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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 uN (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 uN (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 uN (n = 10) (Figures

4.6¢ 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 first
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/m? n = 50) than both twitch dark (60.0 + 2.4 kN/m%* n = 6) (P < 0.001) and
tonic fibers (97.5 + 6.3 kN/m* 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, P, (kN/m?), 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 [Ca®'], 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 Ca®* (Figure 4.10). This decline was greater for tonic fibers
than for twitch fibers subjected to a similar challenge of Ca®*. The percent decline
in maximum tension did not influence either the n; or n; Hill coefficients for twitch

light and tonic fibers (Figures 4.11a and 4.11b, 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) n; and (b) n;

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, n;, for tonic fibers is significantly lower (P = 0.005) than for
twitch light fibers. There was no significant difference between n; values for tonic
and twitch light fibers. There was a significant difference (P = 0.02) between the
n; and n; values for twitch light fibers, however, this was not the case with tonic
fibers. There was no significant difference between n, 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 [Ca®] was not obtained

from the first pCa batch due to a lack of activations in this range.

B n;
B n

Hill coefficient

twitch twitch twitch tonic
dark* light* light

Figure 4.12: Hill coefficients, n; and n;, 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, P, 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.

n; nz
1) mean+ SE  2) From pCacurve | 1) mean+ SE 2) From pCa curve
Twitch dark
Batch One - - 2.1+0.6 (4) 2.2 (5)
Twitch light
Batch One - - 25+0.1 (200 2.8(20)

Batch Two 1.8+0.2(10) 1.6 (10) 2.6+02(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 Ca**: pCas,

The pCaso values obtained for twitch light fibers using different pCa batches were
significantly different (P = 0.01). However, within a pCa batch, the pCaso values
did not differ between fiber groups. The pCas, 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).

6.4

W pCa Batch One
@ pCa Batch Two

pCaso

twitch dark twitch light tonic

Figure 4.13: pCas, 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 Ca** Threshold for Activation: pCayo

There was no significant difference in pCayo values between pCa batches for twitch
light fibers. Tonic fibers had a significantly higher (P = 0.002) pCa,o value (lower
calcium concentration) than twitch light fibers (Figure 4.14). pCajo values for

twitch dark and twitch light fibers did not differ significantly.

6.8
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pCato
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Figure 4.14: pCao 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-pCa 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 n;, n;, pCaso and pCayo values, italicised numbers indicate data obtained using pCa Batch

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

n n; pCaso pCayo Po(uN) Po(kN/m?) time to 90%

maximum. tension (s)

Twitch - 21106 5.97 + 0.07 6.5240.03 1292 £7.5* 60.0 +24 8.0+33*
dark (4) (4) (4) (6) ©) ©6)
- 25101 6.01 £0.03 6.42 .02
Twitch (20) (20) (20) 598.9+42.8" 1402 +9.2* 9.1+£9.6"
light 1.8+ 02 26+ 02" 6.18 £0.05 6431 .06 (50) (50) (10)
(10) ®) (10) ®
Tonic 12+ 03 1.7+ 01 6.18+0.04 6.69+0.03 1799+ 165 975463 295+87
&) ) ) 0] (10 (10 (10

* significantly different from tonic fiber
® significantly different from twitch light fiber

08
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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 ef 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 Ca**-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 Ca®*-activation levels
and cycling the fiber between states of isometric force development and isovelocity

shortenings at near maximal velocity (Vmax) (Sweeney ef 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 Ca’*-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 Ca**-
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 um and 48.0 + 2.4 um, 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 (ie.

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/m2. 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/m’. 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/m? under conditions of: [EDTA]= 9 mM, IS = 120,
pH = 7, sarcomere length = 2.4 pm. In this study tonic fibers from EOM had a

maximum normalized tension of 97.5 + 6.3 kN/m* ([EDTA] = 10 mM, IS = 150

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

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 [Ca**]. The

steepness of the curve at low [Ca®"] 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 Ca’* 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-
pCa relationships than slow-twitch fibers (Stephenson & Forrest 1980). Studies
comparing the force-pCa 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-pCa response as slow-tonic fibers from the
anterior latissimus dorsi muscle, had a lower n; 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 Ca®* binding properties mediated by fiber-type specific isoforms of
thin filament regulatory proteins. However, when Moss et al. (1991) substituted
slow TnC into skinned psoas fibers containing endogenous fast TnC, the steepness
of the tension-pCa relationship was unaltered. This suggested that TnC 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-S1, a strong-binding derivative of myosin S1 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 (pCajo) than the twitch fibers is in keeping with the results
of others. Reiser ef al. (1996) found the threshold (pCag) 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-pCa
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 um 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 ef 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, nc,, 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 (c¢f 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 pm 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 um 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 pm (Refer to Figure 3.4, Chapter
3). Fortunately, approximately 22% of the tonic fiber population occur in the
diameter range of 40 — 50 um 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 um, or about 43 um 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
um). 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 Ca**-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 [Ca?*] 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 [Ca®*].
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 [Ca**]. Thus, the tonic fibers had a markedly lower
n, Hill coefficient than the twitch light fibers. However, sensitivity to calcium (i.e.

pCas, 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 Ca*-

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 S1, and the tail, termed S2.
Each myosin head contains a regulatory light chain (MLC2) and an essential
(alkali) light chain (either MLC1 or MLC3). The light chains are associated with
the neck region of S1, 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 Ca®* sensitivities of tension generation, fiber
stiffness, and maximum velocity of shortening, leading them to conclude that this
light chain may m;)dulate contraction via an influence on the conformation of the
S1-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 MLCIf, 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 MLC1 band
can be resolved into two components, both of reduced mobility when compared to
MLCIf (see Lowey 1994 for review). These two bands are referred to as MLCls
and MLC2s or MLC1’s and MLCls. 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 MLC1
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 MLC1f and MLC2f. Focant and
Reznic (1980) also found that MLC1 of slow-tonic muscle had the same
electrophoretic mobility as MLC1 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., (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 MLCI1f : MLC3f ratio. Greaser et al. (1988) found
that V., 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 MLC1 in chemically skinned single fibers from
rat psoas muscles (Moss et al. 1990). These fibers exhibited an average increase
in Vmax of 42%. These investigators have suggested that the type of MHC(s)
present in a fiber determines whether the Vi, range will be slow or fast, but
variation of V,,x 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 LCI1’s, LCls, LCIf, 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, LC1f, 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 LC1f, 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 MLC1 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 1g 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 s in 20 volumes of the following isolation solution: 10 mM Tris-HCI, 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 EDTA. 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 MgCl,, 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 2.2.1: 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 pl of sample buffer (4% SDS, 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 pl 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 pl 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 4% SDS, 12% (w/v) glycerol, 50 mM Tris,
2% (v/v) mercaptoethanol, 0.01% Serva blue
G, pH 6.8.

Gel buffer stock solution 1.5 M Tris, 0.15% SDS, pH 8.45

Anode buffer 0.2 M Tris, pH 8.9
Cathode buffer 0.1IM Tris, 0.IM Tricine, 0.1% SDS, pH
8.25

Vertical SDS-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 pl of 10% ammonium
persulfate and 10 pl 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 1'/,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.

Stacking gel Separating gel
4%T/3%C 16.5%T/3%C
40% acrylamide/
bisacrylamide solution 1.25 ml 6.7 ml
Gel buffer 6.25 ml 8.0 ml
Glycerol - 1.5 ml=2.16g
H,O 5.00 ml -
Final volume 12.50 ml 16.2 ml

%T = total acrylmide content (w/v)
%C = ratio of bisacrylamide to acrylamide monomer (w/w)

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 100V 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 H,0 1 X 5 min
4) Sensitize 100 pl NapS203.5H70 stock 3 1 min
in 60 ml H,O
5) Rinse H,0 1 X 5 min
6) Impregnate 1 ml AgNO3 stock P, 100 ul HCOH
in 100 ml H2O (per gel) 30 min
7) Rinse H,0O 1 min
8) Develop 3 g NaCO3 by sight
100 ul HCOH (approx. 20 —
40 pl Na,S,0,.5H,0 25 min)
made fresh in 100 ml H,O
(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 H>0 2 x 10 min

Abbreviations: AcOH: acetic acid, EtOH: ethanol, HCOH: 37% formaldehyde, Na;S;03.5H20:
sodium thiosulfate pentahydrate.

4 Na,$,03.5H,0 stock = 10% in HO

b AgNO; stock = 20% in H,O
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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 (ug/ml)
Lysozyme 14.2 0.4

Myoglobin 17.8 0.4

Trypsinogen 24 5.0

Whole Troponin® 18-19 (C), 25* (1) 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 b and 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 (MLC1, 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 (MLC1 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.

MLCI1 bands of single tonic and twitch fibers had similar mobility, however,
MLC?2 of tonic fibers tended to run more slowly than MLC2 of twitch fibers

(Figure 5.3, lane h and Figure 5.4).
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Figure 5.3: SDS-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, () 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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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 Ca®*-activation (twitch dark and twitch light fibers) are consistent
with MLCI1f, 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 Ca”*-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, MLCI1, 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
MLCI isoform (MLC1s’ 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 MLC1 of the twitch

fibers.

This apparent lack of a slow MLCI1 isoform could be due to phylogenetic
variation. For example, while MLC1 of many mammalian limb muscle slow-
twitch fibers is split into two bands, MLC1’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 MLC1f appears from fibers that are

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

One other possibility is that MLC1’s, in the SDS-PAGE system used in this study,
had the same mobility as MLCIf, 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 MLC1’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 pg
per lane) to the gels. Indeed, Sartore et al. (1987) only found MLC1f 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
pg protein per lane. Reichmann and Srihari (1983) loaded 120 pg 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

MLCI1f, 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 (Vmax) 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, P; and Mg?** in
permeabilized fibers. Differences in other protein isoforms could also be explored
further. For example, although some unique MHCs have been isolated from
EOM, to the author’s knowledge, analyses of MHC isoforms 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 isoforms 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 Ca®*-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.



References 118

REFERENCES

Allen, T. St. C., Ling, N., Irving, M. and Goldman, Y.E. (1996) Orientation
changes in myosin regulatory light chains following photorelease of ATP in
skinned muscle fibers. Biophysical Journal 70: 1847-1862.

Alvarado, J.A. and van Horn, C. (1975) Muscle cell types of the cat inferior
oblique. In: Basic Mechanisms of Ocular Motility and Their Clinical
Implications. Eds: G. Lennerstrand and P. Bach-y-Rita, Pergamon Press, Oxford.
pp. 15-45.

Ashley, C.C. (1984) Calcium in muscle. In: Calcium in Biological Systems, Ed:
T. Spiro, Wiley, New York.

Ashley, C.C. and Campbell, A K. (1979) The Detection and Measurement of
Free Ca’* in Cells, Elsevier/North-Holland, New York.

Assmussen, G. and Gaunitz, U. (1981) Mechanical properties of the isolated
inferior oblique muscle of the rabbit. Pflugers Archives. European Journal of
Physiology 392: 183-190.

Bagshaw, C.R. (1993) Muscle Contraction (second edition), Chapman & Hall,
Melbourne.

Ball, D. and Johnston, I.LA. (1996) Molecular mechanisms underlying the
plasticity of muscle contractile properties with temperature acclimation in the
marine fish Myosocephalus scorpius. The Journal of Experimental Biology 199:
1363-1373.

Barany, M. (1967) ATPase activity of myosin correlated with speed of muscle
shortening. Journal of General Physiology 50: 197-217.

Barany, K., Barany, M. and Giometti, C.S. (1995) Review: Polyacrylamide gel
electrophoretic methods in the separation of structural muscle proteins. Journal
of Chromatography A 698: 301-332.

Barnard, R.J., Edgerton, V.R., Furukawa, T. and Peter, J.B. (1971)
Histochemical, biochemical and contractile properties of red, white, and
intermediate fibers. American Journal of Physiology 220: 410-414.

Bates, W.H. (1920) Perfect Sight Without Glasses, Henry Holt & Co., New
York.

Benjamin, H. (1974) Better Sight Without Glasses, Thorsons, Wellingborough.

Binder, M.D. and Mendell, L.M. (Eds) (1990) The Segmental Motor System,
Oxford University Press, New York.



References 119

Bollag, D.M. and Edelstein, S.J. (1991) Protein Methods, John Wiley & Sons
Inc. New York.

Bortolotto, S.K., Stephenson, D.G. and Stephenson, GM.M. (1997) A
comparison of myosin expression and contractile activation characteristics in
single soleus muscle fibres of the rat.  Proceedings of the Australian
Physiological and Pharmacological Society 28(2): 83P.

Bottinelli, R., Schiaffino, S. and Reggiani, C. (1991) Force-velocity relations
and myosin heavy chain compositions of skinned fibres from rat skeletal muscle.
Journal of Physiology (Lond) 437: 655-672.

Brandt, P.W., Diamond, M.S. and Rutchik, J.S. (1987) Co-operative interactions
between troponin-tropomyosin units extend the length of the thin filament in
skeletal muscle. Journal of Molecular Biology 195: 885-896.

Bremel, R.D., Murray, J.M. and Weber, A. (1973) Manifestations of cooperative
behaviour in regulated actin filament during actin-activated ATP hydrolysis in

presence of calcium. Cold Spring Harbor Symposium on Quantitative Biology
37:267-275.

Briggs, M.M., Jacoby, J., Davidowitz, J. and Schachat, F.H. (1988) Expression
of a novel combination of fast and slow troponin T isoforms in rabbit extraocular
muscles. Journal of Muscle Research and Cell Motility 9: 241-247.

Brooke M.H. and Kaiser K.K. (1970) Three “myosin adenosine triphosphatase”
systems: the nature of their pH lability and sulfhydryl dependence. Journal of
Histochemistry and Cytochemistry 18: 670-672.

Browne, J.S. (1976) The contractile properties of slow muscle fibres in sheep
extraocular muscle. Journal of Physiology (Lond) 254: 535-550.

Brueckner, J.K. and Porter, J.D. (1998) Visual system maldevelopment disrupts
extraocular muscle-specific myosin expression. Journal of Applied Physiology
85(2): 584-592.

Brueckner, J.K., Itkis, O. and Porter, J.D. (1996) Spatial and temporal patterns
of myosin heavy chain expression in developing rat extraocular muscle. Journal
of Muscle Research and Cell Motility 17: 297-312.

Campbell, S. (1997) Contractile activation characteristics of mammalian
extraocular muscle fibres. Ph.D. thesis, University of Melbourne.

Cheng-Minoda, K., Davidowitz, J., Liebowitz, A. and Breinin, G.M. (1968)
Fine structure of extraocular muscle in rabbit. Journal of Cellular Biology 39:
193-197.

Chiarandini, D.J. and Davidowitz, J. (1979) Structure and function of
extraocular muscle fibers. In: Current Topics In Eye Research, Vol. 1, Eds: J.A.
Zadunaisky and H. Davison, Academic Press Inc., New York. pp. 91-142.



References 120

Chiarandini, D.J. and Stefani, E. (1979) Electrophysiologcial identification of

two types of fibres in rat extraocular muscles. Journal of Physiology (Lond) 290:
453-465.

Close, RI. (1972) Dynamic properties of mammalian skeletal muscles.
Physiology Reviews 52: 129-197.

Cooper, J.A. (1994) Capping Proteins., In: Guidebook to the Cytoskeletal and
Motor Proteins. Eds: T. Kreis and R. Vale, Sambrook and Tooze, Oxford
University Press, Oxford. pp. 34-35.

Cords, E. (1924) Zur Frage des M. retractor bulbi der Sauger. Zeitschrift fuer
Anatomie Und Entwicklungsgeschichte 71: 240-260.

Cornish-Bowden, A. and Koshland Jr., D.E. (1975) Diagnostic uses of the Hill
(Logit and Nernst) plots. Journal of Molecular Biology 95: 201-212.

Critchley, D.R. (1994) o~ Actinins In: Guidebook to the Cytoskeletal and
Motor Proteins, Eds: T. Kreis and R. Vale, Sambrook and Tooze, Oxford
University Press, Oxford. pp. 22-23.

Crockford, T. and Johnston, I.A. (1995) Isolation of unstable myosins and the

analysis of light chains by capillary electrophoresis. Analytical Biochemistry
231: 20-26.

Davidowitz, J., Chiarandini, D.J., Philips, G. and Breinin, G.M. (1982)
Morphological variation along multiply innervated fibers of rat extraocular
muscles. In: Functional Basis of Ocular Motility Disorders, Eds: G.
Lennerstrand, D.S. Zee and E.L. Keller, Pergamon Press, Oxford. pp. 17-26.

Dean, P. (1996) Motor unit recruitment in a distributed model of extraocular
muscle. Journal of Neurophysiology 76(2): 727-742.

Dietert, S.E. (1965) The demonstration of different types of muscle fibers in
human extraocular muscle by electron microscopy and cholinesterase staining.
Investigative Ophthalmology 4(1): 51-63.

Donaldson, S.K.B. and Kerrick, W.G.L. (1975) Characterization of the effects
of Mg*on Ca™- and Sr**-activated tension generation of skinned skeletal muscle
fibers. Journal of General Physiology 66: 427-444.

Dubowitz, V. and Brooke, M.H. (1973) Muscle biopsy: a modern approach —
Volume 2. In: Major Problems in Neurology, Ed: J.N. Walton, Saunders,
London.

Eastwood, A.B., Wood, D.S., Bock, K.L. and Sorenson, M.M. (1979)
Chemically skinned mammalian skeletal muscle. I. The structure of skinned
rabbit psoas. Tissue & Cell 11(3): 553-566.



References 121

Engel, E.K. (1962) The essentiality of histo- and cytochemical studies of

skeletal muscle in the investigation of neuromuscular disease. Neurology 12:
778-784.

Fink, W.J. and Costill, D.L. (1995) Skeletal muscle structure and function. In:
Physiological Assessment of Human Fitness, Eds: P.J. Maud and C. Foster,
Human Kinetics, Champaign, IL.

Focant, B. and Reznik, M. (1980) Comparison of the sarcoplasmic and
myofibrillar proteins of twitch and tonic fibres of frog muscle (Rana esculenta)
European Journal of Cell Biology 21:195-199.

Frueh, B.R., Hayes, A., Lynch, G.S. and Williams, D.A. (1994) Contractile
properties and temperature sensitivity of the extraocular muscles, the levator and
superior rectus, of the rabbit. Journal of Physiology (Lond) 475.2: 327-336.

Galler, S., Schmitt, T.L. and Pette, D. (1994) Stretch activation, unloaded
shortening velocity, and myosin heavy chain isoforms of rat skeletal muscle
fibres. Journal of Physiology (Lond) 478.3: 513-521.

Gauthier, G.F. (1969) On the relationship of ultrastructural and cytochemical
features to color in mammalian skeletal muscle. Zeitschrift fuer Zellforschung
und Mikroskopische Anatomie 95: 462-482.

Ginsborg, B.L. (1960) Some properties of avian skeletal muscle fibers with
multiple neuromuscular junctions. Journal of Physiology (Lond) 154: 581-598.

Gleeson, T., Putnam, R.W. and Bennett, A.F. (1980) Histochemical, enzymatic,

and contractile properties of skeletal muscle fibers in the lizard Dipsosaurus
dorsalis. The Journal of Experimental Zoology 214: 293-302.

Goldberg, S.J. and Shall, M.S. (1997) Lateral rectus whole muscle and motor
unit contractile measures with the extraocular muscles intact. Journal of
Neuroscience Methods 78: 47-50.

Grabarek, Z., Grabarek, J., Leavis, P.C. and Gergely, J. (1983) Cooperative
binding to the Ca™-specific sites of troponin C in regulated actin and actomyosin.
Journal of Biological Chemistry 258: 14098-14102.

Greaser, M.L. and Gergely, J. (1971) Reconstitution of troponin activity from
three protein components. The Journal of Biological Chemistry 246(13): 4226-
4233.

Greaser, M.L., Moss, R.L. and Reiser, P.J. (1988) Variations in contractile
properties of rabbit single muscle fibres in relation to troponin T isoforms and
myosin light chains. Journal of Physiology 406: 85-98.

Guth, K. and Potter, J.D. (1987) Effect of rigor and cycling cross-bridges on the
structure of troponin C and the Ca™ affinity of the Ca**-specific regulatory sites in
skinned rabbit psoas fibers. Journal of Biological Chemistry 262: 13627-13635.



References 122

Harker D.W. (1972) The structure and innervation of sheep superior rectus and
levator palpebrae extraocular muscles 1. Extrafusal muscle fibers. Investigative
Ophthalmology 11(12): 956-969.

Harrington, W.F. (1981) Muscle contraction, Carolina Biology Reader 114,
Scientific Publications Division, Burlington, N.C.

Hess, A. (1961a) The structure of slow and fast extrafusal muscle fibers in the
extraocular muscles and their nerve endings in guinea pigs. Journal of Cellular
and Comparative Physiology 58: 63-80.

Hess, A. (1961b) Structural differences of fast and slow extrafusal muscle fibers
and their nerve endings in chickens. Journal of Physiology (Lond) 157: 211.

Hess, A. and Pilar, G. (1963) Slow fibers in the extraocular muscles of the cat.
Journal of Physiology (Lond) 169: 780-798.

Hofmann, P.A., Metzger, J.M., Greaser, M.L. and Moss, R.L. (1990) Effects of
partial extraction of light chain 2 on the Ca™ sensitivities of isometric tension,

stiffness, and velocity of shortening in skinned skeletal muscle fibers. Journal of
General Physiology 95: 477-498.

Hoh, J.F.Y., Hughes, S., Hugh, G. and Pozgaj, I. (1989) Three hierarchies in
skeletal muscle fibre classification: allotype, isotype, and phenotype In: Cellular
and Molecular Biology of Muscle Development. Eds: L.H. Kedes and F.E.
Stockdale, Alan R. Liss, New York. pp. 15-26.

Homsher, E. and Millar, N.C. (1989) Solution — Muscle Solution Calculation
Program. [Computer program], System requirements: IBM PC.

Irving, M. and Piazzesi, G. (1997) Motions of myosin heads that drive muscle
contraction. News in Physiological Sciences 12: 249-254.

Isomura G. (1981) Comparative anatomy of the extrinsic ocular muscles in
vertebrates. Anatomischer Anzeiger 150: 498-515.

Jacoby, J., Chiarandini, D.J. and Stefani, E. (1989a) Electrical properties and
innervation of fibers in the orbital layer of rat extraocular muscles. Journal of
Neurophysiology 61(1): 116-125.

Jacoby, J., Ko, K., Weiss, C. and Rushbrook, J.I. (1989b) Systematic variation
in myosin expression along extraocular muscle fibres of the adult rat. Journal of
Muscle Research and Cell Motility 11: 25-40.

Julian, F.J. (1971) The effect of calcium on the force-velocity relation of briefly
glycerinated frog muscle fibers. Journal of Physiology 218: 117-145.

Kaminiski, H.J., Mass, E., Spiegel, P. and Ruff, R.L. (1990) Why are eye
muscles frequently involved in myasthenia gravis? Neurology 40: 1663-1669.



References 123

Kato, T. (1938) Uber histologische Untersuchungen der Augenmuskeln von
Menschen und Saugetieren. Okajimas Folia Anatomica Japonica 16: 131-145.

Kilarski W. and Bigaj J. (1969) Organization and fine structure of extraocular
muscles in Carassius and Rana. Zeitschrift fuer Zellforschung und
Mikroskopische Anatomie 94: 194-204.

Kuffler, S.W. and Vaughan Williams, EM. (1953) Small-nerve junctional
potentials. The distribution of small motor nerves to frog skeletal muscle, and the
membrane characteristics of the fibres they innervate. Jowrnal of Physiology
(Lond) 121: 289-317.

Laemmli, UK. (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227: 680-685.

Lannergren, J. (1987) Contractile properties and myosin isoenzymes of various
kinds of Xenopus twitch muscle fibres. Journal of Muscle Research and Cell
Motility 8: 260-273.

Lannergren, J. and Smith, R.S. (1966) Types of muscle fibres in toad skeletal
muscle. Acta Physiologica Scandinavica 68: 263-274.

Ling, N., Shrimpton, C., Sleep, J., Kendrick-Jones, J. and Irving, M. (1996)
Fluorescent probes of the orientation of myosin regulatory light chains in relaxed,
rigor and contracting muscle. Biophysical Journal 70: 1836-1846.

Lowey, S. (1994) The structure of vertebrate muscle myosin. In: Myology: basic
and clinical. (Second edition), Eds: A.G. Engel and C. Franzini-Armstrong,
McGraw-Hill, New York, pp. 489-492.

Lowey, S. and Risby, D. (1971) Light chains from fast and slow muscle
myosins. Nature 234: 81-85.

Lowey, S., Waller, G.S. and Trybus, K.M. (1993) Skeletal muscle myosin light
chains are essential for physiological speeds of shortening. Nature 365: 454-456.

Luff, A.R. (1981) Dynamic properties of the inferior rectus, extensor digitorum
longus, diaphragm and soleus muscle of the mouse. Journal of Physiology (Lond)
313: 161-171.

Luff, A.R. and Proske, U. (1979) Properties of motor units of the frog
iliofibularis muscle. American Journal of Physiology 236: C35-C40.

Lynch, G.S., Stephenson, D.G. and Williams, D.A. (1991) Endurance exercise
effects on the contractile properties of single skinned skeletal muscle fibres of
young rats. Pflugers Archives 418: 161-167.

Lynch, G.S., Frueh, B.R. and Williams, D.A. (1994) Contractile properties of
single skinned fibres from the extraocular muscles, the levator and superior rectus,
of the rabbit. Journal of Physiology (Lond) 475.2: 337-346.



References 124

Martyn, D.A, Coby, R., Huntsman, L.L. and Gordon, AM. (1993) Force-
calcium relations in skinned twitch and slow-tonic frog muscle fibres have similar
sarcomere length dependencies. Journal of Muscle Research and Cell Motility
14: 65-75.

Matyuskin, D.P. (1962) Phasic and tonic neuromotor units in the oculomotor
apparatus of the rabbit Sechenov Physiologyical Journal of the USSR 47(7): 65-
69.

Matyuskin, D.P. (1963) Motor innervation of tonic muscle fibres of the
oculomotor system. Federation Proceedings 22: T728-T731.

Mayr, R. (1971) Structure and distribution of fibre types in the external eye
muscles of the rat. Tissue & Cell 3(3): 433-462.

Mayr, R., Gottschall, J., Gruger, H. and Neuhuber, W. (1975) Internal structure
of cat extraocular muscle. Anatomy and Embryology [Germany] 148: 25-34.

Mendiola P., De Costa J., Lozano M.T. and Agulleiro B. (1991) Histochemical
determination of muscle fiber types in locomotor muscles of anuran amphibians.
Comparative Biochemistry and Physiology 99A (3): 365-368.

Metzger, J.M. and Moss, R.L. (1991) Kinetics of a Ca™"-sensitive cross-bridge
state transition in skeletal muscle fibers. Journal of General Physiology 98: 233-
248.

Millar, N.C. and Homsher, E. (1990) The effect of phosphate and calcium on
force generation in glycerinated rabbit skeletal muscle fibers. Journal of
Biological Chemistry 265(33): 20234-20240.

Miller, J.E. (1967) Cellular organization of rhesus extraocular muscle.
Investigative Ophthalmology 6(1): 18-39.

Moisescu, D.G. and Thieleczek, R. (1979) Sarcomere length effects on the Sr*
and Ca™-activation curves in skinned frog muscle fibres. Biochimica et
Biophysica Acta 546: 64-76.

Morgan D.L. and Proske U. (1984) Vertebrate slow muscle: its structure, pattern
of innervation, and mechanical properties. Physiological Reviews 64(1): 103-
169.

Moss, R.L. (1992) Ca™ regulation of mechanical properties of striated muscle.
Circulation Research 70(5): 865-883.

Moss, R.L., Sollins, M.R. and Julian, F.J. (1976) Calcium activation produces a
characteristic response to stretch in both skeletal and cardiac muscle. Nature
(Lond) 260: 619-621.

Moss, R.L., Diffee, G.M. and Greaser, M.L. (1995) Contractile properties of
skeletal muscle fibers in relation to myofibrillar protein isoforms. Reviews in
Physiology, Biochemistry and Pharmacology 129: 1-63.



References 125

Moss, R.L., Guilian, G.G. and Greaser, M.L. (1982) Physiological effects
accompanying the removal of myosin LC, from skinned skeletal muscle fibers.
Journal of Biological Chemistry 257(15): 8588-8591.

Moss, R.L., Guilian, G.G. and Greaser, M.L. (1985) The effects of partial
extraction of TnC upon the tension-pCa relationship in rabbit skinned skeletal
muscle fibers. Journal of General Physioloy 86: 585-600.

Moss, R.L., Nwoye, L.O. and Greaser, M.L. (1991) Substitution of cardiac
troponin-C into rabbit muscle does not alter the length dependence of Ca™
sensitivity of tension. Journal of Physiology (Lond) 440: 273-289.

Moss, R.L., Reiser, P.J., Greaser, M.L. and Eddinger, T.J. (1990) Varied
expression of myosin alkali light chains is associated with altered speed of
contraction in rabbit fast twitch skeletal muscles. In: The Dynamic State of Muscle
Fibers. Ed: D. Pette. De Gruyter, Berlin.

Nakayama, Y., Yamacuchi, M., Watanabe, K. and Sekine, T. (1983) Loss of
Ca™-dependent regulation in glycerinated skeletal muscle contraction. Japanese
Journal of Physiology 33: 559-566.

Nasledov, G.A. and Lebedinskaya, I.I. (1971) Studies of the contractile
mechanism of tonic muscle fibers in the frog. Sechenov Physiologyical Journal
of the USSR 57: 1307-1312.

Nesterenko, M.V, Tilley, M. and Upton, S.J. (1994) A simple modification of
Blum’s silver stain method allows for 30 minute detection of proteins in
polyacrylamide gels. Journal of Biochemical and Biophysical Methods 28: 239-
242.

Nowogrodzka-Zagorska M. (1974) The organization of extraocular muscles in
Anura. Acta Anatomica 87: 22-44.

Pachter, B.R. (1982) Fiber composition of the superior rectus extraocular muscle
of the rhesus macaque. Journal of Morphology 174: 237-250.

Pachter, B.R. (1984) Rat extraocular muscle 3. Histochemical variability along
the length of multiply-innervated fibers of the orbital surface layer.
Histochemistry 80: 535-538.

Pachter, B.R, Davidowitz, J. and Breinin, G.M. (1976) Light and electron
microscopic serial analysis of mouse extraocular muscle:  morphology,
innervation and topographical organization of component fiber populations.

Tissue & Cell 8(3): 547-560.

Padykula, H.A. and Gauthier, G.F. (1967) Morphological and cytochemical
characteristics of fiber types in normal mammalian skeletal muscle In:
Exploratory Concepts in Muscluar Dystrophy and Related Disorders, Ed: A.T.
Milhorat, Excerpta Medica, New York. pp. 117-131.



References 126

Padykula H.A. and Herman E. (1955) The specificity of the histochemical
method for adenosine triphosphatase.  Journal of Histochemistry and
Cytochemistry 3: 170-183.

Page, S.G. (1965) A comparison of the fine structures of frog slow and twitch
muscle fibres. Journal of Cell Biology 26: 477-497.

Pate, E., Lin, M., Franks-skiba, K. and Cooke, R. (1992) Contraction of
glycerinated rabbit slow-twitch muscle fibers as a function of MgATP
concentration. American Journal of Physiology 262: C1039-C1046.

Peachy, L.D., Takeichi, M. and Nag, A.C. (1974) Muscle fiber types and
innervation in adult cat extraocular muscles. In: Exploratory Concepts in

Muscular Dystrophy II, Ed: A.T. Milhorat, Excerpta Medica, Amsterdam. pp.
246-257.

Perriard, J.C. (1994) Myomesin and M-protein. In: Guidebook to the
Cytoskeletal and Motor Proteins, Eds: T. Kreis and R. Vale, Sambrook and
Tooze, Oxford University Press, Oxford. pp. 58-59.

Peter, J.B., Barnard, R.J., Edgerton, V.R., Gillespie, C.A. and Stempel, K.E.
(1972) Metabolic profiles of three fiber types of skeletal muscle in guinea pigs
and rabbits. Biochemistry 11: 2627-2633.

Pette, D. (1989) Early effects of chronic low frequency stimulation on calcium-
sequestering proteins and contractile properties of rabbit fast-twitch muscle. In:
Neuromuscular stimulation, Eds: F.C. Rose and R Jones, Demos, New York. pp.
185-191.

Pette, D. and Staron, R.S. (1990) Cellular and molecular diversities of
mammalian skeletal muscle fibers. In: Review of Physiology, Biochemistry and
Pharmacology 116, Springer-Verlag, New York. pp. 1-76.

Pierobon Bormioli S., Torresan P., Sartore S., Moschini G.B. and Schiaffino S.
(1979) Immunohistochemical identification of slow-tonic fibers in human
extrinsic eye muscles. Investigative Ophthalmology and Visual Science: 303-306.

Pliszka, B. and Strzelecka-Golaszewska, H. (1981) Comparison of myosin
isoenzymes from slow-tonic and fast-twitch fibers of frog muscle. European
Journal of Cell Biology 25: 144-149.

Porter, J.D. and Baker, M.D. (1996) Muscles of a different ‘color’: The unusual
properties of the extraocular muscles may predispose or protect them in
neurogenic and myogenic disease. Neurology 46: 30-37.

Porter, J.D., Baker, R.S., Ragusa, R.J. and Brueckner, J.K. (1995) Extraocular
muscles: basic and clinical aspects of structure and function. Survey of
Ophthalmology 39(6): 451-484.

Porter, J.D., Burns, L.A. and May, P.J. (1989) Morphological substrate for
eyelid movements: innervation and structure of primate levator palpebrae



References 127

superioris and orbicularis oculi muscles. The Journal of Comparative Neurology
287: 64-81.

Putnam, W. and Bennett, A. (1983) Histochemical, enzymatic, and contractile
properties of skeletal muscles of three anuran amphibians. American Journal of
Physiology 244: R558-R567.

Quackenbush, T.R. (1997) Relearning to See, North Atlantic Books, Berkley,
California.

Rabilloud, T. (1992) A comparison between low background silver diammine
and silver nitrate protein stains. Electrophoresis 13: 429-439.

Rabilloud, T., Carpentier, G. and Tarroux, P. (1988) Improvement and
simplification of low-background silver staining of proteins by using dithionate.
Electrophoresis 9: 288-290.

Rayment, 1., Rypniewski, W.R., Schmidt-Base, K., Smith, R., Tomchick, D.R.,
Benning, M.M., Winkelmann, D.A., Wesenberg, G. and Holden, HM. (1993)
Three-dimensional structure of myosin subfragment-1: a molecular motor.
Science 261: 50-58.

Reichmann, H. and Srihari, T. (1983) Enzyme activities, histochemistry and
myosin light chain pattern in extraocular muscles of rabbit. Histochemistry 78:
111-120.

Reiser, P.J., Moss, R.L., Giulian, G.G. and Greaser, M.L. (1985) Shortening
velocity in single fibers from adult rabbit soleus muscles is correlated with
mysoin heavy chain composition. Journal of Biological Chemistry 260: 9077-
9080.

Reiser, P.J., Greaser, M.L. and Moss, R.L. (1996) Contractile properties and
protein isoforms of single fibres from the chicken pectoralis red strip muscle.
Journal of Physiology 493: 553-562.

Reynolds, E.S. (1963) The use of lead citrate at high pH as an electron-opaque
stain in electron microscopy. Journal of Cell Biology 17: 208.

Robinson, D.A. (1978) The functional behavior of the peripheral ocular motor
apparatus: a review. In: Disorders of Ocular Motility, Ed: G. Kommerell, J.F.
Bergman, Munich. pp. 43-61.

Rushbrook, J.I., Weiss, C., Ko, K., Feuerman, M.H., Carleton, S., Ing, A. and
Jacoby, J. (1994) Identification of alpha-cardiac myosin heavy chain mRNA and
protein in extraocular muscle of the adult rabbit. Journal of Muscle Research and
Cell Motility 15: 505-515.

Sartore, S., Mascarello, F., Rowlerson, A., Gorza, L., Ausoni, S., Vianello, M.
and Schiaffino, S. (1987) Fibre types in extraocular muscles: a new myosin
isoform in the fast fibres. Journal of Muscle Research and Cell Motility 8: 161-
172.



References 128

Schachat, F.H., Bronson, D.D. and McDonald, O.B. (1980) Two kinds of slow
skeletal muscle fibers which differ in their myosin light chain complements.
FEBS Letters 122(1): 80-82.

Schagger, H. and von Jagow, G. (1987) Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoreseis for the separation of proteins in the range
from 1 to 100kDa. Analytical Biochemistry 166: 368-379.

Seidel, J.C. (1967) Studies on myosin from red and white skeletal muscles of the
rabbit. II. Inactivation of myosin from red muscles under mild alkaline
conditions. Journal of Biological Chemistry 242: 5623-5629.

Shall, M.S. and Goldberg, S.J. (1992) Extraocular motor units: type
classification and motoneuron stimulation frequency-muscle unit force
relationships. Brain Research 587: 291-300.

Shall, M.S. and Goldberg, S.J. (1995) Lateral rectus EMG and contractile
responses elicited by cat abducens motoneurons. Muscle & Nerve 18: 948-955.

Siebeck, R. and Kruger, P. (1955) Die histologische Struktur der auberen
Augenmuskeln als Ausdruck ihrer Funktion, von Graefes Arch. Ophth. 156: 637.

Simoneau, J.A., Kaufmann, M., Hartner, K.T. and Pette, D. (1989) Relations
between chronic stimulation-induced changes in contractile properties and the
Ca™-sequestering system of rat and rabbit fast-twitch muscles. Pflugers Archives
414: 629-633.

Sleep, J. (1990) Temperature control and exchange of the bathing solution for
skinned muscle fibres. Journal of Physiology 423: TP.

Spencer, R.F. and Porter, J.D. (1988) Structural organization of the extraocular
muscles. In: Neuroanatomy of the Oculomotor System, Ed: Buttner-Ennever,
Elsevier Science Publishers BV (Biomedical Division). pp. 33-79.

Spurr, A.R. (1969) A low-viscosity epoxy resin embedding medium for electron
microscopy. Journal of Ultrastructure Research 26: 31.

Sreter, F.A., Seidel, J.C. and Gergely, J. (1966) Studies on myosin from red and
white skeletal muscles of the rabbit. 1. Adenosine triphosphatase activity.
Journal of Biological Chemistry 241: 5772-5776.

Stephenson, D.G. and Forrest, Q.G. (1980) Different isometric force — [Ca™]
relationships in slow and fast twitch skinned muscle fibres of the rat. Biochimica
et Biophysica Acta 589: 358-362.

Stephenson, D.G. and Williams, D.A. (1983) Slow amphibian muscle fibres
become less sensitive to Ca™ with increasing sarcomere length. Pflugers Archives
397: 248-250.



References 129

Stienen, G.J.M., Kiers, J.L., Bottinelli, R. and Reggiani, C. (1996) Myofibrillar
ATPase activity in skinned human skeletal muscle fibres: fibre type and
temperature dependence. Journal of Physiology (Lond) 493.2: 299-307.

Swartz, D.R. and Moss, RL. (1992) Influence of a strong-binding myosin
analogue on calcium-sensitive mechanical properties of skinned skeletal muscle
fibers. Journal of Biological Chemistry 267(28): 20497-20506.

Sweeney, H.L., Corteselli, S.A. and Kushmerick, M.J. (1987) Measurement of
permeabilized skeletal muscle fibers during continuous activation. American
Journal of Physiology 252: C575-C580.

Sweeney, H.L., Kushmerick, M.J., Mabuchi, K., Sreter, F.A. and Gergely, J.
(1988) Myosin alkali light chain and heavy chain variations correlate with altered
shortening velocity of isolated skeletal muscle fibers. The Journal of Biological
Chemistry 263(18): 9034-9039.

Turner, D.C., Wallimann, T. and Eppenberger, HM. (1973) A protein that binds
specifically to the M-line of skeletal muscle is identified as the muscle form of
creatine kinase. Proceedings of the National Academy of Sciences (USA) 70: 702-
705.

Uehara Y., Campbell G.R. and Burnstock G. (1976) Muscle and its Innervation:
An atlas of Fine Structure. Edward Arnold, London.

Vita, G.F., Mastaglia, F.L. and Johnson, M.A. (1980) A histochemical study of
fibre types in rat extraocular muscles. Neuropathology and Applied Neurobiology
6: 449-463.

Webster, D. and Webster, M. (1974) Comparative Vertebrate Morphology.
Academic Press, New York, pp 126.

Wieczork, D.F., Periasamy, M., Butler-Browne, G.S., Whalen, R.G. and Nadal-
Ginard, B. (1985) Co-expression of multiple myosin heavy chain genes, in
addition to a tissue-specific one, in extraocular musculature. Journal of Cell
Biology 101: 618-629.

Wilkinson, J.M. (1980) Troponin C from rabbit slow skeletal and cardiac muscle
is the product of a single gene. European Journal of Biochemistry 103: 179-188.

Wilson, G.J. and Stephenson, D.G. (1990) Calcium and strontium activation
characteristics of skeletal muscle fibres from the small marsupial Sminthopsis
macroura. Journal of Muscle Research and Cell Motility 10: 12-24.



Appendices

130

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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APPENDIX B

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
MgAc, 1.0 7.3
K,EGTA 0.05 7.3
Imidazole 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.
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Table B.2: Composition of solutions used in single fiber experiments.

Concentrations in mM

IS pH Temp. Imidazole KCl MgAc, K-EGTA KCaEGTA Na-ATP Na-PCr
Relax (pCa 9.0) 150mM 7.1 10 25 55.93 6.6 10 0 5.545 5
Pre-activate 150mM 7.1 10 25 85.65 6.11 0.2 0 5.565 5
Activate:
pCad.6 150mM 7.1 10 25 26.21 6.3 0 10.028 5.611 15
pCa4.8 150mM 7.1 10 25 26.31 6.3 0 9.961 5.589 15
pCas.0 150mM 7.1 10 25 26.37 6.3 0.114 9.886 5.576 15
pCa5.2 150mM 7.1 10 25 264 6.3 0212 9.788 5.568 15
pCa54 150mM 7.1 10 25 26.423 6.31 0.352 9.648 5.562 15
pCa5.6 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
PCa6.3 150mM 7.1 10 25 26.40 6.41 2317 7.683 5.554 15
pCa6.4 1S0mM 7.1 10 25 26.38 6.43 2.753 7.247 5.554 15
PCa 6.5 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
PCa 6.7 150mM 7.1 10 25 26.33 6.51 4.313 5.687 5.554 15
pCa 6.8 150mM 7.1 10 25 26.31 6.54 4.884 5.116 5.553 15
PCa 6.9 150mM 7.1 10 25 26.29 6.57 5.458 4.542 5.554 15
pCa7.0 150mM 7.1 10 25 26.27 6.6 6.021 3.979 5.553 15
pCa7.l 150mM 7.1 10 25 2625 6.623 6.558 3442 5.553 15
pCa7.2 150mM 7.1 10 25 26.24 6.65 7.057 2.943 5.553 15
pCa74 150mM 7.1 10 25 26.21 6.69 7917 2.083 5.553 15
pCa7.6 150mM 7.1 10 25 26.18 6.73 8.58 1.42 5.553 15
pCa7.8 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 KCl MgAc; K-EGTA  KCaEGTA Na-ATP Na-PCr  Total

Volume

Relax (pCa 9) 150mM 7.1 10C 250 280 66 2000 0 555 500 3652
Pre-activate 150mM 7.1 10C 250 428 61 40 0 556 500 2195
Activate:
pCad.6 150mM 7.1 10C 250 131 63 0 1003 561 1500 3508
pCad.8 150mM 7.1 10C 250 132 63 0 996 559 1500 3500
pCa5.0 150mM 7.1 10C 250 132 63 22 989 558 1500 3514
pCas5.2 150mM 7.1 10C 250 132 63 42 979 557 1500 3503
pCa54 150mM 7.1 10C 250 132 63 70 965 556 1500 3536
pCas.6 150mM 7.1 10C 250 132 63 112 944 556 1500 3557
pCas.8 150mM 7.1 10C 250 132 63 174 913 556 1500 3588
pCa 6.0 150mM 7.1 10C 250 132 64 262 869 556 1500 3633
pCa6.2 150mM 7.1 10C 250 132 64 386 807 555 1500 3694
PCa 6.3 150mM 7.1 10C 250 132 64 464 768 555 1500 3733
pCa 6.4 150mM 7.1 10C 250 132 64 550 725 555 1500 3776
PCa 6.5 150mM 7.1 10C 250 132 65 648 676 555 1500 3826
pCa 6.6 150mM 7.1 10C 250 132 65 752 624 555 1500 3878
PCa 6.7 150mM 7.1 10C 250 132 65 862 569 555 1500 3933
pCa6.8 150mM 7.1 10C 250 132 65 976 512 555 1500 3990
PCa 6.9 150mM 7.1 10C 250 132 66 1092 454 555 1500 4049
pCa7.0 150mM 7.1 10C 250 132 66 1204 398 555 1500 4105
PCa7.1 150mM 7.1 10C 250 132 66 1312 344 555 1500 4159
pCa7.2 150mM 7.1 10C 250 131 67 1412 294 555 1500 4209
pCa74 150mM 7.1 10C 250 131 67 1584 208 555 1500 4295
pCa7.6 150mM 7.1 10C 250 131 67 1716 142 555 1500 4361
pCa7.8 150mM 7.1 10C 250 131 68 1810 95 555 1500 4409
pCa 8.0 150mM 7.1 10C 250 131 68 1876 62 555 1500 4442
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APPENDIX C

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

Time (min)

0.0 CONC %B 0.0
0.0 ML/MIN 0.50
0.0 CM/MIN 0.50
0.0 VALVE POS 1.2
2.0 CONC %B 0.0
2.0 ML/MIN 0.50
2.0 CM/MIN 0.50
17.0 CONC %B 100
17.0 ML/MIN 0.50
17.0 CM/MIN 0.50
17.0 CONC %B 100
22.0 CONC %B 100
320 CONC %B 0.0
32.0 ML/MIN 0.00

32.0 CM/MIN 0.00
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