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(d) 

(e) 

Figure 4.5: Representative micrographs of 'dark' (a) and 'clear' (b and c) fibers 

cut transversely, and 'dark' (d) and 'clear' (e) fibers cut longitudinally. Scale bars 

= 5 µm for (a) to (c) and 1 µm for (d) and (e). 
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4.3.2 Maximim Force Responses 

Three distinctly different groups of fibers were identified by virtue of their 

responses to maximal and initial activation (pCa 4.6/4.8). The group of fibers that 

showed a fast but low tension response was termed 'twitch dark' (Figure 4.6a). 

These fibers took 8.0 ± 3.3 s (n = 6) to reach 90% maximal activation (Figure 4.7) 

and reached a low maximal force of 129.2 ± 7.5 µN (n = 6). Another group had a 

similar response time (9.1 ± 9.6 s; n = 10) but showed a higher maximal force of 

598.9 ± 42.8 µN (n = 50) and were termed 'twitch light' (Figures 4.6b and 4.7). 

The third group of fibers developed tension slowly and was called tonic. These 

fibers took significantly longer (P = 0.04) to reach 90% full activation (29.5 ± 8.7 

s; n = 10) and had low maximum force levels of 179.9 ± 16.5 µN (n = 10) (Figures 

4.6c and 4.7). 
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Figure 4.6: Representative force responses obtained upon initial and maximal 

activation from (a) twitch dark, (b) twitch light and (c) tonic fibers. The {irst 

arrow indicates the moment when the fiber was transferred from pre-activating to 

activating solution, while the second arrow indicates transfer from activating to 

relaxing solution. 
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Figure 4.7: Time to 90% maximum force for twitch dark (n = 6), twitch light (n = 

10) and tonic (n = 10) fibers. Values are means± SE. 
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4.3.3 Maximum Normalized Tension 

The mean maximum normalized tension for each group of fibers is shown in Figure 

4.8. Twitch light fibers showed a significantly higher mean tension (140.2 ± 9.2 

kN/m2; n = 50) than both twitch dark (60.0 ± 2.4 kN/m2; n = 6) (P < 0.001) and 

tonic fibers (97.5 ± 6.3 kN/m2; n = 10) (P < 0.001). Twitch dark fibers showed 

significantly lower mean tension than tonic fibers (P < 0.001). 
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Figure 4.8: Maximum normalized tension, P0 (kN/m2), for twitch dark (n = 6), 

twitch light (n = 50) and tonic (n = 10) fibers. Values are means± SE. 
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4.3.4 Force-pCa Curves 

The mean force-pCa curves for twitch dark, twitch light and tonic fibers are 

presented in Figure 4.9. Each graph shows data collected from a single pCa batch. 

Each fiber population showed a sigmoidal curve. At low [Ca2+], the curve was 

steeper for the twitch dark and twitch light fibers than for the tonic fibers. 

4.3.5 Decline in Maximum Tension 

The maximum tension attained by both tonic and twitch light fibers declined with 

increasing exposure to Ca2+ (Figure 4.10). This decline was greater for tonic fibers 

than for twitch fibers subjected to a similar challenge of Ca2+. The percent decline 

in maximum tension did not influence either the n1 or n2 Hill coefficients for twitch 

light and tonic fibers (Figures 4.11 a and 4.11 b, respectively). 
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Figure 4.9: Force-pCa curves for (a) twitch light (n = 10) and tonic (n = 7) fibers 

and (b) twitch light (n = 20) and twitch dark (n = 5) fibers. Each graph shows data 

collected from a single pCa batch. Each point represents the mean ± SE of 

measurements on 3 to 20 fibers. Standard error bars are not shown if the standard 

error is smaller than the symbol. 
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Figure 4.10: Decline in maximum tension with pCa index (see text for details) . 
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Figure 4.11: Decline in maximum tension versus Hill coefficients, (a) n1 and (b) n2 

for twitch light and tonic fibers. 
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4.3.6 Hill Coefficients 

The Hill coefficients obtained for each group of fibers are presented in Figure 4.12. 

The Hill coefficient, n2, for tonic fibers is significantly lower (P = 0.005) than for 

twitch light fibers. There was no significant difference between n1 values for tonic 

and twitch light fibers. There was a significant difference (P = 0.02) between the 

n1 and n2 values for twitch light fibers, however, this was not the case with tonic 

fibers. There was no significant difference between n2 values of twitch dark and 

twitch light fibers. Data for twitch dark fibers were obtained using only pCa Batch 

One and are presented separately to the data obtained using Batch Two. A Hill 

coefficient for twitch dark and twitch light fibers at high [Ca2i was not obtained 

from the first pCa batch due to a lack of activations in this range. 
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Figure 4.12: Hill coefficients, n1 and n2, obtained for EOM fiber types. Results 

from two pCa batches are shown: *Batch One: twitch dark (n = 4) and twitch 

light (n = 20) fibers; Batch Two: twitch light (n = 8) and tonic (n = 6) fibers. 

Values are means ± SE. 
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Hill coefficients were also obtained by pooling force-pCa data within each group of 

fibers. For each pCa, Pr values from fibers were averaged and these data used to 

obtain Hill plots. (The resulting force-pCa curves are presented in Figure 4.9). The 

values obtained by this method were not significantly different to those obtained by 

averaging n values from individual fibers. Table 4.2 compares the values obtained 

using each method. 

Table 4.2. : Comparison of Hill coefficients obtained by 1) calculating n value(s) 

for individual fibers and taking the mean for that fiber group, and 2) combining 

force-pCa data for each fiber group, obtaining Hill plots and then calculating the 

Hill coefficient(s). Data are from two batches of pCa solutions. The number of 

fibers is given in parenthesis. 

n1 n2 

1) mean± SE 2) From pCa curve 1) mean± SE 2) From pCa curve 

Twitch dark 

Batch One - - 2.1±0.6(4) 2.2 (5) 

Twitch light 

Batch One - - 2.5 ± 0.1 (20) 2.8 (20) 

Batch Two 1.8 ± 0.2 (10) 1.6 (10) 2.6 ± 0.2 (8) 2.90 (10) 

Tonic 

Batch Two 1.2 ± 0.3 (5) 1.4 (7) 1.7±0.1(6) 1.8 (7) 
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4.3. 7 Sensitivity to Ca2+: pCa50 

The pCaso values obtained for twitch light fibers using different pCa batches were 

significantly different (P = 0.01). However, within a pCa batch, the pCa50 values 

did not differ between fiber groups. The pCa50 values obtained for twitch dark and 

twitch light fibers using pCa Batch One did not significantly differ, and nor did 

those of twitch light and tonic fibers obtained using pCa Batch Two (Figure 4.13). 
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Figure 4.13: pCa50 values for twitch dark (n = 4), twitch light (n = 10, 20) and 

tonic (n = 7) fibers. Results from two pCa batches are shown. Values are means± 

SE. 
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4.3.8 Ca2+ Threshold for Activation: pCa10 

There was no significant difference in pCa10 values between pCa batches for twitch 

light fibers. Tonic fibers had a significantly higher (P = 0.002) pCa10 value (lower 

calcium concentration) than twitch light fibers (Figure 4.14). pCa10 values for 

twitch dark and twitch light fibers did not differ significantly. 
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Figure 4.14: pCa10 values for twitch dark (n = 4), twitch light (n = 20, 8) and tonic 

(n = 7) fibers. Results from two pCa batches are shown. Values are means± SE. 

A summary of the contractile properties for each fiber group is presented in Table 

4.3. 



Table 4.3: Summary of tension-pea relations for tonic, twitch light and twitch dark fiber populations of EOM. Values are means ± SE. 

The number of fibers is given in parenthesis. For n1, n2, pCa5o and pCa10 values, italicised numbers indicate data obtained using pCa Batch 

One, non-italicised numbers indicate data obtained using pCa Batch Two. 

n1 n2 pCaso 

Twitch -- 2.1 ±0.6 5.97 ± 0.07 

dark (4) (4) 

2.5 ±0.1 6.01 ±0.03 

Twitch (20) (20) 

light 1.8 ± 0.2 2.6 ± 0.2• 6.18±0.05 

(10) (8) (10) 

Tonic 1.2 ± 0.3 1.7 ± 0.1 6.18±0.04 

(5) (6) (7) 

a significantly different from tonic fiber 
b significantly different from twitch light fiber 

pCa10 Po(µN) 

6.52 ±0.03 129.2±7.5 .. b 

(4) (6) 

6.42 ±.02 

(20) 598 .9 ± 42.8• 

6.43± .06· (50) 

(8) 

6.69±0.03 179.9± 16.5 

(7) (10) 

Po(kN/m2) 

60.0 ±2.40.b 

(6) 

140.2 ± 9.2• 

(50) 

97.5 ±6.3 

(10) 

time to 90% 

maximum. tension (s) 

8.0±3.3. 

(6) 

9.1 ±9.6· 

(10) 

29.5±8.7 

(10) 

00 
0 
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4.4 Discussion 

4.4.1 Appearance 

Under the light microscope fibers could be identified by their appearance as dark 

and clear. The ultrastructure of dark fibers in longitudinal and transverse section 

was consistently that of twitch fibers (see Chapter 2). These fibers were also easily 

distinguishable by their small diameter and are most probably the dark-SIFs of 

global EOM. The fibers identified as clear did not belong to a single fiber 

population judging by the inconsistent ultrastructural results. Five of the seven 

fibers identified as clear had twitch fiber morphology. They also had a relatively 

large myofibrillar diameter suggesting that they are more analogous to the pale­

SIFs of mammalian EOM rather than the intermediate-SIFs. The other two fibers 

had a morphology consistent with that of tonic fibers. Thus the appearances of 

MIFs and pale-SIFs are easily confused and although all tonic fibers are likely to 

appear as clear, it seems that not all clear fibers are tonic fibers. 

Single fiber TEM showed that the dark appearance of fibers was due to large 

accumulations of lipid. Although whole muscle TEM revealed fibers with high 

mitochondrial content and lipid droplets, the lipid was never as abundant as in the 

single fibers prepared for TEM. Therefore, the skinning procedure is assumed to 

be responsible for this increase. 

Chemical skinning is known to cause several changes in extra-myofibrillar 

components of muscle fibers. For example, Eastwood et al. ( 1979) showed that 
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after 30 min in a skinning solution (170 mM Mg, 2.5 mM ATP, 5 mM EGTA, 170 

mM potassium propionate, 10 mM imidazole, pH 7.0), the mitochondria of single 

rabbit psoas fibers were swollen compared to control fibers. Thus it appears that 

even skinning solutions without glycerol and a detergent can affect fiber organelles. 

Additional skinning chemicals such as glycerol make the sarcolemma leaky 

(Eastwood et al. 1979) by disrupting the membrane components (SR, T-tubule 

system and mitochondria) through a combination of solubilization and osmotic 

shock (Bagshaw 1994). This technique is usually combined with the use of non­

ionic detergents such as Brij-35 and -85 that largely destroy the SR and other 

membranous compartments (Julian 1971, Moss et al. 1976, Stephenson & 

Williams 1983). 

The fibers in this study were chemically skinned using aqueous glycerol (50% v/v) 

and the detergent Brij-35 (0.5% w/v). It is possible that, as a result of the skinning 

procedure, the membranes of the mitochondria in twitch dark fibers were disrupted 

and the amphipathic molecules of the lipid bilayer reorganized in such as way as to 

form the large lipid accumulations observed under TEM. Due to the substantial 

numbers of mitochondria in twitch dark fibers, large aggregates of lipid were 

formed. The large size of these aggregates may have prevented them from 

leaching out of the fiber despite the leaky sarcolemma, thereby trapping them 

between the myofibrils. 
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4.4.2 Maximum Force Responses and Decline in Maximum Force 

Tonic fibers were distinguished, in the first instance, from twitch fibers by their 

slow development of force in response to maximal Ca2+ -activation. This could be 

due to differences in the rate of cross-bridge cycling between fiber types. The 

myosin heads of tonic fibers could associate and dissociate from actin at a slower 

rate than those of the twitch fibers. This would most likely be due to different 

isoforms of myosin proteins. 

The maintenance of maximum force by single fiber preparations is due to steady­

state cross-bridge cycling. Single fibers from other muscles ( e.g. semitendinosis, 

iliofibularis) generally maintain a maximum tension until placed in relax solution 

(Donaldson & Kerrick 1975, Moisescu & Thieleczek 1979). The rapid decline in 

maximum tension seen in twitch fibers in this study is most likely due to a lack of 

structural integrity in these fibers. Although not as obvious, damage to tonic fibers 

is also likely to have occurred judging by the significant positive correlation 

between decline in maximum tension and pCa index. Indeed, repeated activations 

(nine to thirteen) of all fiber types would often cause myofilaments to break and as 

a result, 'bunching' of the fibers at one end would occur. 

Instability of the permeabilized single fiber preparation is a recognized drawback of 

this technique and several methods have been used to minimize it. These include 

activating for as brief a period as possible, using submaximal Ca2+ -activation levels 

and cycling the fiber between states of isometric force development and isovelocity 

shortenings at near maximal velocity (V max) (Sweeney et al. 1987). While the first 
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method could be used with the twitch fibers which reached maximum force rapidly, 

it could not be used to advantage with the tonic fibers as they were slow to reach 

maximum force. The second method could not be used as it was necessary to 

measure maximum Ca2+ -activation in order to calculate relative force values. The 

third method uses a computerized fiber mechanics system that was not available to 

this study. However, steps were taken to maximize fiber performance. For 

example, experiments were carried out at 10 °C rather than higher temperatures. 

This reduces fiber deterioration since an increase in fiber force has been observed 

at higher temperatures (Kasuga & Umazume 1990, Stienen et al. 1996). In 

addition, fibers were used the day following skinning. Although glycerol acts as an 

antifreeze enabling the muscle to be stored at -20 °C, storage for more than a 

month may lead to loss of function. It has been found that small soluble proteins 

such as troponin subunits can leach out of skinned preparations after one to three 

months in storage (Nakayama et al. 1983). The results of my study suggest that in 

future studies using permeabilized single tonic fibers, the number and level of Ca2+ -

activations should be kept to a minimum in order to preserve the structural 

integrity of the fiber. 

4.4.3 Maximum Normalized Tension 

Both the twitch dark and tonic fibers had relatively low maximum normalized 

tension values when compared to the twitch light fibers of EOM. Twitch light 

fibers appeared to produce maximum normalized tension values comparable to, or 

greater than, that of twitch fibers in frog limb muscle (Julian 1971, Martyn et al. 

1993). With regard to whole muscle, Luff (1981) found that inferior rectus 
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muscles of the mouse had a much lower normalized maximum force than limb 

skeletal muscles such as extensor digitorum longus and soleus. He could not 

explain this "anomaly" and suggested that it was due to damaged and non­

contracting fibers. This occurred in spite of taking great care to remove damaged 

fibers prior to the experiment and carefully examining the preparation after the 

experiment. An alternative explanation may be that the tonic and twitch dark fibers 

are responsible for the lower maximum normalized tension of EOM compared to 

limb muscles. In this study, the tonic fiber population was found to comprise about 

19% of the inferior rectus muscle in global EOM of Bufo marinus. If the 

percentage of twitch dark fibers (i.e. dark-SIFs) in global EOM of Bufo marinus is 

similar to that found in mammalian muscle, they could comprise 33% of the global 

layer. Thus, together these two fiber populations could constitute about 50% of 

global EOM and account for the observations of Luff ( 1981) and Frueh et al. 

(1994). Frueh et al. (1994) found maximum normalized tension values for rabbit 

superior rectus to be approximately one third of the values of Luff ( 1981). 

Although the mean diameter of twitch dark fibers was similar to that of the tonics 

(51.8 ± 1.5 µm and 48.0 ± 2.4 µm, respectively), the mean maximum normalized 

tension is significantly lower for the twitch dark fibers than the tonic fibers. This is 

probably due to the higher quantities of mitochondria, lipid and SR (i.e. 

comparatively less contractile machinery). 

Maximum normalized tension values obtained in this study are similar to those 

obtained by the other two investigators who have worked with single EOM fibers. 

Lynch et al. ( 1994) and Campbell ( 1997) corrected their maximum normalized 
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tension values for the swelling effect of skinning on the fiber (up to 30% by area). 

Lynch et al. ( 1994) found the maximum force of single fibers from the rabbit 

superior rectus ranged from 120 to 220 kN/m 2• Campbell (1997) found 

population II fibers (analogous to fast-twitch fibers) of the inferior rectus to have 

maximum force of 162.2 kN/m 2• When corrected for swelling by 30%, the mean 

maximum normalized tension for twitch light (fast-twitch) fibers found in this study 

was 200 ± 12 kN/m2• It is more difficult to compare the maximum normalized 

tension of tonic fibers in EOM with that of tonic fibers in limb skeletal muscle as, 

to the author's knowledge, information on the latter in Bufo marinus is not readily 

available. Martyn et al. (1993) studied force-pCa responses of both Rana pipiens 

and Bufo marinus but reported only the values obtained for Rana pipiens. 

However, if the values obtained from permeabilized fibers for these amphibia are 

assumed similar, then the maximum normalized tension of tonic fibers in EOM 

appears similar to tonic fibers of limb muscle. Martyn et al. ( 1993) found skinned 

tonic fibers from the cruralis muscle of Rana pipiens to have a mean maximum 

normalized tension of 89 kN/m2 under conditions of: [EDTA]= 9 mM, IS = 120, 

pH = 7, sarcomere length = 2.4 µm. In this study tonic fibers from EOM had a 

maximum normalized tension of 97.5 ± 6.3 kN/m2 ([EDTA] = 10 mM, IS = 150 

mM, pH 7.1, sarcomere length= 2.2 - 2.4 µm). 

4.4.4 Force pCa-Relationships 

The twitch light fibers showed a force-pCa relationship similar to that seen in other 

skeletal muscles with the curve being steeper at low than at high [Ca2+]. The 

steepness of the curve at low [Ca2+] has generally been interpreted as the presence 
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of a high degree of cooperativity within and between the thick and thin filaments 

and between ea2+ binding to the thin filament. These cooperative mechanisms 

allow a full transition between rest and activity within a relatively small change in 

free calcium ion concentrations. Fast-twitch fibers generally have steeper force­

pea relationships than slow-twitch fibers (Stephenson & Forrest 1980). Studies 

comparing the force-pea response of slow-tonic and twitch fibers in limb skeletal 

muscle have obtained results similar to those presented here. For example, Reiser 

et al. ( 1996) found that the fiber population from the chicken pectoralis red strip 

muscle, which had the same force-pea response as slow-tonic fibers from the 

anterior latissimus dorsi muscle, had a lower n2 value than fast fibers from the same 

muscle. Similarly, the Hill coefficients obtained from tonic fibers of the frog 

cruralis were lower than those of twitch fibers of the same muscle, at each 

condition studied (Martyn et al. 1993). The reason for these observations may be 

due to different ea2+ binding properties mediated by fiber-type specific isoforms of 

thin filament regulatory proteins. However, when Moss et al. (1991) substituted 

slow Tne into skinned psoas fibers containing endogenous fast Tne, the steepness 

of the tension-pea relationship was unaltered. This suggested that Tne isoforms 

were not involved but it does not eliminate the possibility that the steepness of the 

relationship is related to the other subunits of troponin, Tnl or TnT. Another 

possibility is that the fiber types differ in their response to the strong binding of 

myosin cross-bridges, however, more research is necessary in this area. The use of 

NEM-S 1, a strong-binding derivative of myosin S 1 that does not bear tension or 

hydrolyze ATP, may prove to be a valuable tool in resolving this issue. 
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The finding that the population of fibers classified as tonic had a significantly lower 

threshold of activation (pCa10) than the twitch fibers is in keeping with the results 

of others. Reiser et al. (1996) found the threshold (pC~) of fast (twitch) fibers 

from the chicken pectoralis major muscle to be 6.4 while for the slow (tonic) fibers 

it was 7.0. (They estimated threshold pCa values by inspection of the tension-pea 

curves.) Although not reported, similar results were obtained by Martyn et al. 

(1993) working with twitch and slow-tonic muscle fibers of the frog cruralis. 

Regardless of ionic strength, sarcomere length and pH, inspection of their tension­

pCa curves show the tonic fibers to have a lower threshold of activation. 

It is difficult to compare the force-pCa findings of this study with those of Lynch et 

al. ( 1994) and Campbell ( 1997) because they sampled fibers from the whole 

muscle, not just the global region. The fact that they were dealing with fibers with 

diameters as low as 12.5 µm suggests that orbital fibers were among those sampled 

as very few global fibers occur at that diameter. The population of fibers that 

Lynch et al. ( 1994) found to show 'mixed' properties is likely to be the orbital­

MIFs as these fibers show morphological (Pachter 1982), histochemical (Pachter 

1984), electrical (Jacoby et al. 1989a) and myosin (Jacoby et al. 1989b) variation 

along their length. However, it is possible that the fibers they grouped as 

population I (slow-twitch) are the same as the fibers identified in this study as 

tonic. The Hill coefficient, nca, they found for this population (1.6) was lower than 

those found in the other fiber populations ( range of 2. 12 to 3. 7). In addition, the 

threshold of activation for the population I fibers was lower (pCa 6. 41) than for the 

population II, III and IV (cf pCa 6.15, 6.25, 6.10, respectively) fibers. Lynch et al. 

(1994) acknowledged the possibility that the population I fibers could be tonic 
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fibers by concluding that either tonic fibers have contractile activation 

characteristics similar to those of other slow-twitch fibers from mammalian skeletal 

muscle, or that EOM contain a small proportion of classical slow-twitch fibers. 

4.4.5 Problems Encountered 

There were a number of problems encountered in this work due to the nature of 

EOM tissue. Firstly, the muscle has a high content of connective tissue (Asmussen 

& Gaunitz 1981; Campbell 1997) which had to be thoroughly dissected away in 

order for the skinning and glycerinating solutions to penetrate enough to allow the 

fibers to be teased uninjured from the muscle. Secondly, the small size of the 

muscle fibers made them extremely difficult to handle at times. For example, it 

was found that glycerinated fibers of approximately 40 µm or less would break on 

transfer to the fixing trough. This breakage was caused by the surface tension 

created between the fiber and the portable apparatus on which it was mounted. 

Taking into account the swelling known to occur in glycerinated single fibers, no 

fibers less than approximately 36 µm could be used in experiments. This made it 

difficult to obtain measurements on the tonic fibers which were found to occur 

most frequently at diameters between 30 to 40 µm (Refer to Figure 3.4, Chapter 

3). Fortunately, approximately 22% of the tonic fiber population occur in the 

diameter range of 40 - 50 µm and it was fibers in this range that were most 

commonly teased out and used for experiments (i.e. mean diameter of glycerinated 

tonic fibers used was 48 ± 2.4 µm, or about 43 µm prior to glycerination). In 

addition, the twitch dark fibers appeared even more susceptible to breakage 
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although this population had a mean diameter similar to the tonic fibers (51.8 ± 1.5 

µm). This was possibly due to the lower content of myofribrillar protein that may 

act to give the fiber strength. Since the twitch dark fibers occurred within a 

narrower diameter range than the other two fiber populations, it was difficult to 

obtain many twitch dark fibers for measurements. 

4.4.6 Summary 

In this study, the Ca2+-activation response of single EOM fibers was investigated. 

Although fiber appearance proved to be of limited value in differentiating tonic 

fibers, the force response to maximally activating [Ca2+] allowed these fibers to be 

identified from the twitch fibers. Tonic fibers developed force slowly and reached 

low force levels. Twitch fibers rapidly responded to maximally activating [Ca2+]. 

Fiber appearance, diameter and maximum force levels all proved useful in 

distinguishing two groups of twitch fiber, that is the twitch dark from the twitch 

light fibers. Significant differences in the force-pCa relationship between tonic and 

twitch fibers were seen at low [Ca2+]. Thus, the tonic fibers had a markedly lower 

n2 Hill coefficient than the twitch light fibers. However, sensitivity to calcium (i.e. 

pCa50 values) did not differ between fiber groups. 

It is perhaps not surprising to find fibers so different in their contractile properties 

to one another within a muscle of such diverse capabilities. Since expression of 

different myofibrillar protein isoforms is a major determinant of contractile 

properties, comparison of the myosin isoforms of the fibers for which Ca2+ -

activation characteristics were known might confirm their grouping. The following 
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chapter presents the MLC profiles of single fibers and confirms the grouping of 

fibers in this chapter. 
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CHAPTER 5: MYOSIN LIGHT CHAIN PROFILES OF 

SINGLE FIBERS FROM GLOBAL EOM 

5.1 Introduction 

Myosin makes up 43% by weight of myofibrillar proteins and consists of two 

heavy chains (MHC) (MW 200 kDa each) and four light chains (MLC) 

(approximately 20 kDa each) (Lowey & Risby 1971). The two heavy chains 

intertwine to form the rod portion of the myosin molecule. The two heads are 

formed at one end by the coiling of each myosin chain. Digestion of this protein 

with chymotrypsin yields the head region, termed S 1, and the tail, termed S2. 

Each myosin head contains a regulatory light chain (MLC2) and an essential 

(alkali) light chain (either MLCl or MLC3). The light chains are associated with 

the neck region of S 1, with the regulatory light chain further towards the tail 

region than the essential light chain (Rayment et al. 1993). This location has 

prompted suggestions that the light chains impart mechanical rigidity to the neck 

region of the myosin head (Rayment et al. 1993). Hofmann et al. (1990) showed 

that MLC2 reversibly altered the Ca2+ sensitivities of tension generation, fiber 

stiffness, and maximum velocity of shortening, leading them to conclude that this 

light chain may modulate contraction via an influence on the conformation of the 

S 1-S2 hinge region. Consistent with this conclusion are results of studies 

showing that the orientation of regulatory light chains in skinned muscle fibers 

changes depending on whether the fiber is in a relaxed, rigor or active state (Allen 

et al. 1996, Ling et al. 1996). Furthermore, three types of motion of the myosin 
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heads have been identified in working muscle fibers, all involving the tilting of 

the myosin heads with respect to the fiber axis (Irving & Piazzesi 1997) 

The proteins that make up the myofibril can be studied using electrophoretic 

techniques under denaturing conditions (see Barany et al. 1995 for review). 

Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulphate 

(SDS) is the method most routinely used. SDS binds to the denatured polypeptide 

chains thereby giving them a similar negative charge per unit length. The 

polypeptides are 'pulled' by their electrical charge through the acrylamide matrix 

toward the anode. The extent to which the polypeptides travel is dictated by the 

amount of cross-linking of the matrix and the concentration of acrylamide. 

As with many of the myofibrillar proteins, myosin exists in multiple isoforms (see 

Pette & Staron 1990 for review). These isoforms vary in their amino acid 

sequence and can occur not only within the same organism but also within the 

same muscle fiber. The speed of contraction of a muscle is correlated with the 

presence of specific isoforms of most of the myofibrillar contractile proteins. This 

is especially true for the myosin heavy chains (MHCs) which have been studied 

extensively in adult mammalian skeletal muscle (Reiser et al. 1985; Pette & 

Staron 1990). MHC expression in EOM has been studied in developing 

(Brueckner et al. 1996, Brueckner & Porter 1998) and adult (Wieczorek et al. 

1985, Sartore et al. 1987, Jacoby et al. 1989b, Rushbrook et al. 1994) mammals. 

Among the findings of these studies were: that some developmental isoforms are 

retained into adulthood, that an EOM-specific MHC is expressed in addition to 
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the a-cardiac MHC isoform, and that there is heterogeneous protein expression 

along the length of individual fibers. 

Different isoforms of MLCs also occur between and within muscle fibers 

(Schachat et al. 1980, Lowey 1994). Mammalian muscles that primarily contain 

fast-twitch fibers, such as psoas and extensor digitorum longus, are known to have 

three MLCs of molecular weight 25, 18 and 16 (± 5%) kD. The nomenclature 

most often used to identify these proteins is MLClf, MLC2f and MLC3f, 

respectively. They occur in a stoichiometric ratio of approximately 1 :2: 1 (Lowey 

& Risby 1971). Fast-twitch muscles from Amphibia, Avia and mammals all show 

this pattern. 

Muscles known to be primarily slow-twitch in nature are more variable across 

species. Many slow-twitch muscles have two myosin light chains of 

approximately 27 and 20 kD, with the low molecular weight isoform of the 

essential light chain, MLC3, absent (Pate et al. 1992). In the case of the soleus 

muscles from rat, rabbit, cat and guinea pig, MLC3 is lacking but the MLCl band 

can be resolved into two components, both of reduced mobility when compared to 

MLClf (see Lowey 1994 for review). These two bands are referred to as MLCls 

and MLC2s or MLC 1 's and MLC 1 s. In Amphibia, some slow-twitch fibers also 

lack the low molecular weight isoform of the essential light chain, MLC3 

(Lannergren 1987). Using denaturing and non-denaturing gel electrophoresis, 

Lannergren ( 1987) examined the myosin heavy and light chains of individual 

fibers from Xenopus laevis for which isotonic contractile properties had been 

examined. He showed that the division of amphibian muscle fibers into fast-
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twitch, slow-twitch and slow-tonic categories was perhaps an over-simplification. 

Although fiber 'types' 1, 2, 3 and 4 (fast-twitch, slow-twitch, slow-twitch 

intermediate and slow-tonic) do exist, so do transitional forms both with respect to 

mechanical performance and myosin composition. 

The myosin light chains of slow-tonic fibers of avian muscle (e.g. anterior 

latissumus dorsi) resolve into two bands of reduced mobility. These MLCs have 

molecular weights of approximately 27 and 20 kD and are termed MLCls and 

MLC2s, respectively. Slow-tonic fibers of amphibian limb muscle contain MLCl 

and MLC2 but lack MLC3 (Focant & Reznic 1980, Pliszka & Strzelecka­

Golaszewska 1981). Pliszka and Strzelecka-Golaszewska (1981) found. that 

myosin light chains from the frog sartorius (fast-twitch muscle) had the same 

electrophoretic mobilities as myosin from the cruralis muscle which is composed 

of 50% slow-tonic fibers. They attributed the small amount of MLC3 present in 

preparations from the cruralis bundle to the fast fibers that also comprise this 

muscle. Therefore, the slow-tonic fibers of amphibia appeared to contain 

isoforms with electrophoretic mobilities equal to MLC 1 f and MLC2f. Focant and 

Reznic ( 1980) also found that MLC 1 of slow-tonic muscle had the same 

electrophoretic mobility as MLCl from fast muscle. However, they observed that 

MLC2 from tonic fibers had a faster migration than MLC2 from fast fibers. 

The myosin light chains have been correlated with contractile properties. Lowey 

et al. ( 1993) found that skeletal muscle light chains were essential for 

physiological speeds of shortening. They prepared MHCs that were free of both 

the regulatory and essential light chains and, using a motility assay, determined 
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whether these light chains were necessary for movement. They found that 

removal of these light chains from myosin reduced the velocity of actin filament 

movement ten-fold without significantly decreasing the ATPase activity. 

Although evidence as to whether the myosin light chains play a significant role in 

determining contractile properties of fibers is conflicting, it is generally accepted 

that light chain isoform content is an important determinant of V max (Moss et al. 

1982, Moss et al. 1995). Sweeney et al. ( 1988) used two types of permeabilized 

fast-twitch fibers from rabbit psoas and tibialis anterior muscle both with identical 

MHCs but different ratios of the alkali light chains. They were able to 

demonstrate that a difference in the velocity of unloaded shortening was 

correlated with a shift in the MLClf: MLC3f ratio. Greaser et al. (1988) found 

that V max increased with the relative MLC3 content of single adult rabbit plantaris 

muscle fibers grouped as having intermediate- and high-velocities. In another 

study, MLC3 was exchanged for MLCl in chemically skinned single fibers from 

rat psoas muscles (Moss et al. 1990). These fibers exhibited an average increase 

in V max of 42%. These investigators have suggested that the type of MHC(s) 

present in a fiber determines whether the V max range will be slow or fast, but 

variation of V max within the fast velocity range can be explained by the relative 

proportions of the different alkali light chains present. 

There have been four studies reporting on the MLC content of EOM (Figure 5.1). 

These have used tissue derived from mammalian species and have used whole 

muscle or regions of EOM. Reichmann and Srihari ( 1983) performed two 

dimensional electrophoresis on myosin purified from rabbit EOMs and compared 

the results to those obtained from psoas (fast) and soleus (slow) limb muscle 
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myosins. They found EOM contained MLCs of both slow and fast skeletal 

muscles, with the latter being predominant. They termed the six myosin light 

chains found in EOM LCl 's, LCls, LClf, LC2s, LC2f and LC3f, in order of 

increasing electrophoretic mobility. The results of Briggs et al. (1988) are similar 

to those of Reichmann & Srihari ( 1983). They found both slow and fast myosin 

light chains in rabbit EOM with approximately 90% being the fast muscle 

isoforms. They used different terminology to Reichmann & Srihari (1983) and 

termed the six bands LCls, LC2s, LClf, LC3s, LC2f and LC3f. Similarly, 

Rushbrook et al. (1994) found fast and slow myosins in rabbit EOM and used the 

same terminology as Briggs et al. ( 1988) to identify them. In contrast to these 

three studies, Sartore et al. (1987) found only LC lf, LC2f and LC3f in bovine 

EOM using both one- and two-dimensional PAGE. When discussing the MLC 

bands of mammalian muscle the terminology of Reichmann & Srihari (1983) is 

most commonly used. This terminology will also be used in the present study to 

identify the light chain bands of myosin in Bufo marinus EOM fibers. 

The studies of Reichmann & Srihari (1983), Sartore et al. (1987) and Rushbrook 

et al. (1994) all used myosin from whole EOM. Briggs et al. (1988) used myosins 

in different regions of the muscle that were known to contain high amounts of 

either twitch (SIFs) or tonic (MIFs) fibers. The thesis of Campbell (1997) 

contains work on SDS-PAGE of light chains from single EOM fibers of the rabbit 

superior rectus. However, no conclusions were made, possibly because no MLC3 

band was observed in fibers that would be expected to have it. The single fiber 

segments from superior rectus muscles of the rabbit, all classified as Population II 

(fast-twitch) based on their contractile characteristics, showed two bands 
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corresponding to MLC 1 and MLC2. Since MLC3 would be expected to be 

present in Population II fibers, it appears the staining method used was not 

sensitive enough. 

The present study is the first to investigate the MLC content of amphibian EOM 

fibers and, to my knowledge, the first to observe the MLC content of single EOM 

fibers. The aim of this work was to determine the MLC profile of single EOM 

fibers for which force-pCa measurements had been obtained. In so doing, 

differences in the calcium activation response of fibers could be correlated with 

their MLC profile, thus confirming the fiber groupings of Chapter 4. 

5.2 Materials and Methods 

Unless stated otherwise, all chemicals were obtained from Sigma and milli-Q 

grade water was used to make up solutions. 

5.2.1 Extraction and Purification of Myosin Light Chains 

In order to confirm the identity of MLC bands on the gels of single fibers, myosin 

from Bufo marinus EOM was extracted, purified and resolved on SDS-PAGE. 

Myosin from rabbit psoas was prepared and used in the same manner to provide a 

standard for comparison of toad EOM myosin light chains. 
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A modification of the extraction methods of Crockford and Johnston (1995) and 

Ball and Johnston ( 1996) was used to purify myosin from Bufo marinus EOM and 

rabbit psoas. Two toads were euthanased (see Chapter 2, Section 2.2.1 for details) 

and the four inferior rectus muscles removed. The total wet weight of the four 

muscles was 0.0282 g. Approximately lg of rabbit psoas muscle that had 

previously been frozen at -70 °C was similarly prepared. 

The muscle samples were homogenized (at O - 4 °C) using a Polytron blender for 

10 sin 20 volumes of the following isolation solution: 10 mM Tris-HCl, 100 mM 

NaCl, 5 mM EDTA, 0.5% Triton X-100, pH 7 at 20 °C. The homogenate was 

centrifuged at 1500 g for 5 min and the supernatant discarded. The pellet was 

homogenised again and resuspended in 20 volumes of ice-cold isolation buffer 

without the Triton X-100 and EDT A. After centrifugation, the final myofibril 

pellet was resuspended two more times in isolation buffer. Myosin was prepared 

from the myofibril pellet by extraction for 10 min (0 °C) in the following solution: 

7.5 mM ATP, 675 mM KCl, 7.5 mM MgCh, 1 mM DTT, pH 6.4 at 4 °C. The 

crude myosin solution was centrifuged at 8500 g for 20 min and the supernatant 

mixed with 12 volumes of ice-cold water. Myosin was precipitated overnight at 5 

°C. Crude myosin was collected by centrifuging at 12000 g for 15 min and the 

pellet resuspended in 1ml of 20 mM Tris, pH 8 (on ice). 

FPLC (Pharmacia) was used to further purify the myosin light chains. One ml of 

MLC extract in 20 mM Tris/HCl, pH 8, was loaded onto a Mono-Q anion 

exchange column with a bed volume of 15 ml, equilibrated with 20 mM Tris-HCl, 

pH 8. Myosin was eluted using a linear gradient of NaCl (0 M to 1 M). Fractions 
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(0.5 ml) were collected and eluant from the column was monitored by absorbance 

at 280 nm. The program used on the FPLC is given in Appendix C. Samples 

were concentrated by freeze drying (rabbit psoas samples) or vacuum evaporation 

(toad EOM). 

5.2.2 Preparation of Whole EOM Extract 

A toad was euthanased (as outlined in Chapter 2, Section 2.2.l: Use and Care of 

Cane Toads) and the two inferior rectus muscles were dissected out and placed 

into 0.9% NaCl prior to being plunged into liquid nitrogen. With a mortar 

partially immersed in liquid nitrogen the muscles were ground to a find powder. 

The powder was suspended in 500 µl of sample buffer (4% SOS, 12% glycerol 

(w/v), 50 mM Tris, 2% mercaptoethanol (v/v), 0.01 % Serva blue G, pH 6.8) and 

the solution heated for 4 min at 95 °C. The tubes were spun for 5 min on a bench 

top centrifuge (Beckman Microfuge E) and the supernatant removed and aliquoted 

into 20 and 50 µl lots and frozen at -70 °C. 

5.2.3 SDS-PAGE of Single Fiber Proteins 

After force-pCa measurements were obtained (as outlined in Chapter 4, Section 

4.2.3.3: Experimental Protocol) the entire fiber was placed into 15 µl of sample 

buffer (see above) and frozen at -70 °C. 

Gels of high polyacrylamide concentration were used for optimal resolution of the 

low molecular weight myosin proteins. The highly sensitive technique of silver 
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staining was used in order to detect proteins in amounts as low as 2 - 5 ng 

(Rabilloud 1992). Two SDS-PAGE methods were used, both of which were 

modifications of Laemmli ( 1970). Initially, the Tris-Tricine method of Schagger 

and von Jagow ( 1987) was used with the following solutions: 

Sample buffer 

Gel buffer stock solution 

Anode buffer 

Cathode buffer 

4% SDS, 12% (w/v) glycerol, 50 mM Tris, 

2% (v/v) mercaptoethanol, 0.01 % Serva blue 

G, pH 6.8. 

1.5 M Tris, 0.15% SDS, pH 8.45 

0.2 M Tris, pH 8.9 

O. lM Tris, O. lM Tricine, 0.1 % SDS 1 pH 

8.25 

Vertical SOS-discontinuous PAGE was carried out using a mini-protean II dual 

slab cell system (BioRad) on slab gels (100 mm x 72 mm x 0.75 mm). Both the 

separating and stacking gels (Table 5.1) were made using a 40% acrylamide:bis 

29: 1, 3.3% crosslinking solution (Bio-Rad). Fifteen ml of separating gel solution 

was prepared by degassing for 15 min before adding 100 µl of 10% ammonium 

persulfate and 10 µl N,N,N' ,N'-tetramethylethylene-diamine (TEMED). The 

fiber samples were heated at 100 °C for 4 min prior to gel application. Gels were 

run on a Bio Rad Model 1000/500 power supply for 1 to 11 / 2 h at 150V and room 

temperature, until the indicator dye migrated off the bottom of the gel. 
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Table 5.1 : Composition of stacking and separating gels. 

40% acrylamide/ 

bisacrylamide solution 

Gel buffer 

Glycerol 

H20 

Final volume 

%T = total acrylmide content (w/v) 

Stacking gel 

4%T/3%C 

1.25 ml 

6.25 ml 

5.00 ml 

12.50 ml 

%C = ratio of bisacrylamide to acrylamide monomer (w/w) 

103 

Separating gel 

16.5%T/3%C 

6.7 ml 

8.0ml 

1.5 ml= 2.16g 

16.2 ml 

Subsequently, 4%T, 3.3%C stacking; 16.5%T, 3.3%C separating Tris-Tricine 

Ready Gels ( 100 mm x 80 mm x 1 mm) (BioRad) were used along with the 

sample and running buffers outlined in the BioRad Ready Gels Application Guide 

(Catalog Number 161-0993). These gels were run using the same power supply 

for 1 h 45 min at 1 OOV and room temperature. 

Both types of gels were silver stained using a modification of Rabilloud et al. 

(1988) and Nesterenko et al. (1994) as outlined in Table 5.2. Gels were stained 

on orbital shakers in glass dishes at room temperature. After the rinse step the 

gels were immersed in 5% glycerol for 1 - 2 h in order to prevent cracking upon 

drying. Gel images were captured and optimized using a COHU High 

Performance CCD camera and software package (Scion Image). The software 

package GelCompar was used to standardize gels and compile densitometric 

scans. The gels were dried under vacuum at 40 °C for 2 h using a Speed Gel (SG 

210D, Savant) dryer. 
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Table 5.2: Silver staining procedure. 

Step Solution Duration 

1) Fix 30% EtOH, 10% AcOH 20-30 min 

2) Rinse 30% EtOH 3 X 15 min 

3) Rinse H20 1 X 5 min 

4) Sensitize 100 µl Na2S203.5H20 stock a 1 min 

in 60 ml H20 

5) Rinse H20 lx5min 

6) Impregnate 1 ml AgN03 stock b, 100 µl HCOH 
in 100 ml H20 (per gel) 30min 

7) Rinse H20 1 min 

8) Develop 3 g Na2C03 by sight 

100 µl HCOH ( approx. 20 -

40 µl Na2S203.5H20 25 min) 
made fresh in 100 ml H20 
( enough for 2 gels) 

9) Stop 2.5 ml of 2.3 M citric acid 
added directly to 50 ml 
developing solution 10 min 

10) Rinse H20 2 X 10 min 

Abbreviations: AcOH: acetic acid, EtOH: ethanol, HCOH: 37% formaldehyde, Na2S203.SH20: 
sodium thiosulfate pentahydrate. 
a Na2S203.SH20 stock = 10% in H20 

b AgN03 stock = 20% in H20 
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Standards 

Purified proteins (Sigma) with a range of known molecular weights were used as 

standards (Table 5.3). 

Table 5.3: Standards that were routinely used in the gels. 

Protein MW(kDa) Concentration used (b!,g/ml) 

Lysozyme 14.2 0.4 

Myoglobin 17.8 0.4 

Trypsinogen 24 5.0 

Whole Troponin+ 18-19 (C), 25* (I) 5.0 

Carbonic Anhydrase 29 4.0 

Bovine Serum Albumin 66 2.0 

(BSA) 

+Only Tnl and TnC were apparent in the Sigma preparation. 
* Apparent molecular weight of Troponin I under the electrophoretic conditions used. 

The myosin light chains of individual EOM fibers were identified by 1) their 

migration in relation to the protein standards, 2) their co-migration with purified 

light chains of rabbit psoas muscle and 3) by co-migration with purified light 

chains of Bufo marinus EOM. Troponins C and I were identified on the basis of 

their co-migration with subunits of the troponin standard (from rabbit muscle) and 

their expected migration pattern (Greaser & Gergely 1971). Troponin I was not 

observed in gels of single fibers as it co-migrated with MLCI. 
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5.3 Results 

Myosin extraction and subsequent purification using anion-exchange 

chromatography yielded EOM myosin light chains that eluted at 0.6 to 0.7 M 

NaCl (Figure 5.2). This main peak resolved into three bands on SDS-PAGE 

with the middle band appearing as a doublet (Figure 5.3, lane b). These bands 

had the same mobility as the bands purified from rabbit psoas myosin (Figure 

5.3, lane a). This procedure clearly isolated myosin light chains from other 

myofibrillar proteins (compare lanes band c). 

From SDS-PAGE of single EOM fibers, two groups of fibers could be 

differentiated on the basis of their MLC profiles. One group showed three MLC 

bands (MLCl, MLC2 and MLC3) and these correlated to fibers that gave a fast 

response to maximal activation (see Chapter 4) and are assumed to be twitch 

fibers (Figure 5.3, lanes f, g and i). Another group of fibers showed only two 

MLC bands (MLCl and MLC2) with no detectable MLC3 band (Figure 5.3, lane 

h). These fibers corresponded to those giving a slow rise to peak tension and are 

assumed to be tonic fibers. 

MLCl bands of single tonic and twitch fibers had similar mobility, however, 

MLC2 of tonic fibers tended to run more slowly than MLC2 of twitch fibers 

(Figure 5.3, lane hand Figure 5.4). 
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Figure 5.2. Purification of low molecular weight components of toad EOM 

myosin by anion exchange chromatography on a Mono-Q column. The arrow 

indicates the fraction that gave rise to the protein bands on gel strip (b) of Figure 

5.3. 
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Figure 5.3: SOS-PAGE of (a) purified myosin light chains from rabbit psoas, 

(b) myosin light chains from toad EOM, (c) toad whole EOM extract, (d) stand­

ards, (e) troponin standard, (f) twitch dark fiber, (g) twitch light fiber, (h) tonic 

fiber and (i) twitch light fiber. CA= carbonic anhydrase, Tryp = trypsinogen, 

Myo = myoglobin, Lys = lysozyme. 
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(1) (2) 

100 200 300 400 500 

Figure 5.4. Representative densitometric scan of gel obtained from a toad EOM 

tonic fiber (blue line) and a twitch light fiber (green line). The peaks marked (1) 

and (2) correspond to BSA and myoglobin standards (red line), respectively. 
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5.4 Discussion 

The myosin light chains purified from both toad EOM and rabbit psoas showed 

three major bands with MLC2 appearing as a doublet. This doublet was also 

observed in the MLC profiles of single EOM (twitch) fibers in two electrophoresis 

runs. Therefore, these bands cannot be attributed to the presence of the fast and 

slow MLC2 isoforms. The most likely explanation for the additional band is that 

a portion of the fiber proteins were not completely reduced giving rise to the 

additional band (Bollag & Edelstein 1991). Another reason could be that limited 

proteolysis of MLC2 occurred. 

The co-migration of purified myosins from toad EOM and rabbit psoas indicates 

the presence of predominantly fast MLC isoforms in EOM as found by 

Reichmann and Srihari (1983), Briggs et al. (1988) and Rushbrook et al. (1994 ). 

The three myosin light chains identified in fibers that gave fast responses to initial 

and maximum Ca2+-activation (twitch dark and twitch light fibers) are consistent 

with MLClf, MLC2f and MLC3f, and have previously been observed by others 

(Reichmann & Srihari 1983, Sartore et al. 1987, Rushbrook et al. 1994). 

Two MLC bands were found from fibers that gave a slow response to initial and 

maximum Ca2+ -activation (tonic fibers). The regulatory light chain (MLC2) of 

these fibers showed a reduced mobility compared to the twitch fibers and is 

probably the slow isoform, MLC2s. This is consistent with the findings in 

mammalian EOM (Reichmann & Srihari 1983, Briggs et al. 1988, Rushbrook et 

al. 1994 ). The absence of MLC2s in the purified myosin is likely to be the result 
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of non-detection due to its scarcity. The quantity of MLC2s purified from only 28 

mg of tissue was probably insufficient to resolve on the gels since only about 20% 

of fibers in toad global EOM are of the tonic type (refer to Chapter 3) and 

probably no more than 20% of fibers in toad orbital EOM would contribute this 

isoform (see Table 1.2, Chapter 1). 

The alkali light chain, MLCl, of tonic fibers co-migrated with those of the twitch 

fibers. Thus, contrary to what others have found in mammalian EOM 

(Reichmann & Srihari 1983, Briggs et al. 1988, Rushbrook et al. 1994), no slow 

MLCl isoform (MLCls' or MLCls) was observed on the gels of either purified 

EOM or tonic fibers from Bufo marinus. The highest molecular weight MLC 

band of the tonic fibers appeared to have the same mobility as MLCl of the twitch 

fibers. 

This apparent lack of a slow MLC 1 isoform could be due to phylogenetic 

variation. For example, while MLCl of many mammalian limb muscle slow­

twitch fibers is split into two bands, MLCl 's and MLCls, this does not appear to 

be the case with slow-twitch fibers of Amphibia. These fibers usually contain a 

single band, MLCls, although at times some MLClf appears from fibers that are 

transitional between fast- and slow-twitch (Lannergren 1987). 

One other possibility is that MLCl's, in the SDS-PAGE system used in this study, 

had the same mobility as MLClf, and that MLCls was present in such small 

quantities that it did not show up on the gels. With respect to this latter point, the 

results of Reichmann and Srihari ( 1983), Briggs et al. ( 1988) and Rushbrook et al. 
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(1994) show that MLCls occurs in much lower quantities than MLCl 's. In 

addition, the amount of protein loaded onto a gel can be a critical factor in its 

detection. In this study, small quantities of protein were applied (less than 0.1 µg 

per lane) to the gels. Indeed, Sartore et al. (1987) only found MLClf and MLC2f 

using one dimensional SDS-PAGE when applying about 3 ug protein per lane. 

Upon subsequent two-dimensional gel electrophoresis MLC3f was visible. 

Furthermore, Rushbrook et al. (1994) had difficulty visualising MLCls using 10 

µg protein per lane. Reichmann and Srihari (1983) loaded 120 µg onto their two­

dimensional gels and were able to observe three slow and three fast myosin light 

chains. 

The absence of MLC3 in EOM tonic fibers appears to be a general characteristic 

of tonic fibers in skeletal muscle of amphibians and avians. For example, Focant 

and Reznik (1980), Pliszka and Strzelecka-Golaszewska (1981) and Martyn et al. 

(1993) found that myosin of slow-tonic fibers from frog cruralis muscle were 

characterized on gels by having no low molecular weight band (i.e. MLC3). 

Reiser et al. ( 1996) found that fibers from the slow red strip of chicken pectoralis 

major muscle lacked MLC3 whereas the fast white fibers of this muscle had 

MLClf, MLC2f and MLC3. 

The results of this chapter show that differences in the force-pCa relationship of 

tonic and twitch fibers in Bufo marinus EOM are correlated with differences in the 

MLC profile of these fibers. Furthermore, the results confirm the grouping of 

twitch and tonic fibers made in Chapter 4. The speed of contraction of a muscle 

fiber is correlated with the presence of specific isoforms of most of the 
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myofibrillar contractile proteins. Therefore, it was perhaps not surprising that the 

MLC profile of the tonic fibers, which gave a characteristic slow response to 

maximally activating [Ca2+], differs from the two twitch fibers, which gave a fast 

response (Chapter 4, Section 4.3.2). 
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CHAPTER 6: CONCLUSION 

Although the morphological complexity of EOM is well appreciated, an in depth 

knowledge of the physiology of the individual fibers has been lacking. This study 

aimed to examine the fiber types in toad EOM and elucidate some of the 

contractile properties of these fibers, especially the tonic fibers. To achieve this 

aim a variety of approaches were ultimately used, including ultrastructural, 

histochemical and protein isoform analyses. This multi-faceted approach was 

necessary in order to identify and fully characterize the fibers used in the 

contractile activation experiments. 

Three groups of fibers were found in global EOM. The tonic fibers showed 

marked differences from the twitch light and twitch dark fibers at the 

ultrastructural, histochemical, contractile and MLC isoform levels. Tonic fibers 

had a significantly lower Hill co-efficient than twitch light fibers at low calcium 

concentrations suggesting that the cooperative interaction between thick and thin 

filament subunits differs in these fibers. Differences between the twitch light and 

twitch dark fibers were confined mainly to morphology (i.e. number of 

mitochondria and fiber diameter) and metabolism (activity of oxidative and 

glycolytic enzymes). 

It is hoped that others endeavoring to undertake contractile experiments on these 

fibers can use the information gained here. For example, the finding that 

permeabilized tonic fibers developed maximum force slowly and appeared to hold 

a constant force can be used to more easily identify these fibers without the need 
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to determine MLC profiles. There are many avenues that future work could take 

using permeabilized single fiber preparations of EOM fibers. For example, the 

maximum shortening velocity (V max) of tonic fibers could be compared to the 

twitch fibers. Barany ( 1967) found that the ATPase activity of myosin is 

correlated to the speed of muscle shortening. Thus, given the histochemical result 

(mATPase activity) of this study and the slow rate of maximum, initial force 

development, a much slower response in the tonic fibers would be expected. In 

addition, information regarding the cross-bridge interaction cycle could be 

obtained using tension transients, where a fiber is subjected to a rapid length 

change and the recovery of tension is monitored. Other studies could focus on 

manipulating sarcoplasmic constituents such as ATP, ADP, Pi and Mg2+ in 

permeabilized fibers. Differences in other protein isoforrns could also be explored 

further. For example, although some unique MHCs have been isolated from 

EOM, to the author's knowledge, analyses of MHC isoforrns in single fibers has 

yet to be carried out to confirm the MHC content of each fiber type. Other 

myofibrillar proteins could also be examined. TnT isoforrns in EOM have been 

investigated by Briggs et al. ( 1988) who found that the MIFs expressed the slow 

troponin T isoform (TnT2s) while the SIFs contained mainly TnT3f. Further 

work could be carried out on the other troponin subunits. Results in this study 

show that TnC from tonic and twitch fibers differs and this could be investigated 

more thoroughly. 

The results of this study can be used to supplement what is known in the area of 

motor unit recruitment. Dean ( 1996) has constructed a model to simulate motor 

unit recruitment in EOM in order to help understand how oculomotor control 
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signals might be organized. He found a U-shaped recruitment pattern when unit 

strength was plotted as a function of unit threshold. The earliest recruited units 

were relatively strong whereas those recruited subsequently became progressively 

weaker until a minimum value was reached. Units were then recruited in order of 

increasing strength. Thus the pattern differs somewhat to that usually observed in 

spinal muscles in which units are recruited in order of increasing strength (Binder 

& Mendell 1990). 

Findings from a variety of different studies need to be considered when proposing 

a recruitment order of EOM motoneurons. Browne (1976) studied the contractile 

properties of slow fibers (presumed MIFs) in sheep EOM and found them to be 

very resistant to fatigue. Shall and Goldberg ( 1992), using intra- and extra­

cellular techniques to study single motor units of the abducens nucleus and lateral 

rectus in the cat, found similar results. The non-twitch units (MIFs) were the most 

fatigue resistant, in addition to having the lowest maximum tetanic tension range 

of the five motor unit types identified. Matyuskin (1962, 1963) working on the 

decerebrate rabbit, found that MIFs were tonically active in that they were 

innervated by low threshold motoneurons (those that fire even when the eye is 

pointing in the 'off-direction' for that muscle). In considering these results, and 

those of his own, Dean ( 1996) has put forth a recruitment order beginning with 

relatively strong units composed of MIFs, particularly orbital MIFs, then the weak 

units of the orbital and global dark-SIFs (trough) and finally the stronger units 

consisting of global intermediate- and pale-SIFs. 

Robinson ( 1978) suggested a recruitment order based more on the metabolic 

demands placed on the fiber and on the need for ripple-free contraction to produce 
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fine control. He proposed the following recruitment order: orbital-SIFs and global 

dark-SIFs, orbital-MIFs, global-MIFs, global intermediate-SIFs and global pale­

SIFs. He based this argument on the fact that those fibers recruited the earliest 

would be the most fatigue resistant and therefore have an appearance and 

histochemical characteristics of oxidative metabolism. Also, the non-twitch 

contractile nature of the global-MIFs would ensure smooth contractions of the 

first recruited units that generally have low frequency firing rates. 

The Ca2+ -activation studies on single permeabilized fibers showed that the tonic 

(global-MIFs) fibers had significantly greater maximum tension levels than twitch 

dark (dark-SIFs) fibers. This observation, combined with the reported fatigue 

resistance of these fibers (Browne 1976, Shall & Goldberg 1992) would tend to 

support the recruitment of global-MIFs first, followed by the dark-SIFs in the 

trough of the 'U'. However, the subject is complicated by many unknown 

parameters such as motor unit size and the presence of polyneuronal innervation 

(MIFs). 

Since few muscles are composed of a single fiber type, studies utilizing single 

fibers are valuable in gaining a clearer understanding of whole muscle physiology. 

This is especially true for EOM because of its complex assortment of fiber types. 

This study has shown that differences in EOM fibers extend to the level of the 

proteins comprising the contractile apparatus and the interaction of these proteins 

during muscle activation. Future studies in EOM research can hopefully build on 

the work presented here and gain more insight on the physiology of the individual 

fibers, especially the tonic fibers, that make up these remarkable muscles. 
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APPENDIX A 

IPLab Spectrum (Signal Analytics Corporation) is a scientific imaging software 
for the Macintosh. Outlined below is the script created using IPLab Spectrum 
( version 3 .1) to measure minimum elliptical diameter of tonic and twitch muscle 
fibers in sections stained for mATPase activity. 

SCRIPT 

Set XY Units 
Segmentation 

Alert 
Modify Segments 
Pause 
Modify Segments 
Modify Segments 
Set Measurements 
Measurement Options 
Measure Segments 
Segmentation 
Alert 
Modify Segments 
Pause 
Modify Segments 
Modify Segments 
Set Measurements 
Measurement Options 
Measure Segments 
END 

NOTES 

assign predefined units to image 
colour tonic fibers green (intensity 
thresholding) 

fill holes in tonics with green 

erode (separate segments that are touching) 
dilate (thicken boundary line) 
minor axis 
measure green segments 

colour twitch fibers yellow 

fill holes in twitch with yellow 

erode 
dilate 
minor axis 
measure yellow segments 
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APPENDIXB 

Table B.1: Stock solutions used in the preparation of the inferior rectus muscle for 
skinning and the pCa solutions listed in Table B.2. 

Solution* Concentration (M) pH 

KCl 2.0 7.1 
MgAc2 1.0 7.3 
K2EGTA 0.05 7.3 
lmidazole 1.0 6.9 
KCaEGTA 0.1 7.1 
NaATP 0.1 7.2 
NaPCr 0.1 7.0 
* 2mM sodium azide was added to the stock solutions. 

131 



Appendices 132 

Table B.2: Composition of solutions used in single fiber experiments. 

Concentrations in mM 

IS pH Temp. Imidazole KCI MgAc2 K-EGTA KCaEGTA Na-ATP Na-PCr 

Relax (pCa 9.0) 150mM 7.1 IO 25 55.93 6.6 IO 0 5.545 5 
Pre-activate 150mM 7.1 IO 25 85.65 6.11 0.2 0 5.565 5 
Activate: 
pCa4.6 150mM 7.1 IO 25 26.21 6.3 0 10.028 5.611 15 
pCa4.8 150mM 7.1 IO 25 26.31 6.3 0 9.961 5.589 15 
pCa 5.0 150mM 7.1 IO 25 26.37 6.3 0.114 9.886 5.576 15 
pCa 5.2 150mM 7.1 10 25 26.4 6.3 0.212 9.788 5.568 15 
pCa 5.4 150mM 7.1 10 25 26.423 6.31 0.352 9.648 5.562 15 
pCa 5.6 150mM 7.1 10 25 26.43 6.32 0.559 9.441 5.559 15 
pCa5.8 150mM 7.1 10 25 26.431 6.34 0.866 9.134 5.557 15 
pCa6.0 150mM 7.1 10 25 26.42 6.36 1.311 8.689 5.555 15 
pCa6.2 150mM 7.1 10 25 26.41 6.39 1.932 8.068 5.554 15 
PCa 6.3 150mM 7.1 10 25 26.40 6.41 2.317 7.683 5.554 15 
pCa6.4 150mM 7.1 10 25 26.38 6.43 2.753 7.247 5.554 15 
PCa6.5 150mM 7.1 10 25 26.36 6.46 3.236 6.764 5.554 15 
pCa 6.6 150mM 7.1 10 25 26.35 6.48 3.759 6.241 5.553 15 
PCa6.7 150mM 7.1 10 25 26.33 6.51 4.313 5.687 5.554 15 
pCa6.8 150mM 7.1 10 25 26.31 6.54 4.884 5.116 5.553 15 
PCa6.9 150mM 7.1 10 25 26.29 6.57 5.458 4.542 5.554 15 
pCa 7.0 150mM 7.1 10 25 26.27 6.6 6.021 3.979 5.553 15 
pCa7.I 150mM 7.1 10 25 26.25 6.623 6.558 3.442 5.553 15 
pCa 7.2 150mM 7.1 JO 25 26.24 6.65 7.057 2.943 5.553 15 
pCa 7.4 150mM 7.1 10 25 26.21 6.69 7.917 2.083 5.553 15 
pCa 7.6 150mM 7.1 10 25 26.18 6.73 8.58 1.42 5.553 15 
pCa 7.8 150mM 7.1 10 25 26.17 6.75 9.052 0.948 5.553 15 
pCa 8.0 150mM 7.1 10 25 26.16 6.77 9.38 0.62 5.553 15 

Total volume of Volume to 
each solution= 10 add in pl 
ml 

IS pH Temp. Imidazole KCI MgAc2 K-EGTA KCaEGTA Na-ATP Na-PCr Total 
Volume 

Relax (pCa 9) 150mM 7.1 IOC 250 280 66 2000 0 555 500 3652 
Pre-activate 150mM 7.1 IOC 250 428 61 40 0 556 500 2195 
Activate: 
pCa4.6 150mM 7.1 IOC 250 131 63 0 1003 561 1500 3508 
pCa4.8 150mM 7.1 JOC 250 132 63 0 996 559 1500 3500 
pCa5.0 150mM 7.1 JOC 250 132 63 22 989 558 1500 3514 
pCa5.2 150mM 7.1 IOC 250 132 63 42 979 557 1500 3503 
pCa5.4 150mM 7.1 IOC 250 132 63 70 965 556 1500 3536 
pCa5.6 150mM 7.1 IOC 250 132 63 112 944 556 1500 3557 
pCa5.8 150mM 7.1 IOC 250 132 63 174 913 556 1500 3588 
pCa6.0 150mM 7.1 JOC 250 132 64 262 869 556 1500 3633 
pCa6.2 150mM 7.1 IOC 250 132 64 386 807 555 1500 3694 
PCa6.3 150mM 7.1 IOC 250 132 64 464 768 555 1500 3733 
pCa 6.4 150mM 7.1 IOC 250 132 64 550 725 555 1500 3776 
PCa6.5 150mM 7.1 IOC 250 132 65 648 676 555 1500 3826 
pCa6.6 150mM 7.1 IOC 250 132 65 752 624 555 1500 3878 
PCa6.7 150mM 7.1 IOC 250 132 65 862 569 555 1500 3933 
pCa6.8 150mM 7.1 IOC 250 132 65 976 512 555 1500 3990 
PCa6.9 150mM 7.1 IOC 250 132 66 1092 454 555 1500 4049 
pCa 7.0 150mM 7.1 IOC 250 132 66 1204 398 555 1500 4105 
PCa7.I 150mM 7.1 IOC 250 132 66 1312 344 555 1500 4159 
pCa 7.2 150mM 7.1 IOC 250 131 67 1412 294 555 1500 4209 
pCa 7.4 150mM 7.1 IOC 250 131 67 1584 208 555 1500 4295 
pCa 7.6 150mM 7.1 IOC 250 131 67 1716 142 555 1500 4361 
pCa 7.8 150mM 7.1 IOC 250 131 68 1810 95 555 1500 4409 
pCa 8.0 150mM 7.1 IOC 250 131 68 1876 62 555 1500 4442 
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APPENDIXC 

The Liquid Chromatography Controller (LCC-500) of the FPLC apparatus was 
programmed as follows: 

Time (min) 

0.0 CONC%B 0.0 
0.0 MUMIN 0.50 
0.0 CM/MIN 0.50 
0.0 VALVEPOS 1.2 
2.0 CONC%B 0.0 
2.0 MUMIN 0.50 
2.0 CM/MIN 0.50 
17.0 CONC%B 100 
17.0 MUMIN 0.50 
17.0 CM/MIN 0.50 
17.0 CONC%B 100 
22.0 CONC%B 100 
32.0 CONC%B 0.0 
32.0 MUMIN 0.00 
32.0 CM/MIN 0.00 
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