), and subsequently normalized to tissue rnass and to the area of the 

PABA reference peak (7.1 to 6.6 pprn). The integrals were defined at exactly the same 

points in each spectrum. The height of the peaks were measured for resonances at 3.9,3.4, 

3.2 ,3.0.1.3 pprn and 0.9 pprn (HTs 1-6 respectively; Fig 2.1), and once again normalized 

to tissue m a s  and to the height of the PABA peak (6.81 wm). In addition, ratios of al1 

combinations of peak heights (HTIMTS, HTlIHT3, etc) and areas (Al/A2, A11A3, etc) were 

determined. 

Data were then decoded and the mean ( I  SEM) height, height ratio, area and area 

ratio were detemined for each grou p. Twsway ANOVA and Duncan's test pest hm were 

used to test for significant diierences ammg age groups (young; addescent; dd) and 

strains (contmi; md*. As well, three-way repeated measures ANOVA was used to test for 

significant differences betweer! peaks from TA and DIA spectra. A probabilityof p<0.05 was 



used to reject the nuIl hypothesis. 

3.4. Linear discriminant analysis 

Trials of linear discriminant analysis (LDA) on processed spectral data were 

perfmed (*pmp software; IBDNRC) to attempt strain and age disaimination between 

wntrol and mdxTA muscle spectra. A region of interest from 0.44 pprn to 4.12 ppm was 

chosen, the raw numerical data were reduced f m  600 to 150 data points for each 

spectrum, and the results were stored as a numerical data matrix 

LDA was performed using the discrimination vadon-k (-4 program (1 BDNRC). 

A training set of data, consisting of a random selection from the original data matrix of about 

twethids of the processed TA samples from each group, was ernployed to generate a 

reduced data set of regions between 0.44 and 4.12 ppm which best described and 

discriminated among groups of spectra. The program operated iteratively assembling the 

best 1,2,3, ... , n data points which classified al1 spectra, n usually chosen to be 15. Spectral 

cornparisons were made using: 1) two groups - contml VS. m& 2) three goups - mdx 

young vs. mdx adolescent vs. mdx aduit, 3) four group - contid vs. mdr young, mdx 

adokscent and mdxadult, and 4) six groups - conbol young, adolescent and adult vs. mdr 

young, adolescent and adult. A test set, selected from the rernaining spectra not used in the 

training set. was used to verify the descriptive and discriminative validity of the reduced data 

set according to training. All reporteci results will be of test data only. as training set data 

must necessarily be at 1 00% before diable test set data can be expected. 

Ratios, calculated from a reduœd data set that best discriminated among the 
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groups, were then generated to produce new data matrices comprised of both the ratio data 

and the original reduced data set. Dsw-kwas then used as above to generate reduced 

sets. A genetic algorithm program (dsu-4, which used a pre-selected number (15) of 

r,gions and iterations as mstraints for the production of variably sized data point dornains, 

was employed to discriminate between spectra. Distribution of classification data were 

tested for significance using Chi-square staüstics. 

3.5. Histdogy and morphometry 

After acquisition of spectra fmrn each ex vivo sample, tissue was fixed (7 days) in 

buffered formalin. Formalin-fixed samples were rinsed ovemight in phosphate buffer 

containing 5% sucrose, then placed in Tissue-tek O.C.T. compound, oriented for 

longitudinal sectioning, and frozen in isopentane at -50°C. Every third 7pm section was 

collected serially ont0 glas slides. One slide from each collection was stained with HBE 

(Hemotoxylin and Eosin), anotherwith PAS (Periodic Acid Sch8) for wnnective tissue and 

lipid. 

To analyze the coded TAs, a camera luada was used with a calibrated graphics 

tablet and the Sigma Scan program (Jandel Scientific, CA) to record myotube length (at 

1 OOX) and the length of central nucleation (cnl) within each of the myotu bes (at 200X). Cnl 

was defined as that distance suôtended by a segment of central nucleation, plus half the 

width of the fiber at each end of the segment of central nucleation (Fig 2.2). If the total 

subtended distances of two consecutive regions of cnl within a myotube intersected, that 

length was measured as one; if they did not intersect, two lengths were measured. When 
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peripheral nuclei were obsewed in a segment, the cnl terminus was considered to be half 

the distance between the peripheral nucleus and the terminal central nucleus visible in a 

myotube at 200X. The longitudinal centronudeatim index (CNI-L) was calculatecl by 

dividing the sum of cnls by the sum of the total myofiber length (induding rnyotubes) in m e  

cornplete section of muscle. Measurements and calculations were made without exact 

knowîedgeas to source, although contmi samples were easily distinguishedfrom dystrophic 

muscle sections. The mean (î SEM) CNI-L was detemined for each grwp and 2-way 

ANOVA were used to determine the effects of strain and age on the CNI-L of TA muscles. 

3.6. Correlations 

Analysis of correlation between TA-CNI-L and the defined spectral heights, areas 

and ratios from the same samples of muscle were petformed using Excel (Microsoft Corp, 

Cam bridge, MA) and NWA Statpak (Northwest Analytical I nc, Portiand OR). In this instance 

a probability of pd0.0 1 was used to decide significance. 

4. RESULTS 

4.1. 1-H NMR resonance assignments and spectral characteMics 

Typical DIA and TA spectra are shown in Fig 2.1. Peaks at 3.9 pprn and 3.0 pprn 

were respectively assigned to NtHi and CHrN of creatine protons (peak 1 and 4). Peaks 

at 3.4 pprn and 3.2 pprn were assigned respectively to -CH,-N and -CH2-S of taurine protons 

(peak 2 and 3). The peak at 3.4 pprn may also have contributions fKKn methyl protons of 

choline-containing compounas. The peak at 1.3 pprn was assigned to -(CH2), protons of 
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mobile fatty acids. and may be parüally due to -CH, protons of lactate (peak 5). Methyl 

protons of fatty acids and some amino acids contribute to the peak at 0.9 pprn (peak 6). 

Assignments do not imply that these are the mly substances contributing to any particular 

peak. The structure of these metabolites are shown in Appendix k 

Tibialis anterior specba from conW and mdx muscle (Fig 2.1 b and 3) were 

dominated by resonanœs at 3.4 ppm (HT2), 3.2 pprn (HT3), 3.9 pprn (HTI) and 3.0 ppm 

(HT4), 1.3 ppm (HTS) and 0.9 pprn (HT6). Mobile Iipids resonances were also obsenred in 

the region between 2.2 to 0.8 pprn and at 5.3 ppm. In contrast, diaphragm spectra (Fig 2.1 a) 

were dominated by resonances from mobile lipids centred at 0.9 (HT6), 1.3 (HT5), 2.1 ,2.3, 

and 5.3 pprn. Resonancesdue to taurine (HT2 and HT3) and matines (HT1 and HT4) were 

also observed. 

4.2. The processing method 

Phased-on1 y spectra gave significantl y hig her means for peak heig hts (p<0.00 1) and 

areas (~~0 .05)  compared to basdine conected spectra. When the baseline 

correctionrintegration procedure was perforrned on two separate occasio~s, significant 

differences resulted (pc0.02) in peak heights and areas. However, no significant differences 

were found when phased-only spectra were integrated on 2 separate occasions or by 2 

separate researchers. As well, no signifiant differences were found using the 2 different 

software packages on phased-only spectra. In the remainder of this paper, and in 

subsequent reports, the processing method of only phasing the spectra and then perfoming 

integration with x-specsoftware will be reported. 



4.3. Peak height and area measurements 

The results of statistical analyses (2-way ANOVA) of al1 significant effects of age, 

strain , and age X strain interaction of peak area, peak height and ratios (of peak areas and 

peak heights) are summarized in Table 2.1 (TA, upper table; DIA, Iower table). Tables of 

the mean ( I  SEM) and significant results of al1 peak heights, areas and ratios are induded 

at the end of this chapter. 

4.3.1. TA Analysis of peak areas of the TA (Table 2.2) showed a significant 

difference by ANOVA among the 3 age grwps for A3 and signitïcant interactionsfar Al, A2, 

A3 and A4. Specifically, A2 (Fig 2.4), A3 and A4 were significantly lower (by Duncan's) in 

mdx young than in mdx adolescent or mdx adult As well, A l ,  A2, A3 and A4 were 

significantly lower in mdryoung compared to contrd young (for example, see Fig 2.4). 

Ratios of peak area (Table 2.6) were consistently and significantly different among 

the 3 age groups. Generally, this was seen as a decrease with age in area ratio means in 

both control and mdx TAS. However, ratios A3iA4, A3iM and MiA5 exhibited a greater 

mean with age in mdxTA. Differences between contra1 and mdxstrains were obsewed for 

cornparisons between mdx young and control young for A1 JAS, A2JA5, A3/M and A4JA5. 

As well, mdxadult and control adult differed significantly for A1iA5, A2/A3, A2/A4, A2/A5, 

A31A5 and A4JA5. The means were lower in mdx young compared to control young, but 

higher in makadult compared to contmi adult. 

Peak height and height ratios (Tables 2.4 & 2.8) s h o w  characteristic differences 

among groups that were similar to those for area and area ratios. For example, similar to 
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A2 and A3. HT2 and HT3 were higher in mdxadult compared to mdxyoung, higher in mdx 

adult cornpared to control adult and lower in mdx young mpared  ta cmtrol young. In 

addition to significant area data, HT5 changed significantly with age and HT6 changed 

significantly with strain. 

4.3.2. DIA Al, A2, A3 and A4 exhibited significant differences among Dl& (Table 

2.3) of the 3 age groups. In particular, mdxDlA A2 (Fig 2.4), A3 and A4 were greater with 

age, white c m t d  A1 was significantly higher in adolescent cornpared to young ar adult 

control DIA. Significant strain differences were seen for 3 peak areas: A5 was significanfly 

lower in mdxyoung than contrd young, A l  was significantly lower in mdxadolescent than 

contml adolescent, and A4 was significantly higher in mdxadult than control adult. 

Area ratios (Table 2.7) A1 IA2, A1 /A3, A1 IA4, A1 /A5 and AUA4 exhibited significan t 

differences among the 3 age groups. This was obsewed as higher means for control and 

mdxadolescent DIAS compared ta their young and adult counterparts (Al/A2, AlIA3 and 

Al/A4), higher means for mdx young compared to adolescent or adult (A11A5) and higher 

means for mdx adult cornpad to young or adolescent (WA4). Significant strain 

differences were obsewed for AIIA3, AlIA4, A1IA5 and AUA4: A11A3 and A1/A4 were 

lower in mdxadolescent compared to control adolescent, A l  /A5 was higher in mdx young 

compared to control young, and area AUA4 was lower in mdxyoung compared to control 

young. 

Once again, peak height and height ratios (Tables 2.5 & 2.9) showed changes 

sirnilar in character to those changes in area and area ratios, with the addition of significant 
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strairi effects at HT6 and ratio HT3MT4. Alsa, ratios involving HT6 showed significant 

differences among the 3 ages (HT3lHT6 and HT4lHT6) and 2 stmins (HT5MT6). 

4.3.3. TA vs. DIA TA and DIA spectra were clearly different upan visual inspection 

(Fig 2.1 a vs. 2.1 b) and by statistical analysis (for exampie, see Fig 2.4). All peak heights 

and areas examined by repeated measures 3-way ANOVA (matching TA and DIA spectra 

fmm the same mouse) differed significantly between TA and DIA spectra. Al, A2, A3 and 

A4 were lawer in DIA and peak A5 was higher in DIA compared to TA. The ratio means of 

A1 /A2, A1 /A3, A1A4 and A31A4 wem higher in DIA compared to TA, while A1 IA5, W A 3 ,  

AUA4, AUAS, A31M and MIM were lower in DIA compared to TA 

4.3.4. Summary In surnmary, the significant peak areas and heights were lower 

in mdxyoung compared to control young (Al-A4 and HT2 for TA; A5 and Hl4  for DIA) and 

higher in mdxadult compared to controi adult (HT2, Hf3, HT5 and HT6 for TA; A4, A5 and 

HT3 for DIA). No diierences were seen between mdxaddescent and control adolescent 

for the TA, but mdx adolescent was lower than control adolescent for the DIA for Al.  

Significant ratios exhibited the same trends. In addition, the significant peak areas and 

heights of TA (A2-A4, HT2. HT3 and HT5) and DIA (A2-A4, HT3 and HT4) generally were 

greater with age in mdxspectra, althwgh there was no consistent age-wise trend in the 

ratio data. Therefore, it appears that the levels of the creatine (peaks 1 8 4) and taurine 

(peaks 2 8 3) are consistent markers for the mtinuous and successful repair process in 

d ystrophic mdri muscle. 



4.4. Linear discriminant analysis 

LDA results were best for classifications between 2 and 3 groups of data. Significant 

results were not obtained for 4 or 6 groups (the graups are described in section 3.4). The 

2-group LDA classifications between contrd and &mice demonstrated 84.2% accuracy 

after 7 iterations on the original data matnx A ratio matrix consisting of the best 12 data 

points from the original data matrix gave 100% accuracy after 6 iterations. The genetic 

algorithm program resulted in 89.5% accuracy with 10 regions and 128 iteratioris. Ratios 

could not be generated on the data domains that the genetic algorithm program produced. 

The 3-group classifications between mdK Young, adolescent and adult mice gave 9û% 

accuracy for 5 iterations on a ratio matrix denved from the best 7 data points from the 

original data rnatrix. All of the above test set LDAs significantly discriminated among groups 

examined (pc0.005; Chi-squared statistics). 

4.5. Histology and morphometry 

The TA and DIA showed two distinct histological phenotypes, as prevbusly reporteci. 

Considerable shnnkage of myofibers occuned during NMR (more so at 37OC than 25OC), 

so reliable measurernents ~f rnyotube or fiber diameter (that would track growth) were not 

possible. However, fiber length and centronucleation index measurements were possible 

for TA specimens as they were detennined in a ratio within a tissue sample and in 

perspective to fiber diameter. Adipose tissue or lipid droplets and deposits were not visible 

between, around, or within myofibers upon staining with PAS in TA. DIA sections were not 

sufiiciently longitudinal in orientation ta allaw reliable cnl measurements, due to the 
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architecture of that muscle, smaller fibers, and the greater severity of pathological changes 

in the mdxDlA than in TA. All DIA samples examined post-NMR were fwnd to have very 

small pieces of liver attached to the abdominal side of the muscle in section. 

CNI-L was significantly diffemnt with age (peO.01) and was greater in mdr than 

contrd TA (pQ).O1). as expected. Them was also a signficant age by strain inteac!ion 

(p<0.01) as CNI-L increased much more with age in mdxthan coritrol TA, as anticipated. 

4.6. Correlation analysis 

Correlations between TA CNI-L and peak heights. peak areas, and height and area 

ratios gave correlation coefficients ranging f m  0 < ~ ~ < 0 . 7 1  on the mukdata. Of 74 correia- 

tions, 18 gave R* values of 0.50 or greater (accounting for 2 50% of the variance in the 

samples) and were significantiy different f m  O (see Table 4.6.1 for a list of the significant 

coenicients). Ratios AllA3 (Fig 2.5) and A1/A2 were particularly well correlated with CNI-L. 

PEAK AREA R~ VALUE 1 PEAK HEIGHT R~ VALUE 
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5. DISCUSSION 

This study preçents a possible new application of 1-H NMR as a technique in 

monitoring the pragress of muscular dystrophy in mukmice which contrasts with nomal 

growth in cantrd muscle. Control and mdx muscle spectra are clearly different from one 

another. Althwgh the pre-dystmphic phase (mdxyoung) is not resdvable by conventional 

histopathology (Anderson et al., 1987; 19û8). 1-H NMR cleariy distinguishes pedystrophic 

from agmnatched controls. as wdl as f m  adive (mdxaddescent) and stable (mdradult) 

dystmphic phases. In addition. LDA shidies and the codation of C N l l  (extent of repair) 

with spectral features contribute valuable new information on the objective discrirninating 

power of 1-H NMR to classify muscle status. Using the information gained from this 

investigation, sbdies monitoring muscle regeneration and possible ûeatment effects on 

disease and repair will follow. 

5.1. The processirig method and data analysis 

Baseline correction by 2 observers and on 2 occasions gave inconsistent results. 

Therefore, our results show that baseline correction is a manipulation of the spectra which 

is not reproducible. It appears that penomiing a series of linear corrections is very 

subjective, and the problern is magnified due to the broad overlapping peaks that are 

present in ex vivo 1-H NMR spectra. Even though the points at which the spectrum would 

ôe flattened was decided upon prior to the procedure, it was very difficult to duplicate 

previous measurements. In contrast, phasing the spectra after fourier transformation 

resulted in consistent and reproducible results. Phasing rnakes peaks symmetrical about 
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the baseline in one operaüon. This method was therefore chosen to analyze this data and 

al1 other data in this thesis. 

Signiticant and consistent changes in many peaks were found using two methods 

to quanüfy and compare the heights and areas d the specba (suggested by Kuesel et al.. 

1992). First, individual peak heights and areas were standardized on the basis of the mass 

of the tissue and a reference compound (PABA). Second. the ratios of peak heights and 

areas were determined. Aithwgh the latter rnethod has the advantage of eliminating 

weighing e m  and the need for a reference salution, i? cannot detemine the Mgin of a 

change in the peak ratio (Le. the same effect could be obswed by a decrease in onesignal 

or an increase in another). Therefore, ratios may obscure important information. However, 

since it is difficult to provide extemal references during in vivospectroscopy, ratios are often 

the only means of quantification in those experirnenh. Thw, the Cnding that ratio 

cornparisons were statistécally different (in addition to camparisons of absolute peak 

measurernents) suggests that in vivo NMR spectroscopy rnay also detect tissue changes 

in muscle during aging and dystrophy. 

5.2. Peak height and area measurements 

The particular peaks exarnined in this study were chosen due to their consistent 

appearance across the groups and due to signifiant findings in previous ex vivo studies 

(Kuesel et al.. 1992; Brière et al., 1995). There was no obseraMe peak unique to mdx 

dystroph y or different age grw ps, but rather increases and decreases in certain peaks. 

5.2.1. Age and strain effeds There were many significant age effects (Taôle 2.1) 
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in peak areas and heights. It appears that in some of these cases, the growing/aging 

process in mdxmuscle is k ing  monitored in the background of dystrophy (i.e. where both 

control and mdxshow age effects, but no strain effects are obswed by Duncan's tests). 

However, in cases where stmin and aging effects do ocair, or when aging effects ocair only 

in muk muscle, it is assumed that progressive dystmphy is k ing  monitored without 

interfering signals frwn the normal aging process. It is important mat these two separate 

phenornena (aging vs. dystrophy) be cmsidered as distinct features when we are 

attempting to monitor the dystrophie process in mdxanirnals, and eventually DMD patients. 

Therefare, it is suggested that the peaks indicated by asterisks in Table 2.1 are good 

candidates for monitoring mdrdystrophy. 

Peaks 2 and 3, due mostly to the resonances of the free intracdlular amino acid 

taurine (Chesney, 1985; Wright et al., 1986; Huxtable, 1992), consistently exhibited age 

effects in mdrc muscle and strain effects. These could easily be follawed to monitor the 

progression of dystmphy. Taurine peak levels were signifcanîly less in young mdx vs. 

cantrd, increased with age in m M A  and DIA, and ultirnately reached a level greater in 

mdxadult carnpared to contra1 adult muscle. In mdxdystmphy, degeneration begins at a 

massive rate at the end of the young period, continues throughout the adolescent period 

with resulting successful regeneration, and finally slows and stabilizes in the adult pen'od 

(Dangain 8 Vrbova, 1984; ïacharias 8 Anderson, 1991). This sequence parallels the 

changes in taurine levels. The gradua1 increase in taurine could cause stabilization of 

dystmph y or could be sccandary ta other factors that cause stabilization. Since m&rnuscle 
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has a greater capacity for repair than contmi (Mclntash et al., 1994; Louboutin et al., 1995; 

Pemitsky et al., 1996), the greater amount of taurine in adult m&vs. adult control muscle 

could be a marker of successful accurnulated muscle regeneration. Taurine is not the 

prirnary cause of dystmphicmuscie lesions, as suggested by Baskin 8 Dagirrnanjian (1 973). 

since a genetic defect in dystrophy causes dystmphin deficiency (Hoffman et al., 1987). 

In addition, taurine concentration has been shown to positively correlate with the 

percentage of slow type 1 fibers (Airaksinen et al., 1990), and type 1 fiber praportions 

increase with age. In dystrophy, slowver type 1 (Dhoot 8 Pearœ, 1984; Camwath 8 Shotton , 

1987) or IIA (Anderson et al., 1988) ribers increase in proportions, due to the loss of fast 

(118) fibers which are more susceptible to dystrophy in humans (Webster et al., 1988). 

Because there is a higher potential for regeneration in type 1 fibers, the greater taurine 

content in mdxmuscle with age and in mdxadult compared to control adult could play a 

protective d e  in mdxdystrophy, giving older mdir muscles stability and generally normal 

function. This supports the suggestion that taurine is a membrane stabilizer (Wright et al., 

1986; DeLuca et al., 1990). As well, the fower taurine peak intensity in DIA compared to TA, 

could partially contribute to its severe phenotype and refiect the less adequate cumulative 

repair that occurs in DIA. Taurine adminisûation to patients with myotonic dystmphy can 

markedly reduœ the electrical signs of myotonia (Durelli et al., 1983), thus taurine may also 

be feasibte as a therapeutic protectant in DMD. 

5.2.2. Muscle effects The wide lipid resonances between 2.5 and O ppm were 

consistent qualitative and quantitative markers that distinguished TA from DIA, and confirm 
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an early report which found that lipid signal intensity was greatesi in the nomal diaphragm 

cmpared to limb muscles (Yoshizaki et al., 1981). The origin of the lipid signal is unknown. 

A small part may be derived from adipose tissue, since the signal is larger in the DIA whem 

fibrosis and small accumulations of adipose tissue are observed. However, there are no lipid 

deposits intracellularly in fibers or adipose tissue deposits interstitially in the mdxTA (judged 

by PAS staining and routine light microscopy), which still exhibits the lipid signal. Therefare 

the increased lipid content could be due to: 1) membrane destruction (Yoshizaki et al., 

1981) when myofibers degenerate in m& dystrophy, 2) membrane lipid changes that 

increase mobility, 3) an extra linolenic-like fatty acid peak in regenerating mdx myofibers 

(Gillet et al., 1993) (that cross-peak was not observeci by 2-dimensional COSY experiments 

of our in vifm DIA or TA sarnples; data not shown), 4) mobile neutral lipid domains 

intercalated within the bilayer lipid (May et al., 19û6; Mountford 8 Wright, 1988), 5) 

intracellular lipid droplets obsewed by electron microscopy (Callies et al., 1993), or 6) fiber 

type proportion in each muscle (fast<interrnediate<slow; Yoshizaki et al., 1981). 

5.3. LDA 

LDA proved very useful for accurately classifying or separating spectra into both 2 

(mdx vs. control) and 3 (mdx Young, adolescent and old) groups. Given the posiiive 

preliminary results, more data will be acquired to test the validity of this method to 

discriminate a higher number of groups. The possibility of detecting significant treatment 

effects on muscle 1-H NMR spectra through classifications and pattern recognition 

algorithms lends exciting potential ta this technology. 
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5.4. Histology and morphometry 

The use of CNI-L as an index of longitudinal repair accumulated during dystmphy 

proved to be very useful in detecting significant differences between g r w p  of dystmphic 

and nomal miœ and arnong the 3 stages of mdxdystrophy, since age, strain and age by 

strain interactions were al1 obsenred. Furthemore, the strong cordation of longitudinal CM 

and certain 1-H NMR peak ratios suggests that the cumulative effect of increased numbers 

of myotubes and centrally-nudeated segments in a muscle may best be appreciated 

vdumetrically in this longitudinal assessment of muscle nucleation, rather than by a cross- 

sectional index useful in general tissue assessment (for example Karpati et al., 1988; 

Anderson et al., 1996b). 

5.5. Conelation analysis 

There was a clear relationship between spectral properties of the proton resonances 

in affected muscle and cytological markers of the disease. The correlation of peak heigh ts, 

areas and ratios with CNI-L was very effective in detecting differences in muscle status of 

the mdxTk The lineanty of A1/M regression is particularly useful for correlation with CNI- 

L. Peaks 1-4 (matines, taurine and cholines) contributed to the correlation studies, while 

peaks 5 and 6 (lipids) proved to be of little predictive or discriminative value. The 

correlations also suggest certain peak ratios require further shidy as predictors of phenotype 

assignment during repair. In the future, measures of muscle precursor cell proliferation and 

fusion, such as the number of labelled mononuclear muscle precursors and nuclei in 

myotubes (by autoradiography), MyoD mRNA levels, and levels and types of myosin heavy 



chain isoforms, may prove useful to cortefate with NMR. 

5.6. Conclusions 

The results of this study support the hypothesis that 1-H NMR is a diable tml in 

investigation of muscle repairstatus during musculardystmphy, and that the key histological 

feature of muscle regeneration (formation of new muscle) is correlated to spectral peaks. 

The findings of certain differences in peak heights and areas (particufarly taurine and lipid 

reçonanœs) taken together with LDA findings suggest that the observed spectral changes 

are telated to the extent of repair in the muscles tested. Therefore, the results focus not on 

the detection of rnuscular dystrophy, but on muscle repairwhich occurs differentially among 

the progressive stages of dystrophy (pmdystrophy vs. active dystrophy vs. stable 

dystrophy), different strains (control vs. m d ?  and different tissues (severe, DIA vs. mild, 

TA). Proton NMR distinguishes spectra in al1 the above case comparisons. It cannot be 

stated for certain whether the changes are specific to the diseese of mdxdptrophy. Further 

data on other neuromuscular disease states (with and without tepair) are required to test 

the specitïcity of our spectral markers for disease. We are optimistic that 1 -H NMR will be 

valuable in following the effects of a current drug treatment trial on mkmice, and of speciat 

importance to young DM0 boys. 

Acknowledgements: Kari Granberg perfomied the histological. condation and LDA 
analyses. Kathleen Brière and Maureen ûonnelly spent many hours teaching correct tissue 
prepamtion. NMR acquisition and analysis. Thanks also to lÏna Hibbs (tissue sectiming) 
and Roy Simpson (photographie expertise). 



6. CHAPTER 2 FIGURES AND TABLES 

FIGURE 2.1: Representative 1-H NMR spectra of a) DIA and b) TA, in deuterated PBS, 

frwn a young mdxmouse. Peak heights 1-6 were determined using the peak picking routine 

supplied on x-spec software (version 2.0.7; Bruker). Peak areas were detemined by 

defining the integral regions (Al: 4.4-3.5 ppm; A2: 3.53.3 ppm; A3: 3.3-3.1 ppm; A4: 3.1- 

2.8 ppm; A5: 1 .&0.8 ppm). Heights and areas were then nomalized respectively to the 

height or area of the PABA peak and to the tissue mas. Height and areas ratios were later 

detennined. See text (section 4.1.) for assignments. Abbreviations: Ans:anserine; 

Car ca rnosine; Chos:cholines; Crs:creatines; Lac :lactate; Lip:lipid; Lys:lysine; Tau :taurine; 

HDO: deuterated water 

FIGURE 2.2: An example of central nudeation in a damaged muscle fiber on an H E  

section. A sample segment measurement (accarding to the method outlined in the text) for 

cnl is indicated (200X). 

FIGURE 2.3: Representative spectra of a) young, b) adolescent, and c) adult mdx TA 

samples in PBS/D,O. The specba were plotted in the absolute intensity mode with the 

resonance at 1.3 ppm given a f ~ e d  height. Peak are assigned as in Fig 1. 
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TABLE 2.1: Summary of signifmnt probability values by 2-way ANOVA of peak 
area and ratio and peak height and ratio from TA and DIA spectra. *: suggested 
peaks for monitoring mdxdystrophy (see text section 5.2.) 

TA: 
-- 

AREA age ~train inter HT age strain inter 

DIA: 



n 
TABLE 2.2: Mean peak areas (I SEM) of TIBIALIS ANTERIOR muscle specba. 

Control M& Control klbbr C m t d  klWr 
Young Young adolesc adolesc adult adult 

TABLE 2.3: Mean peak areas (I SEM) of DlAPHRAGM muscle spectra. 

Area Contd Control kkbr Control klldK 
Young Young adolesc adolesc adult adult 

0.05 i: 0.04 I 0.12 * 0.07 I 0.03 * 0.04 I 
0.006 0.005 0.02t5 0.01 ' 0.01 0.004 

a: age groups differ (ANOVA) *: sig differ frcm ccintrol of same age (Duncan's) 
b: strain groups differ (ANOVA) F sig differ from young animal of same strain 
c: in teraction (ANOVA) §: sig differ from adult animal of same sttain 
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TABLE 2.4: Mean peak heights (i SEM) of TIBIALIS ANTERIOR muscle spectra. 

Control A&& Control kllohr Contrd A& 
Young Young adolesc adolesc adult adult 

0.042 î 0.033 î 0.039 * 0.035 î 0.026 * 0.039 I 
0.006 0.005 0.007 0.004 0.003 0.006 

0.025 i 0.015 * 0.023 * 0.022 * 0.016 * 0.027 I 
0.003 5 0.001 ',§ 0.002 0.002 0.002 0.003 ' 
0.024 0.016 î 0.025 I 0.022 0.020 * 0.031 I 
0.003 0.002 § 0.004 0.002 0.003 0.004 

0.053 î 0.044 I 0.041 * 0.040 î 0.035 * 0.056 î 
0.008 0.008 0.006 0.004 0.005 0.01 

0.045 * 0.044 I 0.042 * 0.041 * 0.042 * 0.067 i 
0.006 0.006 5 0.005 0.003 Q 0.004 0.007 + 

O.of6 0.018 * 0.014 0.016 i 0.014 + 0.018 i 
0.001 0.002 0.0005 0.0006 0.0009 0.001 

TABLE 2.5: Mean peak heights (* SEM) of DIAPHRAGM muscle spectra. 

HT 1 ;,u"~ a&& Control k l l d ~  Contml ~k 
Young adolesc adolesc aduit adult 

a: age groups differ (ANOVA) 
b: strain groups differ (ANOVA) 
c: interaction (ANOVA) 
*: significantly different from control of same age (Duncan's) 
5: significantly different from adult animal of same strain (Duncan's) 
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TABLE 2.6: Mean pea k area ratios (I SEM) of Tl6 lALlS ANTERIOR muscle spectra. 

Control A&& Cocrtrd h m  Cmtrd ha& 
Young Young adolesc adolesc adult adult 

a: age groups differ (ANOVA) 
b: strain groups differ (ANOVA) 
c: interaction (ANOVA) 
': significantly different f m  control of same age (Duncan's) 
f: significantiy different fmm young animal of same strain (Duncan's) 
5: significaiitl y different f m  adult animal of same strain (Duncan's) 
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TABLE 2.7: Mean peak area ratios (A SEM) of DJAPHRAGM muscle spectra. 

Control c o n w  rn Control kkibr 
Young Young adolesc adolesc adult adult 

a: age groups differ (ANOVA) 
b: strain groups differ (ANOVA) 
c: interaction (ANOVA) 
*: significantly different from controi of same age (Duncan's) 
1: significantly different fm yang animal of same strain (Duncan's) 
j: significantly differerit from adult animal of same strain (Duncan's) 
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TABLE 2.8: Mean peak ht ratios (I SEM) of TIBIALIS ANTERIOR muscle specûa. 

- - -- 

Ht1 Mt2 
a,c 

Htl Mt3 
a 

Ht1 Mt4 

Htf /Ht5 
a 

HtlMt6 

Ht2Ait3 
a,c 

Ht29Ht4 
a,c 

Ht2/Ht5 
a,c 

H m t 6  
C 

Ht3/H t4 
a 

Ht3Mt5 

H t3M t6 
C 

H t4M t5 

Ht4Mt6 

H W t 6  
a,c 

Cm Yng w p g  Con adol M a d o l  Con adt m a d t  

a: age groups differ (ANOVA) .: sig. different fmm control of same age 
sig. different from young animal of same strain 

c: interaction (ANOVA) §: sig. different from adult animal of same strain 
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TABLE 2.9: Mean peak height ratios (î SEM) of DIAPHRAGM muscle spectra. 

a: age groups differ (ANOVA) *: sig. different frorn control of same age 
b: strain groups differ (ANOVA) sig. different from young animal of same strain 
c: interaction (ANOVA) 5: sig. different fmm adult animal of same strain 



CHAPTER 3 

GLUCOCORTICOIDS CHANGE MAGNETIC RESONANCE SPECTRA OF 

DYSTROPHIC MUSCLE: AN EX WOSTUDY 



1. ABSTRACT 

Glucocorticoids have been successfully used to alleviate the progression of 

Duchenne muscular dystrophy in clinical trials, but the rnechanism of their action is 

unknown. We were interested in studying whether proton NMR could detect treatment 

effects that were previously determineci ta be due to increased proliferation and fusion of 

muscle precursors. It was hypothesized mat: 1) glucocorticoids would prduœ significant 

changes in 1-H NMR spectra consistent with increased repair or decreased dystrophy, and 

2) spectra from muscles with a short riecovery after an injury would be different from those 

after a longer recovery period. Controt and m&rnice were treated for 4 weeks with placebo, 

deflazacort, or prednisone, then received a crush-injury to one tibialis anterior (TA). 

Diaphragm (DIA) and crushed and uncrushed TAS were dissected 2 or 4 days later, and ex 

vivo 1-H NMR spectra were colfected at SOOMHt Six peaks were analyzed in detail and 

campared between groups by ANOVA and t-tests. Linear discriminant trials of the entire 

spectral pattern were perfonned. Peak due to taurine and creatine protons showed 

significant differences arnong steroid-treated and placebo mdxgrwps. This was especially 

evident in cornparisons between deflaracort and placebo in the uncrushed TA. In addition, 

linear discriminant trials distinguished prednisone from defiazacort from placebo groups 

95% accuratdy in the uncrushed TA. As well, certain peak ratios exhibited significant 

differences corresponding to the regeneraüve state of the muscle. Spectral characteristics 

of DIA and limb muscles were reliably different The results suggest th& 1-H NMR detects 

an improved muscle phenotypewhich results from treating dystrophie mice with deflazacort. 
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2. INTRODUCTION 

Mdxdystrophy has been studied by in vivo NMR, with the finding of an added lipid 

resonanœ in two dimensional specttroscopy (Gillet et al., 1993). However, no NMR studies 

have been made of treatrnent effects on dystrophy, and until recently, the progression of 

mdxdystmphy had not been studied by 1-H NMR In Chapter 2, it was show that 1) 1-H 

NMR separates contmi from mdxmusde spectra and distinguishes the three phases of mdx 

dystrophy, 2) dystmphic diaphragm and leg muscle spectra are consistentiy different from 

one another, and 3) muscle specûa are carelated significantiy and highly to the phenotype 

of the muscle, in particular to the centronucleation index in muscles, an indicator of 

accumulated repair in skeletal muscle. 

The above baseline studies allowed us to proceed to the next step of monitoring the 

disease of mdxdystrophy after treatrnent The hypotheses of this study were: 1) 1-H NMR 

can detect drug treatrnent effects (defiazacort vs. prednisone vs. placebo; see C hapter 1, 

sections 1.3 and 2.4 for a review of glucocorticoids) in mdx miœ based on the cellular 

changes occurring within the muscles during dystrophy, inflammation and regeneration, 2) 

1 -H NMR can distinguish regenerating frorn non-regeneraüng mntml and mdx muscle, and 

3) the diaphragm (severe) and limb (mild) spectra are distinct from one another (as found 

previously). These studies are extremeiy important steps in the ultimate goal of monitoring 

dnig treatments and muscle regeneration non-invasively h viva 



3. MATERIALS AND METHODS 

3.1. Animals 

Control (C57BVlOScSn) and mdmice were maintained and housed according to 

the Canadian Council of Animal Care at the University of Manitoba Animal Care Facility 

(Winnipeg, Manitoba). Treatrnent by subcutaneous injections of defiazacort (HD: 1.2mqckg 

body weight or LD: 0.67mglkg body weight; Marion Menell Dow Inc., Laval, Qu&ec), 

prednisone (PR: 1 -0mgkg body weight; Sigma Chernical Co., Mississauga, ON) or placebo 

(PL: Methocel; ClBA Vision, Mississauga, ON) began at three weeks of age for mdx 

animals and at 5 weeks for control animals, and continued daily for 4.5 weeks. After 4 

weeks of treatrnent, the mice were subjected to a cmsh-injury of the right tibialis anten'or 

(TA) muscle (Mclntosh et al., f 994) under anaesthetic (1 :1 ketamine - xylazine). Animals 

were killed by cervical dislocation under anaesthesia after 2 or 4 days of reçovery. The 

following treatment-groups were studied: 

1) mdx mice were injected with HD (n=6), LD (n=S), PR (n=5) or PL (n=6) and aHowed to 

recover for 4 days after the crush injury. Treatrnent effects were analyzed (section 4.2.1). 

Detailed histology and morphornetry of these tissues are reported elsewhere (Anderson et 

al., l996b). ln addition, gastmcnemius muscles fmrn the same sbdy were analyzed by 

infrared spectroscopy (Shaw et al., 1996). 

2) mdxmice were injected with HD (n=5) or PL (n=5) and allwed ta recover for 2 days after 

the crush-injury. Treatment effects were rneasured (section 4.2.1 ). In addition, statistics 

were combined with those of #1 in order to determine regenemtion effects (section 4.2.2). 
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3) contrd mice were injected with HO (n=5) or PL (n4)  and allowed to remver for 4 days 

post muscle crush. Treatment (section 4.2.1) and regeneration effects (section 4.2.2) were 

measured. 

3.2. Tissue sampies 

Half of each diaphragm (DIA), haif of each uncrushed TA (LTA) and half of each 

crushed TA (RTA-4days remvery or RTA-2days recovery) were dissected out, piaced 

individually in PBS/D,O (pH 7.4) and snap fiozen in liquid nitrogen. Samples were stored 

in a -70°C freezer until the time of spectroscopy. DIA samples from #1 and #2 (above, 

section 3.1) were pooled for statistics. The following table (Table 3.3.1) sumrnarizes the 

numbers of muscles in each group. 

Table 3.2.1 

DIA 

Mdx 
LTA 

RTA - 4 days 

RTA - 2 days 

DIA 

Contrd 
LTA 

RTA - 4 days 

High dose Low dose Prednisone Placebo 
deflazacort deflazawrt (PR) (PL) 
(HD) (LD) 
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NMR samples were thawed at morn temperature for 15 min. A small longitudinal 

piece (approximately 3mm) of muscle tissue was dissected f m  the TA or DIA, excluding 

most tendon, as welf as adipose and nerve tissues. For the DIAS, the muscle tissue was 

sampled so as to include parts of both the costal plus crural regions. Samples were then 

placed in a g las capillary tube filled with PBS/D,O (Kuesel et al.. 1992). The capillary tube 

was placed in a 5mm NMR tube filled with Smmol/L paraminobenzoic acid (PABA; in 

PBS/D,O; Aldrich) which senred as a quantitative standard and chemical shift reference. 

Following acquisition of spectra, samples were blc.:ed, weighed and fixed in 1 0% formalin 

for 7-1 0 days for subsequent histopathological examination. Hemotoxylin and wsin stained 

slides were examined to confimi that the tissue was characteristic of the particular muscle 

and that no fat accumulations or tendon were present. All mice and sarnples were handled 

in a doubleblinded fashion, and the code was only broken after spectral processing and 

statistical analyses were completed. 

3.3. t-H NMR 

1-H spectra were acquired at 25°C with presaturation of the water signal on a 

AMXSOO Bruker Spectrospin spectrometer after 10 minutes of temperature equilibration. 

One dimensional 1-H spectra (640 acquisitions; 4K data points; acquisition time 0.340 sec; 

spectral width 60%. 10Hz) were obtained for al1 samples. Ninety degree pulses were used 

which were typically 12.3psec and the preçaturation time was 2.0 sec. 

3.4. Peak height and area measurements 

The onedimensional FIDs were zemfilled to 8K and Fourier transforrned following 
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exponential multiplication (LB=l). Selected spectral peak areas and peak heights were 

obtained using x-spec software (version 2.0.7; Bniker) according to a carefully pre 

estaMished protoail (Chapter 2). Btiefly , areas wwe measured by defining integral regions 

between 4.4 and 3.4 ppm (Al), 3.5 and 3.3 ppm (M), 3.3 and 3.1 ppm (A3), 3.1 and 2.8 

pprn (A4) and 1.8 and 0.8 ppm (A5). Heights were measured using the peak picking routine 

for resonances at 3.9,3.4,3.2,3.0,1.3 ppm and 0.9 ppm (HTs 1-6 respectively). Each area 

and height frorn each spectrum was then nomalized to tissue rnass and the PABA 

reference peak. Ratios of al1 combinations of areas and heights were alsa detemined on 

each separate spectnim. Resonances were assigned according to out previous stud y 

(Chapter 2). 

Data were decoded and the mean (I SEM) were detemined for control and mdx 

mice of each muscle group (DIA, LTA, RTA-4d and RTA-2d) and each treatment group (HD, 

LD, PR, PL), and tested for signifiant effects of drug treatment (see section 4.2.1), 

regeneration (see section 4.2.2) and phenotype (see section 4.2.3) by 2-way M O V A  (NWA 

Statpak, Portland, OR). Specific t-tests were then perfomed on the peaks which were found 

significant by 2-way ANOVA in order to detemine selected differences of particular interest 

(i.e. between PL and H D). A probability of peO.05 was used to reject the nuIl hypothesis. 

3.5. Linear discriminant analysis (LDA) 

LDA trials were perfmed on processed spectra collected from the nrst trial of the 

study to attempt treatment discrimination (HD, LD, PR, PL) in mdxLTA, RTA and DIA. 

Phased spectra were saved as ASCII files with 2K data points in xspec (version 2.0.7; 
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Bniker). These files were then imported into gram, a spectral processing software package, 

Were they were smoothed, aligned, nonnalized to the PABA peak and baseiine corrected. 

The region from 4.4 to O ppm was chosen for examination by LDA Specîra were grouped 

into LTA, RTA and DIA data files and were labelled according to the treatment group they 

belonged. A genetic algorithm M e n  by S. Nikulin (Nikulin et al., 1995) was then utilized 

in order to find regions that best discriminated among treatment groups. Fout regions were 

searched for using 50 iterations. 

4- RESULTS 

4.1. 1 -H NMR spectral characterisb'cs 

Spectral features of LTA (Fig 3.1) and RTA (Fig 3.2) sarnples were qualitatively 

similar. Identical peaks were evident in DIA spectra (Fig 3.3), althwgh, in contrast to limb, 

they were lower in intensity at 3.9, 3.4, 3.2 and 3.0 ppm and larger at 1.3 and 0.9 ppm. 

Since spectra exhibited similar characteristics as report& in Chapter 2, the identical peak 

heights and areas were ciiosen for quantification of the metabolites of interest in this study. 

Quantitative (see section 4.2, below) and qualitative inspection showed that 

differences in peak intensity existed between tteatment grou ps. For the LTA (Fig 3.1 ) and 

RTA (Fig 3.2), the lipid peaks between 2 and O ppm appeared larger in the PL and PR 

groups cornpared to the HD graup. Similarly, the lipid peaks in the DIA (Fig 3.3) were largest 

in the PL group. 



4.2. Peak height and area measurements 

All mean height, area, height ratios and area ratios are reported (Tables 3.69.21) 

and the results of staüstical analyses are reported in Tables 3.1 and 3.2. Integral regions 

in the DIA spectra were very variable with large SEMs. For the control samples, most DIA 

spectra could not be integrated (poor resolution of very small samples). Therefore, the 

control DIA group was not induded in any statistical analyses. 

4.2.1. Effects of ûeaûnent (HD, LD, PR, PL; see TABLE 3.1 and Fig 3.4) 

Contml muscles: Four ra t i~  measurements showed significant treatrnent x muscle inter- 

actions by ANOVA (Table 3.1 ). Specificalty (t-tests), in the LTA, HT2MT4 (Fig 3.4) was less 

in HD compared to PL. In the RTA4d, M A 3  was greater in HD vs. PL. 

M k  muscles: Twelve measurements (heights, areas or ratios) exhibited a significant 

treatment effect or interaction by ANOVA for mdx muscles (Table 3.1). f-tests were 

perforrned on these 12 measurements. The folfowing results were obtained: 

1) LD spectra were not statistically different from PL spectra. 

2) In DIA spectra, no statistical differences were found between the mean values for PR vs. 

PL and HD vs. PL. 

3) In the LTAl means for HD spectra were signifcantly greaterfor HT2, HT3, HTZHT4 (Fig 

3.4), HT2RIT6, HT3MT6 and M A 3  and significantly les for AllA2 compared to PL 

spectra. Also in the LTA, means for PR spectra were significantly more for HT2, HT2/HT4 

(Fig 3.4) and W A 3  compareâ to PL spectra. HD and PR spectra were statistically different 

f m  one another only for îWA3 in the LTA. 



4) In the RTA-2dl HD changed peak areas A2, A3 and MIAS compared to PL. 

5) In the RTA-4d, there was only one instance where HD was different from PL; HT2/HT4 

(Fig 3.4) was greater in HO vs. PL. 

Thus, the peaks with contributions f m  taurine resonances (particularfy A2, A3, HT2, HT3 

and HTZHT4) were most discriminating among treatrnent groups. 

4.2.2. Effects of regenemtim (LTA, RTA-2d, RTA4d; TABLE 3.2 and Fig 3.5) 

Control muscles: In placebtreated conbol mice, 7 8 measurements exhibited significant 

regeneration effects or phenotype interactions by N O V A  (Tabie 3.2). Specifically (t-tests), 

HT2/HT6, HT31HT6 and HT4MT6 were greater in LTAcompared to RTA-4d and HT5, HT6, 

A1 lA2, A1 /A3, A1 /A4 and A31A4 were less in LTA compared to RTA-4d. 

&k muscles: In placebetreated mdx mice, 20 rneasurernents exhibited significant 

regeneration effects or interactions by ANOVA (Table 3.2 and see Fig 3.5 for a 

representation of selected signiticant ciifferences). The following results were obtained: 

1) The LTA differed from the RTA-4d for A l ,  A2, A3, A5 and HTUHT4 ( les in LTA 

compared to RTA-4d). 

2) The LTA differed from the RTA-2d in 9 instances. HTlMT4, HT2WT4, HT3IHT4, AIlA3, 

AIjA4 and M A 4  were al1 less in LTA compared to RTA-2d, while HTlIHT5, HT4/HTY and 

A4/M were greater in LTA vs. RTA-2d. 

3) There were also cases where RTA-2d differed from RTA-4d. HTllHT4, HTMT4, 

HT3kiT4, A1 /A3 and A1 /A4 were less in RTA-4d vs. RTA-2d. 

Therefore, the similar changes in peaks (specifically, A2, A3, A21A4, A41A5, HTZHT4) in 
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the phases of mdxdystrophy (Chapter 2) and different stages of mdxregeneration afkr an 

imposed injury (this study), suggest that 1-H NMR detects the pracess of muscle 

regeneration. 

4.2.3. Effects of muscle type (LTA, DIA) Twenty-six (26) of a passible 36 height, 

area. height ratio and area ratio means were significantly different between DIA and TA by 

t-tests for mdxspectra. Specifically, the mean of Hf4 was greater in LTA than DIA, and HT5 

and HT6 were lower in LTA vs. DIA All height ratios were significantly different between TA 

and DIA except HTllHT4. Most height ratios were greater in LTA compared to DIA, except 

HTWT4, HT3MT4 and HTSMTG, which were lower in LTA compared to DIA. The rnean 

of A3 was less in LTA vs. DIA spectra. Al1 area ratios were significantly different between 

LTA and DIA except AlIA3 and A3lA5. A1IA5, W .  A21A5 and A4A5 were greater in LTA 

compared to DIA, and AIIA2, At IA4, AUA4 and A3IA4 were lower in LTA compared to DIA 

spectra. Therefore, many differences between LTA and DIA were noted in moxspectra. 

4.3. LDA statistics 

Output of LDA tests is in the fom of classification tables (Tables 3.3-3.5). Values on 

the diagonal indicate the number of -ses where classification agrees with the known 

identity of the tissue, while offdiagonal values denote misclassifications. The LDA 

classification for the LTA demonstrated 95% accuracy (Table 3.3). Only one misclass- 

ification resulted; a LD tissue was mistaken for a PR tissue. The four regions the genetic 

algorithm used for discrimination of LTA spectra were: 1) 4.4 ppm (+ 14 points), 2) 3.62 ppm 

(+? point), 3) 3.47 ppm (+ 12 points), and 4) 0.23 pprn (+7 points). Classification for the RTA 
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demonstmted 54.2% accuracy (TaMe 3.4). In mis case, the PL group was classified with 

100% accuracy, mi le the HD, PR and LD graups were largely misclassified. The RTA 

classification procedure used: 1 ) 3.75 ppm (+14 points), 2) 1 9 9  ppm (+2 poinb), 3) 1.55 

ppm (+2 points), and 0.95 ppm (+1 point). For the DIA, the LDA classification was 81 -7% 

accurate (TaMe 3.5). LD, PR and PL groups dernmstrated miscJassifications, mi le the HD 

grou p was classified 1 00% correct. The genetic algorithm classified DIA spectra according 

to the areas: 1) 3.23 ppm (+1 point), 2) 3.05 pprn (+1 point), 3) 0.85 pprn (+22 points), and 

4) -0.02 ppm (+1 point). 

5. DISCUSSION 

To our knowledge, this is the first shidy that has attempted to follow treatment effects 

of ex vivo dystmphic samples using 1-H NMR. We conclude that: 1) 1-H NMR detects 

differences between dnig treatrnents reliably in the m&lTA, but not in the mdr DIA or 

RTA, 2) the distinct stages of synchronous regeneration are detected in RTA muscles, and 

3) proton spectra reliably distinguish the twa different phenotypes of mdx dystmph y (DIA 

vs. limb). The results suggest that the observed spectral changes are related to muscle 

repair capacity, not degenerative changes. This study has identified possible spectral 

regions of interest for monitoring musde status after glucocorticoid treatment &y 1-H NMR 

in vivo. 

5.1. Treatment effects 

5.1.1. Control results There werevery few instances of treatrnent effects in control 
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muscles by spectroscopy (see Table 3.1 ). Spectra of non-regenerating control muscle (LTA) 

exhibited a significant treatrnent effect only for HTUHT4, and this effect was opposite to that 

seen in mdx (see Fig 3.4). These data are in agreement with examination of identical 

tissues which show no obvious treatrnent effets in contrd tissue (unpublished 

observations). Therefore, HD has no beneficial or useful effect in normal uninjured mntrol 

muscle. In fact, previous reports state that glucocorh'coids have a catabolic effect on normal 

rat muscle (Kelly et al., 1986; Dekhuijzen et al., 1993; Dekhuijzen et al., 1995) and this 

would accaunt for the opposite trmd we obsewed in contrd versus mdxdab. 

H D affects proliferation and fusion in m& muscle (Anderson et al., 1 996b). Early 

growth of normal muscle involves cell proliferaüon and fusion, and some treatment effects 

might be anticipated in very young contrd animals. In addition, an insult to control muscle 

(the cmsh injury) induces proliferation and fusion. hatment effects were therefore 

expected in regenerating control muscle, based on the hypotheses that NMR rnonitors 

repair and that HO improves repair capacity. Treatment of controls only changed the ratio 

AUA3 in regenerating muscle. Upon histobgical observation, it appearç that HD has very 

little effect on regenerating canW muscle after 4 days uf recovery (unpub. observations). 

Therefore. it is possible that, althaugh the proceses of mgeneration appear similar in 

cantml and mdxmuscle by histology, the biochemistry (by high resoluth NMR) is distinct 

in the two strains which results in slightly different regenerative processes. This may render 

regenerating m t m l  muscle less susceptible to the beneficial effects of glucocorticoids on 

muscle tepair, and a higher (or different) dose may be required if muscle regeneration is to 



be enhanced in previously nomal muscle. 

5.1-2. Diaphragm results Staüstics on peak height and area measurements 

detected no differences among spectra of DIA samples in the 4 treatment graups in mdr 

DIA (unable to do sbtistics on small groups af control DIA). However, LDA classification 

was 81.7% accurate. The HD grwp was classified 100% correcfly, while the other3 groups 

were misclassified. It is interesting to note that the regionç selected by LDA to classify 

groups included points at 3.23 ppm (taurine area), 3.05 ppm (cteatine area) and 0.85 ppm 

(amino acid and lipid region). Thetefore, LDA is mare specitic campareci to morphometry, 

histology or peak height and area measurements, and points to a mle for taurine in 

improving the phenotype of muscle. However, it is unknown if the favourable results by LDA 

equate improved diaphragm function. 

LDA found LD, PR and PL treatrnents to be very similar, in agreementwith morpho- 

metry (Anderson et al., 1996b). This may partly explain the lack of statistical findings by 

peak height and area measurements. In addition, the mokDIA is inhomogeneous in com- 

panson to the general cumulative repair in the TA The extent of disease progression in the 

DIA at the start of the study is mu& larger than in TA (Stedman et al., 1991; Dupont- 

Versteegden & McCarter, 1992). Thus, a real treatment-induced change (Le. new muscle 

fibers) over and above the pathological changes (Le. degeneraüon and necrosis) that were 

well-advanced by the onset of treatment rnay be dinicult to resolve by 1-H NMR of DIA 

5.1.3. U A  results Upon a curçory look at Table 3.1, it is obvious that the 

significant treatment effects for mctx muscles are generally seen as greater values with 
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glucocorticoid treatrnent (except for Iipid peaks). Therefore, the spectm can be arranged HO 

> PR > PL and LD (for example see Fig 3.4). This grouping, backed by histological analysis 

of identicai sarnples (Anderson et al., 1996b), suggests that H D has a greater effect on 

muscle repair than PR, and that 1 4  NMR rnonitors this regenerative process. Therefare, 

due to the decreased side-effects and increased effects on muscîe repair, deflazacort 

should be the drug of choice for DMD ûeatrnent, assurning ûeatrnent effects on humans are 

the same as in mdxmice. 

LDA classified LTA samples fmm the four treatrnent grwps 95% conectly. This fact, 

taken together with peak height and area measurements, give confidence to the conclusion 

that treatments can be monitored in this dystrophie tissue. Early treatment of DMD patients 

is crucial so that muscles do not approach advanced stages of the disease where 

monitoring would be more dificult and treatment effects les, as seen in these DIA-treated 

muscles. 

5.1.4. RTA results Treatment effects occurred in the RTA-2d for A2, A3 and A4M5 

and in the RTA-4d for HT2JHT4. It could be that HT2/HT4 (Fig 3.4) is the most sensitive to 

small changes in repair capacity in the ongoing background of dystrophy. In contrast, A2 

and A3, which are less with HD compared to PL, could monitor proliferation. The levels are 

probably decreased due to the biochemistry involved in increased proliferation in HO vs. PL 

at 2d after crush. f herefore, in interpreting NMR data, it is imperative ta be aware of the 

tissue's stage of regeneration @y histology and rnorphornetry). Classification for the RTA-4d 

demonstrated 54.2% accuracy. However, the PL group was classified 1 00% correctly, while 
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there was rnuch overiap among the other 3 groups. Therefore, monitoring treabnent is still 

a possibility, but changes in eariy regenerating muscle (see -on 5.2) are not as clear as 

in the LTA and DIA 

5.2. Regeneration effects 

The crush injury is a useful technique that allows study of induced synchronous 

repair, as compareci to low-level asynchronous repair in uncrushed muk muscles. The 

sequelae in mdx crushed muscle are well charactenred (Mclntosh et al., 1994; Mclntash 

& Anderson, 1995). It was expectted that spectral differences between LTA and RTA would 

&st, since it was theorized that 1-H NMR detects changes in metabolites due to repair, and 

not due to dystrophie Wons. Any differences may relate to the relative concentrations of 

the wmpaunds in healthy muscle (LTA) vs. undifferentiated or necrotidinflamed muscle at 

2 or 4 days post-injury. 

In placebetreated animals, on the basis of significant peaks (see Fig 3.5), the 

spectra c m  be arranged m& RTA-2d and control RTA-4d > mdx RTA-4d > mdx LTA. 

Histologically, control RTA-4d is close to mdK RTA-2d in regenerative stage (Mclntosh d 

Anderson, 1995; Pemitsky et al., 1 996), although this has been debated (Pastoret & Sebille, 

1995; Grounds 8 McGeachie, 1992). In mdx RTA-2d and contrd RTA-4d, very active 

phases of muscle pfecursor cell proliferation and fusion occur, and the leveb of significant 

NMRIvisible metabolites appear to be affected similarly (i.e. greater amounts). There were 

more differences between mdxRTA-2d and LTA than between mdxRTA-4d and LTA. This 

would suggest that the mdxRTA-4d spectra are not as active and are reaching a similar 
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level of regeneration as in the mdr LTA. As well, the crushed area is quite srnall in mdxTA 

after 4 days of recovery (5.4+1.5 x lo4 Cm; Mclntosh et al., 1994) and the chance of 

obtaining a homogenaus sampling from only crushed muscle is quite small. It rnay be that 

perchloric acid extractions of selected crushed and adjacent zones (see Mclntosh et al., 

1994 for definitions) will be able to give a more accurate picture of the spectral 

characteristics of regenerating muscle at given intervals post-inju ry. 

When significant results fam mdx RTA-2d and conW R T M d  spectra were 

amiparad. it was found that AlIA3 and A I IM  were the only ratios with signifiant 

differences between regeneration groups in common. It is proposed that these 2 peak ratios 

are monitoring muscle precursor proliferation and early fusion events, not the 

degenemtionlregeneration process of dystrophy. 

5.3. Muscle effecl 

It was previously shown that the DIA was different from the TA in 3 different age 

groups in contral and mdx mice. This study canfirmed those results. The wide lipid 

resonanœs between 2.5 and O ppm were consistent qualitative and quantitative markers 

that distinguished LTA from DIA, as found previously. Since it is quite difficult ta rnonitor the 

DIA h vivo due to mnh'nuous respiratory movements of the muscles in the thorax, the lipid 

resonances prabably would not be useful in monitoring treatment even if üiey did 

discriminate treatment effects in the DIA. As well, rnany other peaks and ratios discriminate 

muscle phenotypes and could therefore be more useful to monitor treatment effects in the 

context of phenotype for muscles accessible to 1 -H NMR. 



5.4. Taurine 

Closer examination of the taurine peaks (any peak height, area or ratio including 

peak 2 or 3) is both feasible and informative based on the above findings and on previous 

findings in aging normal and dystrophie muscles (Chapter 2). lncreased intensity of taurine 

protons in HD are spectral features which distinguish PL from PR and HD treatrnents in the 

LTA. This may refiect increased membrane stability and accumulated repairwith treatment 

in mdx (confirmed by morphometry; Anderson et al., 1996b), and are consistent with the 

changes in taurine levels during the progression of mdxdystrophy (Chapter 2). Therefore, 

taurine probably plays a role in skeietal muscle fiber membrane protection, as suggested 

by Wright et al. (1 986). In Hû-treated mokafter 2 days of regeneration, taurine levels were 

reduced, probablydue to increased proliferation precedingfusion with treatrnent at this time. 

In addition to membrane stability, greater taurine levels rnay also reflect increased 

fusion (Huxtable, 1992) of muscle precursors into myotubes. This agrees with findings of 

greater taurine levels in zctively fusing ndxmuscies after 4 days of recavery compared to 

stable mdxmuscles (LTA). In conclusion, it is suggested that during muscle regeneration, 

taurine levels are depleted during myoblast (and other cell) proliferation, rise dramatically 

in amount with events of myoblast fusion into myotubes, and continue to remain high, 

confemng protection and stabilizacion ta myofibefs. 

5.5. Conclusions 

The results from this study strongly support that 1-H NMR can monitor treatment 

effects in muscular dystrophy which are a result of increased muscle repair. As well, 
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important data and strategies for anal ysis required in order to proceed toward in vivo NMR 

analysis of treatment effects on progression of human DMD were idenüfied. We have 

identified a potential region frorn 3-4 ppm, which indudes taurine proton resonances, which 

may be a valuable marker in such investigations. This region was found important for 

conelation with cmtmudeation index and as a passiMe marker for muscle regeneration 

(the ultimate goal of ideal treatment). Future assessments by in vivol-H NMR spectroswpy 

will require wnfimation using smaller field-strength clinical instruments h situ in human 

limb. 
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University of Manitoba. Thanks to Teny Woiowiec for teaching proper acquisition 
procedures on the spectmrneter and for al1 the time spent on consultations. Cinthya Vargas 
sectioned rnost tissue blocks post-NMR. Thanks to Dr. Toriy Shaw who assisted in LDA 
analysis and figure preparation. 



6. CHAPTER 3 FIGURES AND TABLES 

FIGURE 3.1 : Mdx average spectra f m  the uncrushed tibialis anterior (LTA). Spectra 

coilected from the high dose deflazaeart (HD) grw p are represented in Mue (n=6), the fow 

dose deflazacoit (LD) graip is in green (n=5), the prednisone-treated group (PR) is in red 

(nd)  and the placebo group (PL) is in ydow (nd). SEMs are not indudeti in these figures. 

Assignrnents are as shown in Chapter 2, Figure 2.1 (3.9 ppm - creatines; 3.4 pprn - taurine; 

3.2 ppm - taurine, cholines; 3.0 ppm - creatines; 1.3 pprn -iipid and lactate; 0.9 ppm - amino 

acids and lipid). Assignrnents do not imply these are the only metabolites contributing to the 

peaks. LDA classified the groups 95% correctly and the regions selected were at 4.4 ppm, 

3.62 ppm, 3.47 pprn and 0.23 pprn (see section 4.3 and Table 3.3). 

FIGURE 3.2: Mdx average spectra f m  the crushed tibiaiis anterior (RTA). Spectra and 

peaks are assigned as above. The groups were classified 54.2% correctly by LDA and the 

mgions selected were at 3.75 pprn, 1.97 ppm, 1 5 5  pprn and 0.95 ppm (see Table 3.4). 

FIGURE 3.3: Mdxaverage spectra from the diaphragm (DIA). Spectra and peaks are 

assigned as above. LDA classified grwps 81 .?% correctly and the regions selected were 

at 3.23 ppm, 3.05 ppm, 0.85 pprn and -0.02 pprn (see Table 3.5). 
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FIGURE 3.4: Mean I SEM of the ratio of HTZHT4 showing PL, HO and PR-treated LTA, 

RTA and DIA spectra in contrd and mamice. significantly different from PL. 

FIGURE 3.5: Mean I SEM of selected height and area ratios of PL-treated LTA, RTA-2d 

and RTA-4d control and mdxspecîra. AIIA3 and A1IM values are x l  02. In al1 cases for 

mdx RTA-2d differed from RTA4d. significantly different fKun LTA. 
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TABLE 3.1 : Summa y of treatment effects of peak heights, areas and ratios and the 
direction of aie effect. 

HTS 

Htl 

Ht2 

Ht3 

Ht4 

Ht5 

Ht6 

Ht112 

Ht1/3 

Ht114 

HtllS 

Hf Il6 

H m  

HW4 

Hm5 

H tîl6 

H t314 

Ht315 

lit316 

H t415 

H t416 

H m  

*: treatment effect or interaction (by 2-way N O V A )  
a: HD significantiy differs fmn PL in the LTA t-tests) 
b: PR significantly differs from PL in the LTA (t-tests) 
c: HD significantly differs from PR in the LTA (t-tests) 
d: HD significantly differs from PL in the RTA-4d (t-tests) 
e: HD significantiy differs from PL in the RTA-Pd (t-tests) 
11 1: increase or decrease in HD vs. PL(a), PR vs. PL@), HD vs. PR(c) or HD vs. PL(d.e) 



TABLE 3.2: Summary of regeneration effects of peak heights, areas and ratios and 
the direction of the effect. 

' -&TA. 2d. Contrd 
4d) (LTA. 4d) 

M&(LTA, Controi 
2d. 4d) (LTA, 4d) 

: treatrnent effect or interaction (by 2-way ANOVA) 
a: LTA significantly diffem from RTA-4d (t-tests) - placebo 
b: LTA significantly differs fmrn RTA-2d (t-tests) - placebo 
c: RTA-4d significantiy differs frorn RTA-2d (t-tests) - placebo 
t I l :  increase or decrease in LTA vs. RTA-4d(a), LTA vs. RTA-2d(b) or RTA-4d vs. RTA- 
2d(c) 



TABLE 3.3: LTA CLASSIFICATION TABLE 

Desired 1 -HO 2-PR 3 - LD 4-PL % correct 
class (or) 

- - - - - - - - - 

Totals 6 5 4 6 overal I 
95% 

TABLE 3.4: RTA CLASSIFICATION TABLE 

Oesired 1 -HD 2-PR 3-LD 4 -  PL % correct 
class (09 

Totals 5 5 5 7 overall 
54.2% 

TABLE 3.5: DIA CLASSIFICATION TABLE 

Oesired 1 -HO 2 -  PR 3 - LD 4 -  PL % correct 
cfass (of) 

- -- - - -  

Totals 6 7 4 5 overal l 
81.7% 



TA8tE 3.6: Mean peak heights (* SEM) of control and n&muscles treated with 
high dose deflazacort (HD). Key: dia=diaphagm; LTA=uncnished tibialis anterior; 
4d=crushed TA with 4 days recovery; 2d=cnished TA with 2 days recovery 

HTS 

TABLE 3.7: Mean peak heights (k SEM) of nidkrnuscles treated with low dose 
deflazacort (LD). 

Heights A& M& M& 1 dia (5) LTA (5) 4d (5) 
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TABLE 3.8: Mean peak heights (k SEM) of n&muscles treated with prednisone 

Heights klldK klba h m  
dia (5) LTA (5) (5) 

TA8LE 3.9: Mean peak heights (k SEM) of contml and &muscles treated with 
placebo (PL). 

HTS  MI^ klbbt kna Con Con 
dia(6) LTA(6) 4d(6) dia(1-3) LTA(4) 4d(4) 
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TABLE 3.10: Mean peak height ratios (*SEM) of contrd and mkmuscles treated 
with HD. 

Height 
ratios 
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TABLE 3.11: Mean peak height ratios (i SEM) of rndKmuscles treated with LD. 

Height 
ratios 
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TABLE 3.12: Mean peak height ratios (I SEM) of  muscles treated with PR. 

Height ratios 

Ht in  

HtV3 

Ht114 

HtiI5 

Ht1/6 

Ht213 

HtW4 

ti t2/5 

HtZ6 

Ht314 

Ht315 

Ht316 

lit415 

H t416 

Hm6 

*dia (5) IIMr LTA (5) WQd (5) 
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TABLE 3.13: Mean peak height ratios (*SEM) of contd and  muscles treated 
with m. 

Heigh t 
ratios 

Con Con Con 
dia(2) LTA(4) 4d(4) 



98 

TABLE 3.14: Mean peak areas (I SEM) of control and mdrmuscles treated with HD. 

- - 

Con Con Con 
dia(1-3) LTA(5) 4d(5) 

0.221 0.0881 0.1 31 I 

0.072 0.012 0.006 

0.0171 0.0121 0.015î 
0.004 0.003 0.001 

0.51 51 0.020* 0.0241 
0.01 5 0.004 0.002 

0.0421 0.026k 0.027* 
0.012 0.005 0.002 

0.856* 0.225* 0.331 I 
O. 346 0.034 0.061 

TABLE 3.15: Mean peak areas (I SEM) of a muscles treated with LD. 

Areas 1 -dia (5) Mtk LTA (5) -4d (5) 
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TABLE 3.1 6: Mean peak areas (I SEM) of m&rmuscles treated with PR. 

TABLE 3.17: Mean peak amas (î SEM) of contmi and m&muscles treated with PL. 

Con Con Con 
dia(1-3) iTA(5) 4d(5) 
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TABLE 3.1 8: Mean peak area ratios (I SEM) of control and n& muscles treated 
with HD. 

Area 
ratios 

Cori Con Con 
dia(3) LTA(5) 4d(5) 
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TABLE 3.19: Mean peak area ratios (i SEM) of  muscles treated with LD. 

Amas 

A1 /A2 

A1 /A3 

A1 /A4 

A1 /A5 

A21A3 

AUA4 

AUAS 

A31A4 

A3IA5 

MIAS 

-dia (5) kka LTA (5) -4d (5) 

8.30* 6.81 î 7.38î 
0.43 0.26 0.70 

3.81 * 3.94i 4.25î 
0.17 0.1 1 0.15 

4.1 5 î  3.37i 3.581 
0.10 0.08 0.18 

0.491 0.81 * 0.751 
0.05 0.05 0.06 

0.46k 0.58k 0.591 
0.03 0.01 0.03 

0.50* O.%* 0.49î 
0.03 0.02 0.02 

0.06k O. 121 0.161 
0.01 0.01 0.01 

1 .091 0.86* 0.841 
0.04 0.03 0.02 

O. 13î 0.21 O. 181 
0.0 1 0.01 0.01 

O. 121 0.241 0.21 I 
0.01 0.01 0.0 1 
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TABLE 3.20: Mean peak area ratios (i SEM) of mdvmuscles treated with PR. 
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TABLE 3.21: Mean peak area &os (I SEM) of contrd and m&muscles treated 
with PL, 

Area 
ratios 

C m  Con Con 
dia(2) LTA(4) 4d(4) 



CHAPTER 4 

1-H NMR SPECTROSCOPY OF DYSTROPHIC MDXSKELETAL MUSCLE 

PERCHLORlC AClD EXTRACTS: CHANGES WlTH DEFLAtACORT 

TREATMENT 
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1. ABSTRACT 

The m& mouse suffers from dystmphin-deficient rnyopathy identical to that 

obsenred in Duchenne muscular dystrophy (DMD). Glucocarücaids are the only treatments 

that alleviate the progression of DMD, and increase proliferaüon, fusion and gr& of mdr 

muscle. We were interested in studying wtiether high-resolution proton nuclear magnetic 

monance spectroscopy (1 -H NMR) of tissue extracts could detect the different phenotypes 

of control and m& muscle and of musdes that were treated with glucocorticoids. It was 

hypothesized that 1 )  control and mdx muscles would exhibit different spectral 

characteristics, and 2) spectra from extracts of defiazacort-treated animals would be 

different from the placebo group. Control and mdx (5.5 wks) limb and diaphragm (DIA) 

muscles were extracted with perchloric acid and prepared for 1-H NMR spectroscopy at 

SOOMHz. Another group of contra1 (5 wks) and mdx(3 wks) animals were treated with 

deflazacort or placebo for 4.5 weeks, at which tirne limb and DIA were collectecl and 

prepared for spectroscopy. The concentrations of valine, lactate, alanine, glutamate, 

succinate, glutamine, creatines, taurine, camitine, glycine and glume were measured from 

the spectra and cornpared between groups by t-tests. Lower levels of taurine and mrnitine 

were obsenred in mdxlimb and DIA compared to control. Additionally, glutamate, alanine 

and succinate were decreased in the mdxDlA, but increased with deflazacort-treatment in 

#&DIA muscles. Results indicate that these peaks rnay be useful markers for monitoring 

the etfectiveness of treatment and point to alterations in energy metabolism in mâx 

dystroph y. 



2. INTRODUCTION 

Nuclear magnetic resonance spectroscopy (NMR) is a tw l  which has potential for 

diagnosing and monitoring disease (Peeling & Sutheriand, 1992; Cazzaniga et al., 1994; 

BriBre et al., 1995). Duchenne muscular dystrophy (DMD) has been studied by 31 -P, 1342 

and 1-H NMR (Younkin et al., 1987; Bongers et al., 1992; Dunn et al., 1992; 1993; Schick 

et al.. 1993; Heinriksen, 1994). /n vivo 1-H NMR studies of pathological skeletal muscle 

focus on changes in the lipid resmances between 0.8 and 2.2 ppm. These resonances are 

larger in diseased musde, relate to the severity of muscle involvement (Badny et al.. 1989; 

Bongers et al., 1992), and differ in composition with disease (Barhy et al., 1989). Little 

work has been perfomied on smaller rn~tabolite signals (Le. taurine, alanine, camitine) in 

dystrophie muscle, particularly because the signals are difficult to distinguish by in vivo 

NMR, 

The analysis of acid extracts of tissues by high-resolution 1 -H NMR allows quantific- 

ation of smaller metabdite concentrations, aids in assignment of metabolites, and allows 

verfication of in vivoand ex vivospectmscopic results (Bell et al., 1994). Ptecise regional 

localization and correlation with histology is possible. In addition, extract analysis may be 

able to resolve the appearanceof new metabdites or changes in metabolite concentrations 

(other than lipids) due to pathological conditions, and subsequently allow monitoring of 

îreatment strategies. We are not aware of any 1-H NMR studies which have examined 

perchloric acid (PCA) extracts of DMD muscle or its animal rnoûel (the mdxmouse). 

Recent ex vivo 1-H NMR findings from Our laboratory (Chapters 2 8 3) show that: 
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1) spectra from control and mdx skeletal muscle are different, 2) the stages of mdx 

dystrophy can be monitored, 3) 'fferent musde types (diaphragm vs. tibialis anterior) 

exhibit distinct spectral patterns, 4) 1-H NMR detects differences between glucocorticoid 

treatrnents in mdxlimb muscle, and 5) the distinct stages of synchronous regeneration are 

detected in injured m&muscle. 

In this study, 1-H NMR was used to determine the concentration of water soluble 

metabolites in PCA extracts of contra1 and mdxrnuscle in order to further elucidate the 

metabolisrn of living nomal and dystrophie mdxrnuscle tissue. Subsequently, 1-H NMR was 

used to study extracts of muscles which were treated with deflazacort. The hypotheses of 

the studies were that: 1) spectra from control and mdxanimals would differ upon 1-H NMR 

examination of PCA extracts, and 2) spectra from controi and mdxanimals treated with 

deflazacort would differ fmm un treated counterparts. 

3. MATERIALS AND METHODS 

3.1. Animals 

Control (C57BV1OScSn) and mdxmiœ were maintained and housed according to 

the Canadian Council of Animal Cam at the University of Manitoba Animal Care Facility 

(Winnipeg, Manitoba). In the first part of the study, contra1 (n=6) and m&(n=5) mice aged 

5.5 weeks were killed by cenrical dislocation under anaesthetic and the limb muscles (tibialis 

anterior and gastmnemius) and diaphagm (DIA) were cdlected. In Me second part of the 

study, 5 week old contrd and 3 week old mdxmice were treated 4 t h  either deflazacort 
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(1.2mg/kg body weight; Marion Merrell Dow Inc., Laval, Québec; n=6 for mdxand 5 for 

con Vol) or placebo (Methûcel, CI BA Vision, Mississauga, ON ; n=5 for mdxand 4 for con trol) 

for 4.5 weeks. At the completion of the treatment period, the DIA and limb muscles were 

cdlected. 

3.2. Tissue preparation 

Iltuscle tissues were rapidly removed from animals, fmzen in liquid nitrogen, 

weighed and stored in a JO°C freezer until perfaming the extraction procedure (Peeling 

& Sutherland, 1992; 1993). Each sample was homogenizeâ (POLMRON, Kinematica 

Aggregate, Switzerland) on ice in 0.3M cold perchloric acid (Iml per 100rng tissue). The 

homogenate was centrifuged for 20 minutes at 6000rpm at 0% and the clear supematant 

was collected in a clean tube and refrigerated. The precipitate was extracted again with 1 ml 

of cold 0.3M perchloric acid, the sample was centrifuged in the same manner as previous 

and the supematants were pooled. Samples were then neuttalized with cold 1 .SM UOH to 

pH 7.0 (* 0.2), centrifuged, and the supematant was collected, leaving the salt particles 

behind. After lyophilizing ovemight, 1 ml of D,O was added to the dry extracts which were 

then brought to pH 7.25 (* 0.2) with NaOD and DCI. Samples were lyophilized again and 

stored. The day before perfonning spectroscopy, 0.60 ml of 1.5mM TSP (sodium 3- 

tnmethysilylpropionate; a chemical shift reference) in D,O was added to the dry extract the 

pH was checked and the sample was pipettecl into a clean 5mm NMR tube. 

3.3. Spedroscopy and analysis 

1-H NMR spectra were obtained at 300K with a Bruker AMX-500 spectrometer 
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locked to the D,O resonance. For each sample, 160 FlDs were acatmubted in 16K of 

memary using a sweep width of 7042.25 Hz (acquisition time of 1.16 seconds). Exponential 

multiplication (LB=l) and Fourier transformation were applied to give the NMR spectrum. 

The assignrnent of the peaks in the PCAextracts to the major metabolites of interest 

(valine, iactate, alanine, glutamate, succinate, glutamine, creatines, carnithe, taurine, 

glycine, glucose) were made on the basis of literature chemical shift values for extracts of 

skeletal muscle (Anis et al., l984a; Anis 8 Bainy, 1986; Venkatasubramanian et al., 

1986), lymphocytes (Sze 8 Jardetzky, 1990; 1994), colon (Moreno 8 An% 1996) and pure 

compounds, and had the expected pH behaviourand J-couplings. Metaboliteconcentrations 

were detemined by comparing the integrated intensities of the resonances of irierest with 

the TSP signal, comcting for the number of contributing prctons and for the tissue weight. 

The resonances integrated are those assigned in Figure 4.1. 

Statistical wmparisons were performed by unpaired t-tests. Results are expressed 

as mean I standard emr of the mean (SEM). 

4. RESULTS 

4.1. Spectral characteristics 

The metabolites of interest in K A  extracts (see Figs 4.1,4.2 and 4.3 and Appendix 

A) were clearly differentiated and assigned to valine (CH, doublet; 1 .O5 ppm), lactate (CH, 

doublet; 1.33 ppm and CH quartet; 4.1 1 pprn), alanine (CH, doublet; 1.47 ppm) , glutamate 

(CH, triplet of doublets; 2.35 ppm), succinate (CH, singlet; 2.41 ppm), glutamine (CH, 
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complex; 2.45 pprn), creatines (CH, singlet; 3.04 pprn and CH, singlet; 3.93 pprn), camitine 

(N-CH, singlet; 3.23 pprn), taurine (SÇH, triplet; 3.26 pprn and NGH, triplet; 3.42 pprn), 

glycine (CH, singlet; 3.56 ppm) and glucose (CH doublet; 4.65 ppm) at a pH of 7.25 (I 0.2). 

Two resonances conûibuting to taurine (3.26 and 3.42 pprn). creatine (3.04 and 3.93 ppm) 

and lactate (1.33 and 4.12 ppm) were integrated as an intemal check, and concentrations 

were found to differ by less than 0.04pmoUg for the two lactate peaks, 0.1 8pmolfg for 

creatines and 0.07prnoUg for taurine. Statistics were perfmed on the peak at 1.33 pprn 

for lactate, 3.04 pprn for creatines and 3.26 pprn for taurine. 

Minor variations in chemical shifts of the taurine and carnitine peaks were obsewed. 

In these instances, the SCH, of taurineshifted toward 3.23 ppm, the N-CH, groupof taurine 

resonated around 3.32 ppm and carnitine shifted toward 3.21 ppm. Slight variations in pH 

values are the cause of the shifting. A clear carnitine peak could not be distinguished in the 

3.23 pprn region for 2 spectra in part 1 of the study. In part 2 of the study, camitine, valine, 

glutamate, succinate, glutamine and glycine ofkn could not be distinguished fmm the 

baseline, probably because the mass of those samples was less than 30mg andor due to 

poor shimming (i.e. a poor signal to noise ratio). In addition, conhl spectra from part 2 of 

the study were cantaminated with alcahols (methanol and ethanol) from an unknom 

source. The peaks of interest were integrated regardless of chemical shift or contamination 

because signal intensity should not be affecteci by pH (Nakajima et al., 1994). The majority 

of the acquired spectra were very clean and distinct peaks could be identified. 



4.2. Part 1 - Control vs. mak 

Figures 4.1 and 4.2 show spectra of typical control and mdxlimb muscle extracts 

No extra or different peaks were present in mdx muscle, but there were changes in the 

concentration of some metabolites. For the limb muscle extracts (Table 4.1 j, peaks 

attributed ta camitine and taurine were significantly l e s  in mdx compared to wntrol 

muscles. This area is enlaiged in Fig 4.2. In DIA musde extracts (Table 4.2), alanine, 

glutamate, succinate, creatine, taurine and glycine peaks were significantiy less in mdx(Fig 

4.3) compared to control muscles. The glutamate-succinate-glutamine region is enlarged 

in Fig 4.3. 

4.3. Part 2 - Placebo vs. deflazacott 

No extra peaks were obsewed with defiazacort-treatment, but changes in the 

concentrations of some metabolites were evident. Control and mdxspectra could not be 

directly compared in this part because they were not age-rnatched. However, it was still 

possible to determine effects of treatment in both strains. 

In control limb (Table 4.3), the concentrations of creatine and taurine were greater 

in deflazacort-treated muscles. In conhi DIA (Table 4.4), lactate, alanine and glutamate 

were l e s  in deflazacort-treated muscles. In mdx limb (Table 4.5), the concentrations of 

lactate, glutamate and glutamine were less in deflazacart-treated muscles. In mdx DIA 

(TaMe 4.6), valine and glutamate were significantly greater, M i le  carnitine was significantly 

less in deflazacort-treated muscles. 
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5. DISCUSSION 

This report shows that high-resolution 1-H NMR is a sensitive method for 

distinguishing differences in metabolite levels between PCA extracts of control and 

dystrophie mdx muscles. In addition, specboscopic differences exist between muscles of 

mice treated with deflazamrt or placeba. The differences in metabolite concentrations 

measured by 1-H NMR must be due to differences in cellular composition and metabolism, 

but are not easily interpreted and the causes are undoubtedlycomplex. The results indicate 

that mdr muscles exhibit alterations in energy metabolism as previously reported by 31 -P 

NMR (Dunn et al., 1993; McCully et al., 1994; Camifia et al., 1995) and that treatment with 

deflazacort partially corrects this disorder. 

5.1. Part 1 - Control vs. m k  

5.1 A .  Limb results Camitine and taurine were significantly different between 

control and mdxlirnb muscle extracts. A corresponding peak, midi has contributions from 

both taurine and carnitine protons in ex vivo 1 4  NMR spectral consistently differed between 

control and mdx muscle (Chapters 2 & 3). Therefore, 1-H NMR spectmscopic results of 

PCA extracts are consistent with ex vivo findings. 

Since taurine plays a role in cell proliferation and viability (Wright et al., 1986; 

Huxtable, l992), decreased taurine levels in mdxlirnb (and DIA) likely reflect a very active 

response to dystrophy at 5.5 weeks of age. Similar results were found in young and 

adolescent mdxmuscles by ex vivo NMR (Chapter 2). It is expected that taurine levels will 

be greater in tissue extracts fmm older mdxmice, reflecting increased membrane stability 
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and decreased proliferation in these muscles. 

Camitine is an essential molecule for transport of long-chain fatty acids into the 

mitochondria and therefare, plays a key d e  in regulating fatty acid oxidation in the 

rnitochondria (Hiatt et al., 1989). Studies on DMD (Thomson 8 Smith, 1978; Berthillier et al., 

1982; Carnifia et al., 1995) and other foms of neuromuscular disorders (Ven katasub 

ramanian et al ., 19û6) show decreased levels of muscle camitine cornpared to controls. In 

DMD, fevels are decreased to a greater extent in early dystrophy (Berthillier et al., t982), 

and thus do not relate to the severity of the disease. In addition, carnitine is decreased in 

rat skeletal muscle during regeneration induœd by bupivacaine (Czyzewski et al., 1983). 

These results, taken together with our NMR findings of decreased camitine in the activefy- 

regenerating mdxmouse, suggest that: 1) decreases in muscle carnitine content may relate 

to muscle fiber regeneration rather than to a specific biochemical defect, or 2) disruption of 

lipid rnetabolism or mitochondrial function occurs in dystrophy. If the latter is tme, metabolic 

alterations could be secondary to membrane alterations caused by the lack of dystrophin 

(CamiAa et al., 1995), but are not the cause of necmsis since necrotic fibers are not 

observed in primary camitine myopathies (Engel et al., 1977; Rebouche & Engel, 1984). It 

is important to follow this metabolite over time by 1-H NMR to determine whether it 

approaches normal levels in older stable nrdx muscle, especially because 31-P NMR 

studies suggest that old mdxmusde adapts to a initial defect in oxidative rnetabolism (Dunn 

et al., 1993). 

5.1.2. DIA results As observed in the limb muscle, taurine and camitine stores 
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were decreased in the mdxDlA compared to the control DIA. The carnitine difference was 

not sbtistically signficant, probably due to a low n value. It is suggested that these 

metabolites are valuable markers for mdx regeneraüon for the same reasons as stated 

above (section 5.1.1 ) and in Chapters 2 and 3. 

Additionally, alanine, glutamate and succinate çoncentrations were l e s  in m& 

compared to control DIA. The additions! significant findings are IiWy due to the fact that the 

mdxDlA is more affected by the dystrophie process at 5.5 weeks of age than age-matched 

limb muscles (Stedman et al., 1991 ; Dupont-Versteegden 8 McCaRer, 1992; Louboutin et 

al., 1993), making NMR-visible differences even greater between contrd and m&DIA than 

between control and mdxlimb muscle. The reduœd metabolite values in mdxDlA extracts 

may be due to decreased energy metabolism, as suggested by Decrouy et al. (1 993), or to 

decreased muscle m a s  (Le. more fibmsis and adipose tissue; les myofibers) in mdxDlA 

cornpared to contrd DIA. Since mdxmuscle glucose levels were not significantiy different 

f m  control muscle by aur 1-H NMR analysis, reduced energy metabolism in mdxmuscle 

is probably due to decreased oxidative utilization of glucose and free fatty acids (Even et 

al., 1994; Mokhatarian h Even, 1996). It is postulated that dystmphin in nomal muscle 

might associate with metabalic enzyme complexes and determine the overall eftïciency of 

metabalic pathways (Chinet et al., 1994). 

5.2. Part 2 - Placebo vs. deflazawrt 

5.2.1. Limb iewlts The significant decrease of glutamate and glutamine in treated 

mdx limb is difficult to interpret. It was expected that these metabolites would not ôe 
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reduced in amount, since deflazacort inaeases myogenesis (Anderson et al., l996b). It may 

be that small sample weights and a low number of sarnples skewed the results. Alter- 

natively, defiazacort may increase the amount of degeneration in mdxlimb muscles (with 

a subsequent increase in muscle precursor proliferation; Anderson et al., 1996b). Thus, 

glutamate and glutamine may be markers for increased degeneration. especially since they 

becorne depleted in catabolic states (Rennie et al., 1996). 

5.2.2. DIA rssufts In non-regenerating skeletd muscle. glucocorticoid treatrnent 

is catabolic and causes muscle wasting and weakness (Kelly et al., 19û6). In addition, 

deflazacort treatment results in general fiber atrophy and changes in controi DIA 

contractility, more so than prednisone (Dekhuijzen et al., 1993). These reports support our 

findings of reduced amounts of alanine and glutamate in control treated DIA. Thus, 

glucocorticoids do not have a beneficial effect in non-pathologie muscle. The presence of 

constant low-level regeneration in mdxmuscle must render it susceptible to the beneficial 

effects of glucocorticoids. 

1-H NMR spectroscopy of muscle PCA extracts were better at monitoring treatment 

changes in the DIA than in ex vivospectroscopy (Chapter 3). probably because the sample 

was more homogenous in solution than in its thin delicate ex vivo state. Glutamate, 

glutamine and valine concentrations were greater in treated DIA, and approached control 

levels. DeflazacaR decreaçed the number of dystrophie lesions in the DIA (Anderson et al., 

1996b). Therefore, the increase in glutamate, glutamine and valine may be useful markers 

of decreased dystrophy. Since dystrophin-revertants are few before and after treatment in 
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these mdx muscles (unpublished observations), linkage of glycolysis and the citric acid 

cycle to cytoskeletal organization (Chinet et al., 1994) probably does not account for the 

greater metabolite concentrations with deflazacort. 

5.3. Summary 

In the future, it is important to assess the potential of using the differences in taurine, 

carnitine, glutamate, succinate and glutamine as diagnostic aids with in vivo NMR 

spectroscopy, remembering that the field strength of clinical magnets is considerably l e s  

than used in this study. It is probably not pradical to examine changes in alanine. valine, 

lactate or creatine concentrations in t iva  Alanine and valine are present in very srnall 

amounts and integration in noisy in vivo spectra is probably not passible. Norrnally, lactate 

is over-shadowed by broad lipid resonanœs h vivo. Spectral editing is possible (Bloch et 

al., 1995; Shen et al., 1996), but that process may also obliterate other metabolites of 

interest. Recent evidence points to the existence of an inhomogeneous pool of creatine in 

skeletal muscle and that additional compounds rnay be present in this region of the 

spectrum (Styles et al., 1996). For the reasons mentioned above, interpretation in changes 

in creatice, alanine, valine or lactate were not attempted. 

On the other hand, it is felt that camitine and taurine are valuable markers for 

regeneration, white glutamate, glutamine and succinate mark degeneration. These 

metabolites should be studied in more detail by 1-H NMR spectroscopy over the entire 

course of mdxd ystroph y. The dependence of metabolite levels on the success of treatment 

suggests that in vivo 1-H NMR spectroscopy might eventually be an effective means of non- 



invasively monitoring the degree of pathology in DMD patients. 
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6. CHAPTER 4 FIGURES AND TABLES: 

FIGURE 4.1 : A representative 1-H NMR spectrum of a PCA extract of control limb muscle. 

lntegrated peaks are indicated. 1-valine; 2-lactate; 3-alanine; 4glutarnate; Ssuccinate; 6- 

glutamine; 7-creatines; &carnithe; $taurine; 10-taurine; 1 1 -glycine; 12-creatines; 13- 

lactate; 14-glucose. See text and Appendix A for the NMR-visible protons and structure. 

FIGURE 4.2: A representative 1-H NMR spectrum of a PCA extract of mdxlimb muscle. 

Similar peaks are present as in the contml spectrum (Fig 4.1). The region from 3.6 to 3.2 

ppm is enlarged to show taurine (9 and 10) and carnitine (8) peaks. The concentration of 

these metabolites were reduced in mdx limb cornpared to contrai limb. TSP-reference 

solution. 

FIGURE 4.3: A representative 1-H NMR spectrum of a PCA extract of mdxOlA muscle. 

The region from 2.5 to 2.3 ppm is enlarged in order ta show the glutamate (4), succinate (5) 

and glutamine (6) peaks. The concentration of these metabolites were reduced in mdxDlA 

compared to contra1 DIA. The concentration of glutamate increased with deflazacort 

treatrnent in the m& DIA. TSP-reference solution. 









TABLE 4.1: Mean (&SEM) concentrations (pmoUg) of metames of interest fmm 
1-H NMR spectra of perchlonc acid extracts of LIMB muscles from 5.5 week old 
contrd and Rnmirmice. denotes significance by t-tests (p<O.OS). 

Metabdite 
-- - - -- - - - - - 

valine 

lactate 

alanine 

glutamate 

succinate 

glutamine 

creatines 

camitine (';p=0.02) 

taurine (*;p=O.O5) 

glycine 

glucose 



TABLE 4.2: Mean (*SEM) concentrations (pmoUg) of metabdites af interest from 
1 -H NMR spectm of perchloric acid extracts of DIAPH RAGM muscles from 5.5 week 
dd  contrd and &mice. denotes significance by t-tests (p<O.OS). 

Metabdite 

valine 

lactate 

alanine C;~=0.05) 

glutamate C;p=0.04) 

succinate (';p=0.04) 

glutamine 

creatines C;p=0.003) 

camitine 

taurine (';p=0.05) 

glycine (";p=O.O5) 

glucose 



TABLE 4.3: Mean (*SEM) concentrations (pmoUg) of metabdites of interest from 
l-H NMR spectra of perchloric acid extracts of deflazacod- or placebdreated 
contrd LlMB muscles (9.5 weelrs of age). denotes significance by t-tests (p<0.05). 

Metabolite 

valine 

lactate 

alanine 

glutamate 

succinate 

glutamine 

creatines C;p=O.Ol) 

carnitine 

taurine (';p=O.Ol) 

glycine 

glucose 



TABLE 4.4: Mean {*SEM) concentraüons (pmoVg) of metabolites of interest from 
1-H NMR spectra of perchloric acid extracts of deflazacort- or placebbtreated 
m t d  DIAPHRAGM muscles (9.5 weeks of age). denotes significanœ by t-tests 

Metabolite 

valine 

lactate (';p=0.02) 

alanine (';p=0.05) 

glutamate (';p=O.OS) 

sucanate 

glutamine 

creatines 

camitine 

taurine 

glycine 

glucose 

- - 

Contrd placebo 



TABLE 4.5: Mean (*SEM) coricentrations (pmollg) of metabolites of interest fram 
1 4  NMR spectra of pezhkric acid extra* of deflazacort- or placebtreated nndr 
LlM B muscles (1.5 weeks d age). denotes significance by t-tests (p<0.05). 

Metabolite 

valine 

lactate (*;p=0.04) 

alanine 

glutamate (*;p=0.02) 

succinate 

glutamine (*;p=0.05) 

creatines 

camitine 

taurine 

glycine 

giucose 



TABLE 4.6: Mean (*SEM) conceritrations (pmollg) of metabolites of interest fmm 
1-H NMR spectra of perchloric acid extracts of defiazacort- or plac8bo.treated m& 
DIAPHRAGM muscles (7.5 weeks of age). denotes significance by t-tests (p<0.05). 

valine (';p=0.03) 

lactate 

alanine 

glutamate C;p=0.02) 

succinate 

glutamine 

creatines 

camitine (';p=0.03) 

taurine 

glycine 

glucose 



CHAPTER 5 

MAGNETIC RESONANCE IMAGlNG OF REGENERATING DYSTROPHIC MDX 

MUSCLE 
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1. ABSTRACT 

Magnetic resonance imaging (MRI) allows serial visualization of living musde. In this 

study, MRi was used to foliow dystrophy and regeneration in the mdx mouse, a genetic 

homologue to human Duchenne muscular dystrophy (DMD). It was hypothesized that MRI 

would distinguish mdx dystrophy fmm control muscle and that regenerating areas 

(spontaneous and after an imposeci injury) would be evident. T2-weighted images of 

hindlimb muscles were obtained on anaesthetized mice in a horizontal bore 7.1T 

experimental magnet. MdK muscle images appeared inhomageneous in comparison to 

control images. Foci of high intensity areas in mdxMR images corresponded to dystrophie 

lesions as obsenied in the same muscles after histological sectioning. In addition, it was 

possible to chronologically follow the extent of injury and repair after an imposed crush to 

mdxmuscle (at O, 1, 2, 3,4,7.9, and 21 days after crush). There were no apparent side- 

effects of repeated MRI at 7.1 T on mice or muscle. These results should make it possible 

to obtain meaningful magnetic resonanœ spectra from a volume of muscle deemeâ 

appropriate by rnagnetic resonance images (i.e. regenerating, degenerating. normal 

muscle). 



2. INTRODUCTION 

Magnetic resonanœ irnaging (MRI) is an important diagnostic imaging modality that 

is widely used clinically. It has been used in preliminary studies of Duchenne muscular 

dysûoph y (DMD) . DMD is charactenzed by adipose and fibrous replacement of degenerated 

muscle fibers (Partridge, 1993), thus MRI studies have focused on monitoring the severity 

of the disease by the degree of fat infiltration (Murphy et al., 1986; Lamminen, 1990; 

Phoenix et al., 1996). However, the degree of fat infiltration may not be the most successful 

measure for monitoring the eflects of treatment in the early stages of DMD, before adipose 

and fibrotic tissues are deposited. 

In contrast to DMD, its animal equivalent, the m& mouse (Bumeld et al., 19û4), 

presents very little adipose tissue infiltration and responds to dystrophy by successful limb 

muscle repair (Dangain & Vrbova, 1984; Anderson et al., 1987; 1988; Carnwath & Shotton , 

1987). Therefore, this study used the mdxmouse for MRI studies. The purpose was to 

create visual MRI maps of regenerating mdxmuscle as a first step in the ultimate goals of 

monitoring treatment and studying regeneration by in vivospectroscopy. Proton maps alhw 

meaningful spectra to be obtained from a volume of appropriate muscle (Le. regenerating, 

degenerating, normal). It was hypothesized: 1) that MRI would distinguish mdxdystrophy 

from control muscle, and 2) areas regenerating aftet an injury would be evident on MR 

images. 



3. MATERIALS AND METHODS 

3.1. Animals 

The lower limb was studied by MRI in contrd (C57BVlOScSn) and mdxmice aged 

2 - 2.5 months. Maintenance and handling of animals was carried out according to the 

Canadian Council on Animal Care. 

Limb muscles from contrd (n=3) and mdx(n=3) mice were examined by cross and 

longitudinal MR images. lmmediately after imaging, one m& mwse was sacrificed by 

ceMcal dislocation under anaesthetic, and the posterior cornpartment muscles (soleus, 

gastracnemius, tibialis posterior, plantaris) were frozen for histology. 

Mdx (n=8) limb muscles were examined at O, 1, 2, 3, 4, 7, 9 and 2t days after a 

crush injury (McGeachie 8 Grounds, 1987; Mclntosh et al., 1994) to the gastrocnemius 

muscle. The gastrocnemilis (rather than the tibialis anterior) was crushed due to the larger 

size of the muscle and greater ease in positioning it for MR examination. Sutures were 

placed in the fascia on either side of the crushed muscle for structural reference in MR 

images, since silk sutures were black in images (Fig 5.2). At least 2 images from different 

mice were collected at each time point. Two mice were studied at each time point over the 

entire period, while one mouse was killed at recavery days O, 1,2,4 and 7 immediately after 

MRI. The posterior wmparbnent muscles of these mice were embedded for histology. 

3.2. MRI 

MR imaging was performed on a Bruker MSL-X Biospec 7/21 Spectrometerafter the 

method of Grauman et al. (1 986). Animals were anaesthetized with ketamine - xylazine (1 : 1 : 
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0.01 cd1 Og body weight) and positioned on their stornach with the hindlimb outstretched and 

genUy taped in place. A 1.5 x 2.0crn surface ail was situated directly above the belly of the 

gastrocnemius muscle. The centre of the coil was positioned over the centre of the cnish 

by carefut measurement. The rnouse was then placed in the centre of the horizontal bore 

magnet. 

Five to six T2-weighted spin-echoes of each limb were collectecl which had a rnatrix 

size of 256 x 256 (field of view = 3cm x 3cm). The TE times were nomally 13.1,26.2,39.3, 

52.4 and 65.5. Images from the 4th echo are shown (TR=1500). The acquisition time was 

28 minutes. Slice thickness was Imm. with a lmrn gap between slices. 

3.3. Histology 

The posterior cornpartment muscles of one uninjured mdxrnouse and of mdxmice 

allawed ta recover for 0, 1, 2, 4 and 7 days after the injury were quickly dissected, placed 

in Tissue-Tek O.C.T. compound and oriented for cross-sectioning. They were then fmzen 

in isopentane on dry ice at -50°C. The entire muscle block was sectioned (6pm sections) 

seriatly onto glas slides, making note of any lost sections. The sections were then stained 

with Hemotoxylin and Eosin (HE) .  Using this method, we were able to roughly determine 

the extent of the cmsh and of dystrophie lesions in cross sections. 

4. RESULTS 

Mice could be placed in the magnet multiple tirnes under anaesthetic with no obvious 

detrimental effectç. This allowed monitoring of two mdxmice ove? the entire pre-cnish and 
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recovery period. Examination time could not exceed 2 hours in duration, at which tirne mice 

came out of the anaesthetic. 

4.1. Control and n& images 

Discrimination of individual muscles was possible in longitudinal images of wntrol 

and mdx hindlimb muscles (Fig 5.1a 8 5.1b). The soleus muscle was identified as a thin 

strip in the midline running from the Adiilles tendon to the triangular area of the popliteal 

fossa (white area). The gastracnemius surrwnds this muscle supedicially, laterally and 

medially. In addition, the hamstring muscles were viewed above and attaching on either side 

of the popliteal area. Control and mdx muscles appeared relatively homogenous in 

longitudinal section. 

Individual muscles were harder to discriminate in cross sectional images of control 

and mdxhindlimb (Fig 5.1 c & S.ld). The cavity of the tibia was cleaily identified. No fat was 

present in bone manow inside the cavity of the tibia at this age in the mice. Control images 

of muscle were homogenous, while mdxirnages of the same musdes appeared inhomo- 

geneous. Focal areas of high signal intensity were observed in mok muscle (Fig 5.1 d, 

amrws). Histdogical sections of the posterior cornpartment muscles frorir this mouse 

showed dystrophie Mons  (Figs 5.3a & 5.3b) corresponding to the lighter intensity areas, 

which extended approximately over the Imm thickness of the MRI slice (about 140,6pm 

sections). There was little or no adipose tissue in the mdx muscle sections, although 

subcutaneous fat and popliteal tissues did show up in MRls. 
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4.2. Images from cnish-injured muscles 

The extent of the crush-injury could be viewed both in longitudinal and cross- 

sectional MR images (Fig 5.2; anows) as high-intensity areas, likely due to edema at the 

injury site soon after crush. There was liffle ditference between the injured areas at 1 and 

2 days post cm&-injury. However, by 3 days post-cnish, the extent of the injured area had 

decreased and was a bright shell around a darker ceritml region, suggesüng that edema 

resolves rapidly with phagocytosis of the cnish site. This continueci over 4, 7 and 9 days, 

until at 21 days (Fig 5.2 bottom) the injured area could hardly be distinguished on the 

image. Small focal areas of high intensity were observed in the parts of the limb not directly 

affected by the injury, and were once again consistent with dystmphic lesions on histological 

examination. The histological features of the cnish-injured area were as previously reported 

(Mclntosh et al., 1994). A section from the crush-injured muscle after 2 days of reaivery is 

shown (Fig 5.3~).  

5. DISCUSSION 

This is the first study to report that the extent of dystmphic and imposed Iesions can 

be lacalized and assessed by MRI of mdxmuscles. Results are confimed by histological 

observation of tissues from identical muscles. These proton images of skeletal muscle 

should allow precise localization of dystmphic and regenerating foci for studies by in vivo 

magnetic resonance spectroscupy. 

The methad of quantifying percent fat infiltration is diable and helps to determine 
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the severity of advanced disease (Murphy et al., 1986; Phoenix et al., 1996). However, 

visual grading techniques are probably not rigaraus enough ta distinguish between small 

differences in muscle composition, such as may be fwnd in response to treatment 

Eventually it is hoped that treatment will occur before adipose deposition occurs in DMD. 

Therefore, mapping mdxdystrophy, which has no interfering adipose tissue, is an important 

step to the overall goal of monitoring treatment changes in eady DMD. The presence of 

dystrophic lesions was not reported in any MRI studies of DMD patients, probably because 

dystrophy was exarnined in advanced stages. In addition, it is difficult to confirm the 

meaning of MRI visible changes in DMD without biopsy analysis of the area sampled by 

magnetic resonance. 

Not only can dystrophic areas be identified by MRI, but the extent of an irnposed 

injury can also be visualized. Dystrophie lesions includedegeneratingrnyofibers. phagocytic 

celfs, proliferating muscle precursor cells and fusing myoblasts at many different stages. 

Alternatively, a crush-injury allows study of a synchronous muscle repair sequence, and has 

been well-characterized (Le. McGeachie 8 Grounds, 1987; Grounds & McGeachie, 1992; 

Mclntosh et al., 1994; Pemitsky et al., 1996). Therefore, localization of the injury can now 

be used in conjunction with rnagnetic resonance spectroscopy (MRS). Spectra should be 

interpreted based on the predominant event at the particular time point examined (i.e. 

degeneration and inflammation at 0-1 days; muscle precursor cell proliferation at 2 and 3 

days ; fusion into m yotu bes at 4-7 days; nomal phenotype with cen trall y-n ucleated fibers 

at 21 days). 
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Ideally, spectroscopie imaging would have k e n  performed on the localized cmsh- 

injured dystrophic muscles. Spectroscopie imaging divides an area of interest into small 

voxels (2.5 x 2.5mrn), resulting in a proton spectral map of the area of interest. 

Theoretically, specta from: i) dystrophic lesions, 2) muscle regeneating after an irnposed 

injury, and 3) normal muscle could be obtained during me imaging session of a single 

animal. We perfonned many trials in an attempt at these ends. The best result is shown in 

Figure 5.4. This took 46 minutes and resulting spectra were not informative. Spectra were 

very noisy, making peak assignment and quantification impossible. Spectral resolution 

should be possible at this magnetic field strength in vivo. However, it was concluded that 

the receiver coi1 was not of an appropriate sire for examination of mouse limbs (Le. it was 

t m  large). The result was poor signal to noise. ln addition, suppression of the large lipid 

signal spanning the 1.3 ppm area should be used in order to visualize the srnaller 

metabolite peaks (e.g. taurine). The potential of this method is obvious and will be pursued. 

This study provides a baseline for further magnetic resonance imaging and 

spectroscopy studies of dystrophy. The aWlity to non-invasively follow the progression of 

mdx dystmphy and treatment effects should prove very informative. Although subject 

muscles will be larger, it rernains to be seen whether dystrophic lesions will be resolved in 

lower field clinical strength rnagnets. 

Acknawledgements: These studies were perforrneâ at the ln vivo NMR Lab. University 
of Manitoba. Thanks ta Dr. Richard Buist for assistance and expertise in MR imaging. 
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middle area in Fig 5.2d). Small musde precursors and inflammatory cells c m  be viewed 

invading the area. The fibroüc region which seems to separate the histological section in the 

top middle part of the photo is faintly observed in the image. Bar = 200pm. 

FIGURE 5.4: A result of one spectroscopie irnaging trial. 

a) The crushed area is indicated by the a m .  This image is inverted compared to Figures 

5.1 and 5.2. 

b) The left top panel shows the muscle divided into srnall voxels from which spectra were 

acquired. The spectmm at the bottom is the best result and is fmm the encircled voxel in 

the upper left panel. A broad lipid signal is present between O and 2 ppm, while another 

broad signal is present at around 3 ppm. This is the area where the taurine and creatine 

peaks appeared in ex vivo and extract musde specba. These peaks cannot be assigned 

in this spectrum. 



a )  control b)  inds 



a) 1 d recovery b) 2d recoveiy 

c) 1 d recovery d) 2d recovery 

ci) 3d recovery 







GENERAL DISCUSSION 



1. SUMMARY 

This woik pmides strong indication of the potential of 1-H NMR specboscopy for 

characterizing and monitoring disease states. Together, ex vivo (Chapters 2 and 3), h viîW 

(Chapter4), and in vivo(Chapter 5) appoaches of NMR helped to elucidate the metabolism 

of living normal conboi and dystrophic mdxmuscle tissue. Each appmach gives different 

and unique information that, when i n ~ a t e d ,  provide a unique view of the disease of 

muscular dystrophy. The studies reported in each chapter lay cmaal groundwodcfor in vivo 

spectroscopy of dystropfiic tissue. 

The data reported in Chapter 2 provide a 1-H NMR profile of nonal  and mdx 

muscle dunng growth and dystrophy. It was concluded that ex vivo 1-H NMR differentially 

discriminates: 1) normal wntrol and mdxdystrophic muscle, 2) developmental stages in 

nomal growth, 3) the three stages of mdxdystrophy, and 4) mild and severe dystrophic 

musde phenotypes. Of particular interest was the finding that the mdx phenotype was 

identified before the onset of histologically evident dystrophic necrosis. Spectral features 

which contributed to the discrimination of mdxmuscle were correlated to the phenotype of 

the muscle by histological rneasures of accumulated muscle repair. Information obtaineâ 

from this study allowed standardization of a typical dystrophic spectrurn against the 

yxpected normal population at that age, and a number of possible peaks were suggested 

for further examination (see Chapter 2; Table 2.1). These included peaks due to proton 

resonanœs of the free intracellular amino acid tau rine. 

The data reported in Chapter 3 indicate that treatments in dystrophic musde can be 





2. METHOD OF SPECTRAL ANALYSE 

2.1. Peak height and area measurements 

Ex vivo studies were not cancernecl with detailed assignrnents of metabolites, but 

rather on detecting any spectral characterisacs which muld mark growth, the progression 

of dystrophy, and regeneration (including treatment effets) (Chapters 2 8 3). A diable and 

repmducible rneaiod of quantification was established (see Chapter2). Area measurernents 

from ex vivo 1-H NMR spectra were semiquantitative, since the spectral dispersion and 

resolution of separate peaks were quite low, and quantification of individual metabolites was 

difiicult. The "area of signal groups" (Al, A2, etc) with contributions from more than one 

metabolite (corrected for amount of tissue and intensity of the reference; suggested by 

Kuesel et al., 1992) was measured in eix vivo spectra. Since al1 samples were obtained and 

handled in exactly the sarne mariner in tissue studies, the clear differences found in area 

signals were real and were interpreted in terms of differences in cellular composition and 

metabolism. Peak heights were also measured in the ex vivostudies because the peaks of 

interest overiapped with adjacent peaks. Peak height is a valid alternative for quantifying 

isolated resonances, although it does not correlate to metabolite concentration. In 

conclusion, although the ex vivo data are semi-quantitative, they reliably characterized 

different treatment groups, stages of dystrophy, and strains (control vs. rndx), and were 

supported by data from 1-H NMR studies of extracts. 

1 -H NMR spectra of PCA extracts (Chapter 4) of contro! and mdxmuscle allowed 

much more detailed assignments. In contrast with ex vivospecba, signal intensity in extract 
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specta varies directly with concentration (Nakajima et al., 1994). Therefore, after correcting 

for tissue mas, intensity of the reference solution and numberof protons wnûibuting to the 

peak, the area under the peak represents metabolite concentration. Peak areas are more 

sensitive to changes since they take into account the entire area of the peak (not an 

average of a doublet, for exampie, as in height measurements). Thus, it is felt that the 

changes obsewed in the extract studies were alrnost entirely due to changes in 

concentrations of isolated assigned peaks (i.e. taurine and camitine). Animal strains and 

treatment groups were discriminated in th: 1s manner. 

2.2. Linear discriminant analysis (LDA) 

It is often diffcult to extract relevant and important biological infomation from a 

cornplex spectrum; this results in only a fraction of available information k i ng  used in a 

given typical analysis. LDA of an entire spectrum decreases the emphasis on individual 

peak height and area analyses in interpretation and quantification, and may extract valuable 

information that is not obvious on visual inspection. LDA is therefore proposed as a faster 

and more reliaMe method for diagnostic applications (Shaw et al., 7995). 

In these studies, LDA was successful in separating: 1) control from mdrtissue, 2) 

the phases of dystrophy, and 3) treatment groups in the dystmphic muscles (LTA), and to 

a lesser extent in the crushed rnusde (RTA) and the diaphragm (DIA). In general, the 

conclusions from analyzing peak height and area measurements cmesponded with LDA 

findings. In Chapter 3. we were able to determine the exact ragions the algorithm used for 

discrimination. Interestingly. the taurine resonance was used in the LDA to discriminate 
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treatment affects in the DIA. Recall that peak height and area measurements were not 

successful in finding treatment eflects in ex vivb DIA spectra. Therefore, the method of LDA 

appears to be more specific and sensitive than peak heightfarea measurements in distin- 

guishing changes in t!!2 DIA with treatment. 

However. it is not mmrnended !hat LDA be used in isolation. First, it is not yet 

known if slight variations in spectra monitored by LDA corrdate to improved muscle 

function. although they do conelate to improved phenotype (Anderson et al., 1996b). This 

is important to determine, especially if the goal is to treat very young DMD patients, before 

they achieve the milestone of full mobility. Secand, false positive results could easily be 

acquired by LDA due to ignorance of the investigabr. Spectra must be aligned and phased 

in exactly the same manner, otheWse seemingly minute differences in processing can 

mask real information in spectra and dorninate LDA classifications. Therefore, although tirne 

consuming, peak height and area measurements, induding the determination of 

concentration values where possible, should be performed to gain insight on disease 

processes. In this way, specific metabolic and pharrnaceutical intenrêntions can be made 

in attempts to improve particular aspects of disease phenotype. 

3. SPEClFlClTY OF 1-H NMR IN MONITORING REPAIR CAPACITY 

The results reportecl here focus on monitoring muscle repair. It is hypothesized that 

the significant Peak (espeaally taurine resonances) would be effective in monitoring 

muscle repair in any circumstance. The evidence suggests that the differences found 
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between control and makanimals were due not only to the degeneration in dystrophy, but 

also to the regeneraüve process that continuously occurs in makanimals. Further to this, 

effective accumulated repair was rnonitored after giucocorticoid treatrnent in mdx animals 

and following the imposed cnish-injury in both control and mdxtissue. 

Recent studies h m  the labotatory (Anderson et al., 1 996a) show that ex vivo 1 4  

NMR rnonitors repir capacity in mica which lad< the musde regulatory factor MyoD (see 

Chapter 1. section 2.3 for a review of the MRFs), as well as in mice which lad< booi MyoD 

and dystrophin (rndx:MyoW-). In the double mutant animals, dystroph y is more severe and 

repair after a crush injury is less compared to mokrnice. However, repair is better in the 

double mutants than in Myoû-1- mice. Levels of taurine peaks again zorresponü with 

accumulated repair and increase with successful regeneration (myotu be fusion) pst-cnish 

(i.e. taurine levels are ranked in order: md?double rnutants>MyoD-f-). Other peaks 

decrease over the same range of groups. 

Therefore, 1-H NMR rnonitors specific changes in the biochemistry of muscle 

regeneration which reflect phenotypic and genotypic alterations. Study of ottter 

neuromuscular disaders is necessary (with and without repair) to test the spectral 

specificity of markers for muscle regeneration in other disease states, or even general soft 

tissue repair. 

4. RECOMMENDATIONS FOR FURTHER STUDIES 

A set of peaks consistently showed statistical significanœ through different aspects 
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and experimerits of the various 1 -H NMR studies. These findings should prove valuable in 

possible monitoring of DMD by 1-H NMR. Changes in taurine riesonances (heights and 

areas 2 and 3 in ex vivo studies and the uxmbat ion of taurine in 1-H NMR of extracts) 

were consistent markers foc 1) mdxmuscle, 2) accurnulated muscle repair over the course 

of mdxdystmphy, 3) positive treatment Mects, 4) regenerating muscle, and 5) differential 

dystrophic phenotypes (limb vs. DIA). It is suggested that high taurine is an indicator of high 

levels of accurnulated muscle repair, a very important factor for glucocorticoid-treatrnent. 

In addition, results indicate that taurine is decreased during pmiiferation and increases 

during myoblast fusion into myotubes. Therefore, it is suggestted that the success of both 

long- and short-terni repair can be monitored after treatment by careful ana l~ i s  of taurine 

peaks over time. Since it is difficult to provide extemal references h vivo, the ratio of taurine 

to creatine (HTUHT4 - Chapter 3; Fig 3.4) may also be a valuable measure of treatment 

effects. HT2RIT4 was consistently different across groups in alf aspects of the studies. 

The regulation of muscle metabolisrn and the relationship between metabolisrn and 

other cellular processes (i.e. regeneration) are very cornplex and cannot be duplicated in 

vitmor ex vivo. Therefore, in the future, it will be very important to characterize the taurine 

profile by 1 -H NMR in mdx muscle h viva Once a more suitable mil is built for examining 

the limb of rnice, spectroscopie irnaging should prove invaluable for the chronological 

monitoring of regenerating contrd and m&muscle (with and without treatments). At each 

time-point studied, dystrophic lesions and unaffected muscle could alsa be examined. 

Timely completion of these studies is an important goal. 



5. RELEVANCE TO THE CLlNlCAL SEiTlNG 

Magnetic resanance spectroscopy of au vivo samples and of extracts f m  animal 

models of disease can provide complementary information on metabolic processes which 

will aid in the interpretation of results of clinical studies 117 vivo (Sze 8 Jardetzky, 1994). 

However, high resolution NMR spectroscopy requires high field strengths in order to obtain 

good spectral resalution and sensitivity. Most clinical rnagnets are 1 .ST (human volunteers 

have k e n  placed in 4T experirnental magnets), and the overlap of peaks in 1 4  spectra is 

quite severe. Additionally, quantification of peaks in vivo poses a problem: most data is 

analyzed in the form of relative resonance ratios. Autornated pattern recognition methods, 

such as LDA, may be the answer. 

31 -Phosphorus NMR is a well-established research tw l  for studying human muscle 

meta bolism at low field strengths (Kent-Braun et al., 1 994). However, only a handful of 1 -H 

NMR studies of skeletal muscle have been performed in vivo, and focus on detecting 

changes in large lipid resonances due to disease (see Chapter 1, section 4.3). Proton NMR 

is the dominant spectroscopie modality for studying hurnan brain, and at 2.1 Tl resalution of 

creatine, lactate, glutamate, glutamine, alanine, choline and taurine is possible (reviewed 

by Howe et al., 1993; Rothrnan, 1994). Therefore, further low-field studies of human skeletal 

muscle are warranted and feasible. 

Mdx lirnb muscle exhibits very little adipose or fibrotic tissue (Dangain 8 Vrûova, 

19û4; Anderson et al., 1987). Therefore, these studies on mdxrnuscle are very relevant to 

DM0 because it is important to begin treatmen t before the secandaty effects of fibrosis or 
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adipose tissue deposition predominate. Very young children, in whom manual muscle 

strength testing is difficult, have the most to gain fmm gluwcorücoid treatment 1-H NMR 

spectroscopy is a promising tml by which to monitw any significant improvement. It is 

hoped that taurine peaks (and possibiy HT21HT4) will discriminate treatment effects in 

human patients. 

Mation in the magnet distorts specfral acquisition, and small children would need to 

be sedated for spectroscopie evaluation. Sedation is mutine for CT and MRI scans in 

children, with few side-effeds (Vade et al., 1995). For examination of arms and legs, a 

magnet with a smaH bore (0.3 - 0.4 m in diameter) rnay suffice. This wuld also be used for 

the examinstion of human babies and smaller animals. 

Of some concern in the clinical setting are negative health hazards of repeated 

exposure to magnetic fields, although, there are as yet no clearly documented ill-effects of 

low magnetic fields on humans (reviewed by Andrew, 1994). Minor episodes of nausea 

have been reported, possibly associated with motion of fiuids in the inner ear in a magnetic 

field. Ferromagnetic objects, such as metallic implants, hemostatic clips, scissors and pens 

are dangerous, since they are easily attracted to the rnagnet and rnay move in position. 

Patients with pacemakers are not allowed in or near the magnet since the radiofrequency 

radiation may disturb the f~nction. It is the practice to exclude women fmrn MR testing 

during the first trimester of pregnancy, but there is no evidence that the embryo is sensitive 

(Evans et al., 1993). Despite some cautions, 1-H NMR offers a unique possibility for non- 

invasive evaluation of rn usde biochemistry in vivo. 
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6. CONCLUSION 

The present studies contribute valuable new information on the objective 

discriminating power of 1-H NMR to classw muscle repair status. These exciting results 

support the overall hypotheses that 1-H NMR spectrosmpy is an alternative to conventional 

histolagy in monitoring the progression of malxdystrophy and beneiicial treatments on m k  

dystrophy. Until now, muscle strength testing and biopsies were the only methods for 

clinically evaluating treatment, It is anticipated that the present findings will be significant 

factors in establishing a niche for 1-H NMR spectrascapy in monitoring DM0 and treatment 

effects in the context of successful muscle repair. 
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APPENDIX A: STRUCTURAL FORMUALE OF IMPORTANT 1-H NMR 
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