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Abstract

The demonstration of a third “fast-twitch” fiber type (11x) in muscles of rat and mouse raises
the question of the relationship of this fiber type to the other two “fast-twilch™ sublypes, Ha
and IIb. The purpose of this study was (o investigate the effects of age and thyroid status on
myosin heavy chain {MyHC) expression in single fibers of the superficial portion of tibialis
anterior (TAS) muscle in male C37BL mice. Hypothyreidism led (o a decrease in the
expression of 1IB MyHC and an increase of IIX MyHC, while hyperthyroidism had no
significant effect. In mouse TAS the proportion of pure 1lx fibers and of hybrid fibers
containing I1B and IIX MyHC increased with age over the range 2-8 months. These lindings
extend our knowledge of fiber type transitions in the mouse and suggest that IIb fibers can be
converted to Ix fibers by an appropriate stimulus, It remains 10 be determined whether 1ix
fibers can be converted 1o Ila fibers.
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Lnmunchistochemical analysis of aduit rodent skeletal
muscies has revealed the existence of four distinet sar-
comeric myosin heavy chain (MyHC) isoforms, desig-
nated type I, 1IIA, 11X and IIB |, which are expressed singly
or in various combinations in single muscle fibers [31, 32,
39, 431 It ts well known that there is a certain degree of
plasticily with regard 1o the phenotypic expression of the
MyHC isoforms which is under the control of 2 number of
factors, including age [23-26]) and thyreid hormone [135,
7, 18, 36).

Fast-twitch muscles in rodents have been reported to
exhibit stower conlraclile characteristics as the animal
ages {9, 16]. That such a phenomenon may not be restricted
to very old animals is suggested by the observation [23] of
an increase, between 5 weeks and & months, in the propor-
tion of mator units with prolonged times (o peak tension.
This was also shown to be accompanied by an increase in
the proportion of fibers characterized with ATPase histo-
chemistry as type L In fast-twitch muscles, however, this
refationship between altered physiological and histo-
chemical properties has been questioned. For example,
while some auwthors [19, 21, 34} detected a shift towards
slower, or at least more oxidative, characteristics no such
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change was observed by Eddinger ef ol [8} or Edstrom and
Larsson [9]. The reason for this apparent disagreement is
unclear, but may be due to differences among the various
studies with regard 1o the range of ages of the animals used
and to the inability of ATPase histochemistry to distin-
guish all fast fiber subtypes. Inthislatter regard, Gorza | 13]
and Parry and Zardini [31] have shown that the ATPase
staining reaction of Iix fibers in mouse muscles is virtually
indistinguishable from that of type Ilb fibers after acid
pre-incubation and from that of type Ila fibers after alkali
pre-incubation.

Substantial evidence exists that thyroid hormone plays a
role in MyHC isoform transitions during skeletal muscle
development {5, 12, 3G]. In the aduit, altered thyreid hor-
mone levels are followed by changes in MyHC protein
compositicn or mRNA levels in a muscle specific manner
[4, 17, 18, 20]. Tt may be generally stated (hat increased
levels of thyroid hormone tend 1o push MyHC expression
lowards the “fast” end of the fiber type spectium, mani-
fested by a decrease in type 1 and an increase in type 11
fibers, with hypothyroid conditions producing the opposite
effect,
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It has been shown botl in the rat {20, 25, 32] and mouse
[43] that types 1IB and 11X MyHC may co-exist within the
same [iber, while types 1B and ITA MyHC are never found
1o be co-expressed without IIX MyHC being also present.
This may suggest that any shift {rom type b towards a
“slower” fiher type or converssely any shift towards the
“faster” type b phenotype must invelve the intermediate
expression of IX MyHC. Indeed, Kirschbaum et af. [20]
showed that altered levels of activity as well as altered
thyroid hormione levels vielded changes in MyHC ex-
pression in ral muascles that were consistent with this
hypothesis. Similarly, Larssen er ¢l |24, 23] reported an
age-related increase in the proportion of motor units con-
taining type Ix fibers in the ral. The puspose of the present
study was {0 defermine the extent to which age and ex-
nerimentally imposed hypo- and hyperthyroidisn: may
modulate IIB and 11X MyHC expression in the superficial
region ol tibialis anterior muscle of the mouse which
contains only these fiber types [31. 43]. A combined im-~
munohistochemical and gel electrophoretic approach was
used for the analysis of MyHC expression in both whole
muscle and single muscle fibers since it is difficult with
immunohistochemistry alone Lo demonstrate convineingly
hybrid libers comaining HX MyHC as one of the consti-
tuents due 1o the fact that the antibody coploved toidentify
[1x fibers, BFE-35 [39] does so by iis failure 1o react with
X MyHC.

Methods

Animals and miscles

The animals used in the age study were 2, 4 and 8 month
old male C57BL mice. For the thyroid hormone study mice
aged 3 months were used. Al the animals were quartered
in standard cages with food and water supplied ad libitun.
The care and treatment of the animals were in accordance
wilh the Guidelines of the Canadian Council on Animal

Care. The animals were cuthanized with an overdose of

sodium pentobarbital (0.07 mg/g body weight; Somnotol,
M.T.C. Pharmaceuticals, Cambridge, Ontario, Canada),
The right and lefl tibialis anterior (TA) muscles were
removed frem the mice in both the age and thyroid hor-
mone study and weighed. For immunohistochemistry Lhe
right TA muscle was rapidly frozen in pre-cooled isopen-
tane and stored al - 80°C until sectioned. Serial fransverse
sections 10 pm thick were cul on a ¢ryostal microlome
{Zeiss Microm, Microm Laborgerate Gmbh, Heidelberg)
and mounted on gelatin-coated slides.

Immunohistachenistry

The scctions were immunohistechemicatly processed
using moncclonal antibodies (mAb’s) against type |
MyHC (BA-D3). type IIA MyHC (8C-71), wype 1B
MyHC (BF-IF3) and all MyHC isoforms excluding type
HX (BF-35). The antibodics were generously provided by
Dr. 8. Schiaffino, Padua, Italy, and have previously been
shown 1o react specifically with the above MyHC in
muscles of mice. [13, 31, 431 The secondary antibodies

were peroxidase-tabelied goat anti-mouse 1gG (or 1M in
the case of BF-F3) and diaminobenzidine was used as the
chromogen. Stained serial cross sections of TAS muscle
were pholographed on a Zeiss microscope and all the fibers
of the TAS (i.c. superficial o the aponeurosis) were
counted. The percentages of 1otal fiber number cxpressing
XL IIB and both isoforms (ITX+11B) were determined and
expressed as a percentage of total fiber number,
Elecirophoretic identification of MyHC

The procedure used for the get electrophoretic analysis
of the MyHC composition of single {ibers was as pre-
viously described |31, 43}, In brief, the superficial portion
of the leit TA muscle (TAS) was separated (rom the deep
portion, which was discarded. Strips of fibers tied (o
wooden sticks (0 maintain resting length, were immerscd
in skinning solution |37} for 24h with changes of solution
at 1, 2, 4 and 8h. The muscle sirips were stored at - 20°C
m a mixture of 50% glycerol and 30% skinning solution
until required. A small bundle of fibers was cut [rom he
original strip of skinned muscle {ibers under a dissecting
microscope and single fibers were pulled out from one end
of the bundle. The fibers were transferred to a capillary
tube containing 20 ul of sample buffer and boiled for two
minules, Electrophoresis of the samples was carried out in
0.75 mm thick 6% polyacrylamide gels with 30% glycerol
[6]. The gels were silver stained by the method of Morris-
sey [30].
Inéduction of hypothyroidism and hyperthyroidism

The animals for the thyroid hermone study were ran-
domly divided into three expernmental groups nanely: 1)
controt 2) hyperthyroid 3) hypothyroid. Hyperthyroidism
was induced by intraperitoneal injection of 3 pg 3.5.3-
triiodothyroning/ 10 g body weight on alternate days for 3
weeks [5]. Hypothyroidisim was induced by treatment with
1% NaClO, solution administered in drinking water for 5
weeks [42]0 Animals in the control group received no
treatinent. Bloed samples were collected by intracardiac
punclure from deeply anaesthetized mice prior o euthana-
sia and remaoval of muscles. Following cenirifugation, free
thyroxine (T,) and total (ritodothyronine (T3} serum con-
centrations were determined by radioimmunoassay.
Statistical analyses

The Statisticat Analysis System (SAS) for Personal
Compulters software package (SAS Institute Inc., NC,
USA) was used for ail statistical computations. The means
and S.EM. were calculated for all the variables measured.
A ong-way analysis of variance (ANOV A} was used 1o test
for the effect of either age or thyroid hormone on the
proportion of type Ib, IIx+I1Ib and x fiber types. If the
one-way ANOVA revealed a significant age or thyroid
hormone treatment Fratio then posthoc U test comparisons
of leasl-squares means were performed o determine pre-
cise differences among age groups or thyroid treatment
groups and the probability associated with these dif-
ferences.
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Resnits

Fig i shows an example of an electrophoretogram of

TAS fibers and indicates that, as previously described [43),
the 11X and IIB MyHC bands are clearly distinguishable.
Itis also clear from this figure that hybrid fibers exist in

which IEX and 1IB MyHC co-exist and that the ratio of

these two MyHC differs among fibers. Since quantitation
of MyHC expression was carried oul primarily by gel
elecrophoretic analysis of single {ibers, it was first necess-
ary o demonstrate that this method yielded a random
sampling of fibers within a given muscle, We, therelore,
compared the data obtained {rom ge} clectrophoresis with
those obtained lrom immunohistochemical analysis of the
contralateral TAS of the same animals, Type 1Ib fibers
were tdentified immunchisiochemically by (heir intense
staining with BF-I3 and BF-35 and a Jack of staining with
SC-71 and BA-D3, whereas (ype 1Ix fibers were negative
with all of the antibodies used. Those fibers which ex-
hibited an mtermediate staining intensity with both BE-F3
and BI-35 were considered to be type Lx/Ilb (i.e. hybrid
fibers co-expressing [IB and X MyHC). These data are
shown in Frg 2. There was a strong correlation {r = 0.99)
between the proportion of fibers immunohistechemically
identified in TAS muscle cross-sections as being type IIb,
ITx/1Th and 11x and the proportion of single fibers identified
on 6% polyacrylamide gels expressing 1B, IIX+I1B and
X MyHC respectively in both the age and thyreid hor-
maone study (Figure 1). This suggests that the results of our

gei electrophoretic analysis were indeed representative of

the entire TAS.
MyHC distriburion in TAS: effect of age

Animal dala and muscle weight for the age study are
shown in Table 1. Both whole body weight and TA muscle
weight increased significantly over the range of ages stu-
died, though not proportionally, as reflected by a reduced
muscle to body weight ratio with increasing age. The
proportion of single TAS fibers expressing various MyHC
isoforms identified by SDS-PAGE. at the three ages stu-
died is shown in Figure 3. There was a significant decrease
in the proportion of fibers expressing 11B MyHC with a
paraliel increase in fibers expressing [IX MyHC with
increasing age. A small percenlage of fibers that co-ex-

Table 1. Effect of age on body and TA muscle weight in normal

mice.
Age 1 Bodyweight (g)  TA wel MW/BwW
{months) weight (mg) (mg/g)
2 5 2324040 440404> 1 9x002¢
4 5 3124138 468+ 14 154007
8 5 379140 S16£068C 1340044

Abbreviation: MW = TA muscle weight, BW = body weight.
Vaiues are mean SEM,

abed Statistically different {P < 0.05) from the other with the
same symbol.

pressed 1B and X MyHC was present in each age group,
These presumably represent hybrid, transforming fibers,
MyHC distribution in TAS: effects of aliered thyroid staius

The efficacy of cach of the treatments used (¢ induce
either hypothyroidism or hyperthyroidism was verified by
determination of the thyroid hormoene concentration in
serum (Tabte 2). The T, and T, levels for both the hyper-
thyroid and hypothyroid group were sigrificantly different
from normal. The body mass of the treated animals was
significantly less than coatrol while the TA wet muscle
weights {(both absolute and normalised for body weight),
though reduced, were not significantly different from con-
trol {Table 3).

Figure 4 shows the results of the analysis of the SDS-
PAGE experiments on single {ibers dissected from TAS
muscles of hyperthyroid, hypothyreid and normal mice. A
significant decrease in the proportion of fibers expressing
113 MyHC with a parailel increase in fibers expressing 11X
MyHC was observed in the hypothyroid group compared
with normal group. Hyperthyroidism did not induce any
changes in MyHC expression. Hybrid fibers, in which 1B
and 1IX MyBC are co-expressed. were present in all three
groups in similar propostions.

Discussion

In the present study we have demonstrated that a sample
of single fibers taken for gel electrophoretic analysis of

Figure I. Gel electrophoretogram of single fibers from mouse TAS muscle. Lane I, extract of TA and SOL muscies showing
{from slowest 1o fustest migrating) types HA/IX, 1B and T MyHC; Lanes 2-7, extracts of single TAS fibers. Lanes
2-d are from hybrid fibers with different ratios of WX: 118 MyHC, Lanes 5 and 7 are from pure 1B fibers and Lane

O is from a pure X fiber.
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Figure 2. Reliability of immunohistochenical and electro-
phoretic determination of fiber type propariions in
TAS muscle. Each point represenis data from a
single animal and relates the proportion of fibers
expressing a given MyHC isoform by histochemical
characterization to the proporiion of single fibers
sampled from the conrralateral muscle expressing
the same MyHC isoform as detected by gel electro-
phoresis. The nwo methods yielded virtually identi-
cal estimates of MyHC expression.
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Figuie 3. Proportion of type Hb, Ix/llh and Hx fibers in
TAS muscle of 2, 4 and 8 month old normal mice,
Fiber types were deterinined by 6% SDS-PAGE of
single fibers. 3 animals were used in each group.
Number of single fibers used was: 140, 130 and 159
Joir 2, 4 and 8 month old mice, respectively.
= Significantly different from 2 and 4-month ani-
mals. P < 0.05, one-way ANOVA.

Table 2. Serwm T3 and Ta concentrations in hyperthvroid, nvpo-
thyroid and controt mice.

Treatment group n Free Tz Total Ty
(nmoldly (pmo]/l_,)b
Hyperthyroid 7 10.8 4 3.8% < 2%
Hypothyroid 7 0.4 £0.09% < 2%
Conlrol 5 0.8+0.05 1744100

 Limit of detection of assay = (0.2 nmeol/]

b Limit of detection of assay = 2 pmol/]

Values are means & SIEM

# Significantly different from contrel, P < Q.05, one-way
ANOVA,

Table 3. Body and TA musele weight of hyperthyroid, Inpethviroid
and control mice.

Treatimenl 1 Body weight TA muscle MW/BW
group (g) weight (mg) (mgfg)

Hyperthyroid 7 26.8 0.6 43+ 1 1.6 £ 0.07
Hypothyroid 7 25.7£0.9% 41.0+2 Lot

Control 5 312£13 468114 52007

Abbreviation: MW = TA muscle weight, BW = body weight.
Values are mean £ SEM

# Significanty different from ceontrel, P < 0.05, one-way
ANOVA,

MyHC composition is representative of the entire popula-
tion of fibers within the muscle. Thus, the procedure com-
plements the immunchistochemical approach and is
particularly useful for identifying those fibers which co-
express 11X MyHC together with the [IB MyHC. Further-
more, the procedure yields at feast semi-quantitative data
with regard to the precise admixture of the two myosin
isoforms, information which is difficult to obtain from
immunohistochemistry. We have, therefore, used the
method of gel electrophoresis to assess the effects of
ageing and altered thyroid hormoene status on the conver-
sion of type ITb to type 1Ix fibers in the superficial portion
of the Tibialis Anterior muscle of mouse. Such a convesr-
sion would appear o be a natural extension of the hypo-
thesis that there is a continuum of fiber types which express
cach of the four identified hmb muscle-specific sarcomeric
MyHC either exclusively or in orderly combinations.
The results of this study confirm that thyroid hormone
exerts an effect upon MyHC isolorm expression in mouse
TAS muscle. Hypothyroidism led to a decrease in the
proportion of fibers expressing 1B MyHC alone and an
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Figure 4. Proportion of type b, [Ix/Ilh and Hx fibers in
TAS muscie of hyperthyroid, hypothyroid and con-
trofmice. Fiber types were determined by 6% SDS-
PAGE of single fibers. 3 animals were used in each
group. Number of single fibers used was: 140, 152
and 130 for hyperthyroid, hypothyroid and control
mice, respectively. ® Significantly different fram
fivperthyroid and control. P < 0.05, one-wvay
ANOVA,

increase in the proportion of fibers expressing only 11X
MyHC. The reduced IIB MyHC expression in hypothyroid
mouse TAS is compensated for by the increase in X
MyHC. This, together with the existence of single fibers
co-expressing 1IB+IIX MyHC in different propostions,
strongly suggests that I1b and 1Ix fibers may be inter-con-
vertible according to the following sequence:
1B MyHC ¢ [IB+IIX MyHC «» X MyHC

although we should point out that in (he present study we
have not presented any evidence in favour of the conver-
sion 1 the direction from HX to IIB. The fact that the
proportion of hybrid (11x/I1b) fibers was not significantly
different ameng the 3 animal groups (hypo-, hyper- and

cuthyroid) in our opinion merely suggests that the rates of

accretion of 1IX MyHC and degradation of 1B MyHC
proceed al very similar rates and in no way detracts from
the concept that the hybrid fibers represent a (ransitional
population. Indeed, it is difficult to conceive by what other
means a reduction of Hb fibers coupled with a quantita-
tively similar increase in iIx fibers could arise.

The lack of effect of elevated Ty levels on MyHC ex-
pression is unlikely to be due 1o an insufficient time (5
weeks) for the treatiment to have an effect in mouse since
the haif-life of skeletal muscle myosin is reported o be
aboul 5 days [22]. Although it has been reported that
elevated levels of thyroid hormone induce an increased
expression of type 1IA MyHC in ral soleus [4], there are
several reports in the literature which indicate that this

condition does not result in altered fiber type distribution
in Tast-twitch muscles of the rat. For exampile, Larsson er
al. 1277 observed that while chronic administration of T3
lo rals over a 4-week period led to a reduction in the
aumber of type ] fibers and a concomilant increase in Ila
and (in old rats) Hx fibres in the soleus, no shift in fibre
type proportions was detected in EDL. Similarly, Fitzsi-
mons et el [11] seported the failure of hyperthyroidism o
induce a change in myosin expression in the white gastroc-
neming of the rat, although in the red portion of the same
muscle they observed a decrease in the content of both
slow and intermediale isomyosins together with an in-
crease in fast isomyosins. The fiber type composition of
white gastrocnemius 1s similar 1o that of TAS, being com-
nosed exclusively of Ilb and IIx fibers. Kirschbaum er af.
[20} also studied the effect of thyroid hormone on myosin
expression in fasi-twitch muscles of the rat both at the
protein level and at the mRNA level. They also reported
that hyperthyroidism did not significantly alter the percent-
age distribution of 118 MyHC and IIX MyHC at the protein
level. However the 1IB MyHC mRNA Jevel was increased
suggesting the possibility of post-transcriptional control.

The results of the present study also indicate that MyHC
isoform expression in the fast-twitch TAS muscle ol the
mouse is age-dependent: in particular the percentage of
fibers expressing I[IB MyHC decreases {from 2 o 8
months of age wilh a concomitant increase in the per
centage of those expressing IIX MyHC. The presence of
hybrid fibers, containing IIB and 1IX MyHC, again sug-
gests that there is a transformation of IIb fibers into 11x
fibers. In support of this contention, Peltigrew and Nobie
{34} measured motor unit characteristics in rats ranging
from 6 to 20 months and showed not only a reduction in
the proportion of fast-fatiguable units {generally con-
sidered to comprise type IIb fibers) and an increase in stow
(type 1) units but also a significant increase in the propor-
tien of “transitional-{ast” units with characteristics inter-
mediate between those of fast-fatiguable and so-called
fast-intermediate motor unifs. Qur demonstration of hybrid
I1x/1lb fibers makes it tempting lo speculate that these
“lransitional-fast” motor units were made up of fibers
undergoing conversion from type IIb to IIx in these older
rats. Indeed Larsson er al. [24, 25], using immuno-histo-
chemical techniques to identify the MyHC composition in
the fibers of the fast-twitch TA motor units in young and
oid rats, recently reported an age-related increase in the
proportion of type Iix motor units as well as the presence
of a population of motor units containing a mix{ure of Lype
1Ib and IIx fiber types in the old group that was not detecled
in their previcus studies in which ATPase histochemisiry
was used 1o identify fiber types [ 1,9, 26]. This finding has
subsequently been confirmed by a gel electrophoretic ap-
proach [27] for rat muscles in which it is possible (0
separate the 11X and ITA MyHC isoforms. Such a resull
would be consistent with a progressive conversion of type
1Ib fibers to type 1ix fibers with age in rat muscles as we
have reported for the mouse.
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The underlying causc of the age-related change in MyHC
gene expression is nol known, Tt may simply be a time-de-
pendent phenomenon which occurs regardless of other
disturbances to the system. Alternatively, it could be the

result of an altered pattern of activity in the muscles of

ageing animals, with a reduction in the level of phasic
activity. Transformation of TAS muscle during growth and
ageing may reflect such an adaptive process, although the
physiolegical basis for an increased proportion of type 11x
fibers 1s not clear from the present data, It is possible that
these changes are assoctated with changes in function,
although which comes {irst is unclear. For example, since
1ix fibers have a higher oxidative capacity than IIb fibers
{13, 31 an increase in 1Ix fibers in a muscle would confer
a greater degree of fatigue resistance in that muscle, which
could correlate with an increasing funclional load due 10
an increasing body weight/muscle weight ratio.

Speed of contraction has been reported to decrease in
aged rats [9, 16]. The mechanisms underlying this change
are not yet well understood. However it has been reported
that myosin ATPase activity decreases in both fas(- and
slow-twilch muscles with age [ 10, 16]. Furthermore, it has
been shown that the intrinsic speed of shortening of muscie
fibers is directly correlated to ATPase activity {2] and that
this activity is delermined by the type of MyHC expressed
by a fiber {33, 40, 41]. Although the oldest animals used
in the present study were only 8 months it should be noted
that Kugelberg {23] reporled that, over a range of ages
similar 1o that which we have used. there is an adaptive
transformation in the rat soleus such that type Ia fibers are
progressively converted into type 1 fibers. This raises the
question of whether the shift from B to X MyHC
expression that we report here might be responsible for the
observed slowing of contraction speed if this conversion
continues as the animal ages further.

It hag been suggested that the maximum velocily of

shortening (Vo) of 1Ix fibers is less than that of 1lb fibers.
For example, Bottinelli et al. [3] measured Vo of single
fibers from fast-twitch muscles of the rat and suggested
that type IIB MyHC might be associaled with higher Vo
than type [IA and 11X MyHC, aithough the ranges of Vo
of fast-twitch fibers showed some overlap. In addition,
Gorza et ¢l {14] demonstrated that Vo of rat soleus fol-
lowing high frequency chronic sumulation was intermedi-
ate between that of normal soleus {composed almost
exclusively of type 1 fibers) and that of EDL, which is
composed primarily of type 1Ih fibers, Furthermore in
these translormed muscles HX MyHC was shown to be the
major MyHC. Kirschbawm et al. {20] have also shown that
chronic low frequency stimulation tends (o have the same
effect on MyHC expression in rat muscles as hypothyroid-
ism, i.e. an increase in the tevel of X MyHC expression
withaconcomitant decrease inIIB MyHC. Thus, increased
expression of 1IX MyHC may partly account for the re-
duced Vo and ATPase activity in fast-twitch muscle with
both ageing and hypothyroidism. That it may not be the
sole factor 15 suggested by a recent report indicating that

the sarcoplasmic reticulum from EDL, but not SOL,
muscie of old (24 months) rats exhibits a reduced threshold
for caffeine-induced calcium release 17).

Supported by Medical Research Council of Canada.
Address correspondence to;

David J. Parry, Depl. of Physiology, Faculty of Me-
dicine, Universily of Ottawa, 451, Smyth Road, Ottawa,
Ontario, Canada, KIH 8M3, tel. 613 562 3800 ext. 8382,
fax 613 562 5434, e-mail dparry @ danis,med.uottawa.ca.

References

[T  Ansved T, Larsson L: Effects of ageing on enzyme-
histochemical, morphometrical and contractile
propertics of the soleus muscie in the rat. J Newrol
Sei 1989; 93: 105-124,

2] Biiriny M: ATPase activity of myosin correlated
with speed of muscle shortening. J Gen Phvsiol
[Supplf 1967, 50: 197-218.

3] Boutinelli R, Schiaflino §, Reggiani C: Forceveloc-
ity relations and miyosin heavy chain isoform com-
position of skinned fibers {rom rat skeletal muscle,
J Physiol Lond 1991; 437 655-672.

{41 Caiozzo V], Swoap S, Tao M, Menzel D, Baldwin
KM: Single fiber analyses of type ITA myosin
heavy chain distribution in hyper- and hypothyroid
solevs. Ani J Physiol 1993; 265: C842-C849,

{5] I’ Albis A, Chanoine C, Janmot C, Mira JC, Cou-
teaux R: Musclespecific response to thyroid hor-
mone of myosin isoform transitions during rat
postaatal development. Eur [ Biochem 1990; 193:
155-161.

[6] Danieli-Betto D, Zerbato E, Betio R: Type 1. 24,
and 2B myosin heavy chain electrophoretic ana-
lysis of rat muscle fibers. Biochem Biophvs Res
Connnun 1980; 138: 981-987,

[7] Danicli-Betto D, Bello R, Megighian A, Midrio M,
Salviati G, Larsson L: Effects of age on sarcolasmic
reticulum preperties and histochemical composi-
tion of fast- and slow-1witch ral muscles. Acia
Physiol Scand 1995; 154: 59.64,

8] Eddinger T, Moss RL, Cassens RG: Fiber number
and type composition in extensor digitorum longus,
soleus, and diaphragm muscles with aging in Fisher
344 vats. J Histochem Cyiochem 1985, 33 1033-
1341,

[9] Edstrém L, Larsson L: Effects of age on contractile
and enzymechistochemical properties of fast and
slowlwitch single motor units 1a the rat. J Physiol
Lond 1987, 392: 130-145.

[10]  Ermini M: Ageing changes in mammalian skeletal
muscle. Gerontology 1976; 22: 301-316,

[11]  Fitzsimons DP, Hemrick RE, Baldwin KM: Iso-
myosin distributions in rodent muscles: effects of

- 382 -



{1e]

L)

(18]

[19]

[20]

Effects of age and thyroid hormone on Ix fibers in mouse

altered thyroid state. J Appl Physiol 1990; 69: 321-
327

Gambke B, Lyons GE, Haselgrove J, Kelly AM,

Rubinstein NA: Thyroidal and neural control of

myosin transitions during development of rat fast
and slow muscles. FEBS Lerr 1983; 156: 335-330,
Gorza Lo Identification of a novel type 2 fiber
population in mammalian skeletal muscle by com-
bined use of histochemical myosin ATPase and
anti-myosin monocional antibodies. J Histochem
Cytochent 1990, 38: 257-265.

Gorza L, Gundersen K, Lomo T, Schiaffino S,
Westgaard RH: Slow 1o fast transformation of de-
nervated soleus muscles by chronie high frequency
stimulation inthe rat. J Phvsiol 1988, 402: 627-649.
Gustafson TA, Markham BE, Morkin E: Analysis
ol thyroid hormone effects on myosin heavy chain
expression in cardiac and soleus muscles uging a
novel dotblol mRNA assay. Biochem Biophys Res
Comnivn 1985; 130: 1161-1167.

Gutmann I3, Syrovy 10 Contraction properties and
myosinATPase aclivity of fast and slow senile
muscles of the ral. Gerontology 1974, 201 239-244.
Ianuzzo I, Patel P, Chen V, O’Brien P, Williams
C: Thyroidal trophic influence on skeletal muscie
myosin. Natwre 1977, 270: 74-76.

lzuma S, NadalGinard B, Mahdavi V: All members
of the MyHC multigene family respound to thyroid
hormone in a highly tissuespecific manner. S¢ience
1986; 231: 597-000.

Kanda K, Hashizume K: 1989. Changes in proper-
ties of the medial gastrocnemius motor units in
aging rais. J Newrophysiol 1989; 61: 737-746.
Kirschbaum BJ, Kucher H, Termin A. Kelly AM,
Petle I Antagonistic effects of chronic low [re-
quency stimulation and thyroid hormone on myosin
expression in rat fast-twitch muscle. J Biol Chem
1990, 265: 13974-13980,

I Kovanen V, Suominen H: Effects of age and life-

time physical training on fiber composition of slow
and fast skeletal muscle inrats. Pflugers Arch 1987,
408: 543-551.

Kubista V, Kubistova I, Pette D: Thyroid hormon-

cinduced pattern of energysupplying metabolism of

fast (white), slow (red) and heart muscles of the rat.
Eur J Biochem 1971; 18: 353-560.

Kugelberg I2: Adaptive (ransformation of rat soleus
motor units during growth. J Newrol Sci 1976, 27.
269-289.

Larsson L., Ansved T, Idstrom L, Gorza L, Schiaf-
fino S: Effects of age on physiological, immunoh-

istochemical and biochemical properties of

fastiwitch single moter units in the rat. J Physiol
Lond 1991 443: 257.275.

[25]

[27]

(30]

131]

{35]

136]

[37}

- 383 -

Larsson L., Biral D, Campione M, Schiaffino S: An
agerclated type IIB to 1IX myosin heavy chain
switching in rat skeletal muscle. Acta Physiol
Scand 1993; 147: 227-234.

Larsson L, Edstrém L Effects of age on cnzymeh-
istochemical fiber spectra and contractile proper-
ties of fast and slowtwitch skeletal muscles i the
ral. J Neurol Sci 1986; 76: 69-89.

Larsson L, Muller U, Li X, Schiaffino S: Thyroid
hormone regulation of myosin heavy chain isoform
composition in young and old rats with special
reference to ITX myosin. Acta Physiol Scand 1995,
153: 109-116.

Largson L, Salviati G: Effects of age on the calcium
fransporl activity of the sarcoplasmic reticulum in
fast and slowtwitch muscle fibers in the rat. J
Physiol 1989; 419: 253-264.

Mahdavi V, Izume §, NadalGinard B: Develop-
mental and hormonal regulation of sarcomeric
myosin heavy chain gene family. Cire Res 1987,
60: 804-814.

Maorrisey TK: Silver stain for proteins in polyacry-
lamide gels: a modified procedure with enhanced
uniform seleclivity, Anal Biochem 1981; 117: 307-
310,

Parry DI, Zardini D: Characterization of IIx fibers
in mouse muscles, in Pette D (edy: The dynanmic
state of muscle fibers. Berlin, de Gruyter, 1990,
343-354.

Pette D, Staron RS: Cellular and molecular diver-
sities of mammalian skeletal muscle fibers. Rev
Physiol Biochem Pharmacol 1990, 116: 1-76.
Pettigrew FP, Gardiner PF: Changes inrat plantaris
motor unit profile with advanced age. Mech Ageing
Dev 1987: 40: 243-2359,

Pettigrew FP, Noble EG: Shifts in rat plantans
motor unit characteristics with ageing and compen-
satory overload. J Appl Plasiol 1891, 71; 2363-
2368,

Reiser PI, Moss RI., Giulian GG, Greaser ML:
Shortening velocity 1n single fibers from adult rab-
hit soleus muscles is correlated with myosin heavy
chain composition. J Biol Chem 1985; 260: 9077-
9080.

Russell SD, Cambon N, NadalGinard B, Whalen
RG: Thyroid hormone induces a nerveindependent
precocious expression of fast myosin heavy chain
mRNA inrat hindlimb skeletal muscle. J Biol Chem
1988; 263: 6370-6374.

Salviati G, Betto R, DanieliBetto I: Polymorphism
of myolibrillar profeins of rabbil skeletal muscle
fibers. An clectrophoretic study of single fibers.
Bigchem J 1983, 207 261-272.



[38]

{39]

(406}

Effects of age and thyroid hormone on Hx fibers in mouse

Schiaffino 8, Ausont S, Gorza L, Saggin L, Gunder-
sen K, Lomo T: Myosin heavy chain isoforms and
velocity of shortening of type 2 skeletal muscle
fibers. Acra Physiol Scand 1988; 134: 575-576.
Schiallino §, Gorza L, Sartore S, Saggin L., Ausoni
S, Vianello M, Gundersen K, Lomoe T: Three
myosin heavy chain isoforms in type 2 skeletal
muscle fibers. J Muscle Res Cell Mol 1989 10:
197-265,

Sivaramakrishnan M, Burke M: The free heavy
chain ol vertebrate skeletal myosin subfragment |
shows {ull enzymatic activity. J Biol Chem 1982,
257 11G2-11085.

- 384 -

[41]

(42

Wagner PD: Formation and characterization of
myosin hybrids containing cssential light ¢haing
and heavy chains [rom different muscle myosin. J
Biol Chem 1981; 256: 2493-2498.

Wall SR, Van den Hove M, Crepin KM, Hue [,
Rousscau GG: Thyroid hormone stimulates ex-
pression of 6phosphelructoZkinase in rai liver.
FEBS Lett 1989, 257 (2): 211-214.

Zardini DM, Parry DIt Identification, distribution
and subunit composition of type 1Ix fibers in mouse
muscles. Muscle & Nerve 1994, 17: 1308-1316.



