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Abstract. It has been reported that the peak of the stair- 
case or the enhanced tension response during low fre- 
quency stimulation is delayed in fatigued fast muscle. 
Our purpose was to determine if the rate and extent of 
regulatory myosin light chain (P-LC) phosphorylation, a 
molecular mechanism associated with the positive stair- 
case, are also altered by fatigue. The staircase contractile 
response, muscle metabolites and phosphate incorpora- 
tion by the P-LC were assessed at 0, 5, 10 or 20 s of 10- 
Hz stimulation, in either non-fatigued (control) or fa- 
tigued (10 Hz for 5 min, followed by 20 min of recov- 
ery) rat gastrocnemius muscle in situ. The concentration 
of adenosine triphosphate (ATP) in fatigued muscles, 21 
+ 0.9 mmol. kg -1 (dry weight) was significantly lower 
(P < 0.05) than in the control muscles, 
26.1-+ 1.5 mmol. kg -1. In both groups, ATP content 
was significantly lower after 20 s of 10 Hz stimulation. 
The P-LC phosphate content (in mol phosphate, mo1-1 
P-LC) was 0.10, 0.38, 0.60 and 0.72 after 0, 5, 10 or 
20 s of 10 Hz stimulation in control muscles, but only 
0.03, 0.08, 0.11 and 0:19 at these times in fatigued 
muscles. Although the absolute magnitude of tension po- 
tentiation was attenuated in proportion to the depressed 
twitch amplitude, these surprisingly low levels of phos- 
phorylation were associated with 0, 48, 79 and 86% po- 
tentiation of the developed tension at these times in con- 
trast with 0, 71, 87 and 49% potentiation in control 
muscles. These data demonstrate that while the rate and 
extent of phosphate incorporation is depressed in fa- 
tigued muscle, tension potentiation is still evident. The 
persistence of potentiation in the fatigued state indicates 
that either this condition results in greater potentiation 
for a given level of P-LC phosphorylation, or that factors 
in addition to P-LC phosphorylation are responsible for 
the staircase response. 
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Introduction 

Repetitive low frequency stimulation of mammalian 
fast-twitch skeletal muscle in situ elicits a tension stair- 
case response, in which twitch developed tension is pro- 
gressively potentiated over several seconds compared to 
developed tension of a control twitch [6, 9, 15]. In the 
rat gastrocnemius muscle, which is composed primarily 
of fast-twitch fibres [3], stimulation at 10 Hz results in 
a tension staircase which peaks after about 10 s [21, 22], 
and this is followed by a decrease in developed tension, 
fatigue [19, 21]. 

Although several factors (amplitude of Ca > transi- 
ents, alkalinization, etc.) may contribute to potentiation, 
it has been proposed that the primary mechanism of 
staircase potentiation in mammalian fast or mixed fast 
skeletal muscle is phosphorylation of the regulatory (or 
phosphorylatable) myosin light chains (P-LC) [22]. The 
P-LC are phosphorylated by the specific enzyme myosin 
light chain kinase (MLCK) which is activated during the 
Ca 2+ transient through binding of the Ca 2+ �9 calmodulin 
complex by the enzyme [29]. The time course of phos- 
phorylation and dephosphorylation corresponds closely 
with that of potentiation during the staircase and during 
the subsequent dissipation of enhanced isometric twitch 
tension in the period following the staircase [22]. In con- 
trast, the magnitude of phosphorylation and potentiation 
are both low in red skeletal muscle [22]. Furthermore, it 
has been demonstrated that phosphorylation of the P-LC 
is associated with a leftward shift in the pCa>/tension 
relationship in skinned rabbit skeletal muscle fibres [26, 
30]. This relationship suggests that force potentiation 
may result from increased sensitivity of the contractile 
proteins to subsaturating levels of Ca 2+ as a result of P- 
LC phosphorylation. 

The time needed to reach the peak of the staircase 
response (i. e. the number of individual twitches) is in- 
creased in muscle previously subjected to prolonged re- 
petitive stimulation [19]. If potentiation during the stair- 
case is tightly coupled with P-LC phosphorylation, the 
time course of phosphorylation should also be affected 
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in fa t igued  c o m p a r e d  with  non- fa t igued  musc l e  sub- 
j e c t e d  to the same  po ten t ia t ing  s t imulus  (i. e. 10 H z  for  
1 0 - 2 0  s). However ,  i f  there  is an apparen t  uncoup l ing  
in  this  r e la t ionsh ip  in  f a t igued  musc le ,  this  m i g h t  sugges t  
that  e i ther  there  is a change  in the sens i t iv i ty  o f  the re-  
la t ionship  be tween  P -LC phospho ry l a t i on  and potent i -  
ation, as seen in musc l e s  t rea ted  wi th  dan t ro lene  sod ium 
[25], or  that  add i t iona l  m e c h a n i s m s  m a y  be  r e spons ib le  
for, or  cont r ibu te  to, the tens ion  staircase.  In  this regard ,  
a t rans ient  a lka los is ,  a s soc ia ted  wi th  net  c rea t ine  phos -  
pha te  hyd ro lys i s  [2], m igh t  inc rease  the sens i t iv i ty  o f  the 
cont rac t i le  p ro te ins  to Ca  2+ [10]. Converse ly ,  inc reased  
ava i l ab i l i ty  o f  Ca  2+, due  e i ther  to t r ans sa r co l emmal  
m o v e m e n t  [33] or  to sa tura t ion  o f  ava i lab le  in t race l lu la r  
Ca2+-binding sites, cou ld  account  for  some  degree  o f  
fo rce  poten t ia t ion .  

Our  pu rpose  was to de te rmine  i f  the ra te  and extent  
o f  P -LC p h o s p h o r y l a t i o n  are a l te red  in fa t igued  ske le ta l  
musc le .  To test  this poss ibi l i ty ,  f a t igued  and non- fa -  
t igued  ra t  gas t rocnemius  musc les  were  s t imula ted  at 
10 Hz  for  20 s. A t  in terva ls  dur ing  this s t imula t ion  pro-  
tocol ,  bo th  t ens ion  r e sponse  and P - L C  phospha te  content  
were  de te rmined .  

Materials and methods 

Muscle preparation. All procedures followed in this study were 
approved by a University committee for the ethical use of animals 
in research. Spragne-Dawley rats (175-220 g) were given rat 
chow and water ad libitum and maintained on a 12 h light : 12 h 
dark cycle. Animals were anaesthetized with an intraperitoneal in- 
jection of sodium pentobarbital (Somnotol, 50 mg/kg); with sup ~ 
plemental injections as needed. The left gastrocnemins muscle was 
surgically isolated while vascular connections and the muscle ori- 
gin were left intact. The sciatic nerve was cleared of connective 
tissue for a length of 1 -1 .5  cm and cut proximally. The catcaneus 
was severed leaving a piece of bone attached to the Achilles ten- 
don and the soleus and plantaris muscles were dissected free. A 
ligature was tied tightly around the leg midway between the ankle 
and the knee, and the distal half was cut off. A dissecting probe 
was inserted into the medulla of the tibia, and a drill bit placed 
perpendicularly through the femur and these were rigidly fixed to 
anchor the gastrocnemius muscle origin. 

Once the leg was fixed in the myograph apparatus, the gastro- 
cnemius muscle was secured via the Achilles tendon to an iso- 
metric tension transducer (Grass, FT.10 with black/blue springs, 
Grass Instruments, Quincy, Mass., USA, with a CWE PM 1000 
pressure amplifier module, CWE, Ardmore, Pa., USA). The trans- 
ducer was mounted on a rack and pinion device and oriented to 
measure strain in line with the pull of the muscle (appreximately 
45 ~ from the horizontal). The connective tissue between the skin 
and the leg was disrupted, and the loosened skin was pulled up 
around the sides to form a bath which was filled with warmed 
mineral oil. Rectal and bath temperatures were monitored (YSI, 
model 43 telethermometer, Yellow Springs, Ohio, USA) and both 
were kept near 37~ with radiant heat. 

The distal stump of the cut sciatic nerve was placed across a 
pair of silver wire hook electrodes, and stimulated with square 
pulses of 0.14 ms duration at supramaximal ( 1 - 5  V) voltage with 
a Grass Model $88 stimulator. Output of the tension transducer 
was visually displayed (Tektronix oscilloscope, Model TEK 2235), 
and monitored with a microcomputer (Apple II E, Apple Com- 
puters, Cupertino, Calif., USA) following analog-to-digital conver- 
sion at 7500 Hz. 

Procedures. When rectal and muscle bath temperatures had stabil- 
ized at 37~ muscle length was adjusted to yield maximal devel- 

oped tension for double pulse contractions (delay between pul- 
ses = 5 ms). Double pulse contractions were used to determine 
optimal length, since single pulse contractions may interfere with 
this procedure, due to length-dependent activation [17]. All further 
stimulations were with single pulses at the specified frequency. 
The gastrocnemius muscles of rats randomly assigned to control 
(non-fatigued) and fatigued groups were subjected to 25 min of 
stimulation as follows. Control muscles were initially stimulated 
a t10  Hz for 20 s and thereafter for the remainder of the 25 min 
period at 0.1 Hz. For the fatigued group, the gastrocnemius muscle 
was stimulated at t0  Hz for 5 rain followed by 20 rain of test 
contractions at 0.1 Hz. This stimulation pattern has been used pre- 
viously to study contractile response to activity, and has been 
shown to result in a depression of the contractile response which 
seems to be analogous to low frequency fatigue [19-21]. Low 
frequency fatigue is characterized by a prolonged depression of 
contractions in response to low, but not high, frequency stimula- 
tion. Following the recovery period, twitch amplitude remains at- 
tenuated but tetanic contractions are not different flora prefatigue 
amplitude [20]. For both groups following their respective 25 min 
protocols, a 10 Hz stimulation pattern for up to 20 s was employed 
to elicit the staircase response. Muscles were freeze clamped prior 
to (0 s) or after 5, 10 or 20 s of this 10 Hz stimulation. To facilitate 
rapid freezing, the oil was removed from around the muscle just 
prior to the stax~ of the (10 Hz) staircase stimulation. The frozen 
muscte was stored at -80~  for later analysis. 

Contractions were sampled by the microcomputer at intervals 
during the stimulation and analysed for developed tension, time 
from the onset of tension development to the peak of the contrac- 
tion, and peak rate of relaxation which was calculated as the maxi- 
mal decline in tension (steepest slope) over 14% of the falling 
phase of the twitch. Twitch contractile characteristics were deter- 
mined using a program written by one of the authors on an Apple 
IIE computer. It was anticipated that these measurements of the 
twitch contraction characteristics would be useful in evaluating the 
possible role of factors other than P-LC phosphorylation in the 
staircase response. For example, saturation of the Ca2+-binding 
sites in the myoplasm should result in prolonged contraction time 
and slowed peak rate of relaxation [11, 31]. 

Biochemical analysis. Frozen muscle samples were analysed for 
P-LC phosphorylation and metabolite content. Analysis of P-LC 
phosphorylation was performed according to the procedures of Sil- 
ver and Stull [27], with modifications as described by Moore and 
Stull [22] and Smart et at. [28]. Briefly, 5 - 1 0  mg of frozen tissue 
were homogenized and diluted and then subjected to pyrophos- 
phate polyacrylamide gel electrophoresis to isolate the myosin. 
The band representing myosin was identified with Coomassie blue 
stain, cut from the gel, denatured and subjected to isoelectric fo- 
cusing over the pH range 4.5-6.0. Gels from isoelectric focusing 
were fixed and silver stained and then scanned using an LKB 2202 
Ultroscan laser densitometer with attached LKB 2220 recording 
integrator to establish the relative proportions of the phosphory- 
lated and non-phosphorylated P-LC. 

The frozen muscle samples were lyophilized for metabolite 
assays; and the freeze-dried samples were stored under a vacuum 
at -80~ Before extraction of metabolites, the samples were 
brought to room temperature under a vacuum, visible connective 
tissue was teased away and the muscle samples were weighed. 
Muscle metabolites were extracted with 0.5 M HC104 and neu- 
traiized with 2.2 M KHCO3. After centrifugation, the neutralized 
supernatant was assayed for metabolite concentrations and the pel- 
let frozen for later determination of glycogen content. The contents 
of ATP, phosphocreatine (PCr), lactate and glycogen for each 
muscle were determined in triplicate using established fluoromet- 
ric techniques [18]. These metabollte measurements were neces- 
sary to establish the energetic state of the fatigued muscle relative 
to the control muscles, and specifically the measurement of PCr 
was anticipated to provide insight into the possible role of PCr 
hydrolysis contributing to staircase potentiation. 
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Fig. 1. Developed tension versus time for 20 s of repetitive stimu- 
lation at 10 Hz before and after the 5 rain fatigue (plus 20 min of 
recovery). Values are means + SEM (n = 4) 

Statistical methods. A two factor analysis of variance (group and 
time) was employed to determine significant differences in the 
phosphorylation and metabolic data. Simple main effects were as- 
sessed by a one-way analysis of variance for each group. A re- 
peated measures analysis of variance was used to assess the stair- 
case responses of the rested and fatigued muscles which were 
stimulated at 10 Hz for 5 min and also stimulated at 10 Hz for the 
complete 20 s after the recovery period. Significant differences 
between means were determined with the Newman-Keuls test, 
modified for repeated measures where appropriate [14]. Differ- 
ences were considered significant for P < 0.05. Data are presented 
as means + SEM. 

Results 

Contractile responses 

For the control group (non-fatigued), twitch developed 
tension was initially 3.38 _+ 0.24 N and was unchanged 
(3.40 _+ 0.23 N) after the 25 min stimulation protocol. 
During the initial 20 s of 10 Hz stimulation for both the 
control and fatigued groups, muscle staircase responses 
were similar, demonstrating a peak force potentiation of 
85% by 10 s. When 10 Hz stimulation was continued for 
5 min, the potentiated response was followed by a rapid 
decrease to 39% of  the initial developed tension at 60 s. 
There was little further change in developed tension to 
the end of the 5 min of  repetitive stimulation. Within 
seconds of changing the stimulation frequency to 0.1 Hz, 
a partial recovery in force was observed; however, an 
additional 20 min at 0A Hz led to only minor additional 
tension changes. Over the 25 min protocol for the fatigue 
group, developed tension which was initially 
3.53 + 0.27 N, decreased (P < 0.05) to 1.99 + 0.16 N. 

To illustrate the staircase responses of  rested and fa- 
tigued muscles, Fig. 1 presents the developed tension of 
twitch contractions from the initial 20 s of the 5 min 
10 Hz fatigue stimulation (before fatigue) with tension 
responses from the 20 s of  10 Hz stimulation following 
the fatigue plus recovery protocol (after fatigue). These 
observations were obtained from the only four muscles 
for which contractile responses could be obtained for 
the complete 20 s of  staircase both before and following 

Table 1. Twitch developed tension prior to freezing ~ 

Time (s) Tension 

n Control n Fatigue 

5 6 71 + 4.4 5 48 + 8.5 
10 6 87 + 3.4 4 79 + 5.5 
20 4 49 -+ 11.7 4 86 + 14.2 

" Developed tension is expressed as (F* • FDo-I--1)• 100, 
where FD* is developed tension just prior to freezing, and FDo is 
developed tension of the first contraction in the 10 Hz (staircase) 
series 

fatigue. Therefore, the same muscles are represented be- 
fore and after fatigue. Peak developed tension occurred 
earlier before fatigue than it did after fatigue. The actual 
degree of  potentiation observed at the time of freezing 
for muscles of  both groups (control and fatigue) is pre- 
sented in Table 1. 

The contraction time and peak rate of relaxation of 
twitch contractions during staircase before and after fa- 
tigue were also measured. Before fatigue, contraction 
time increased (P < 0.05) during the initial 7.5 s of the 
tension staircase (Fig. 2). In contrast, during staircase 
following recovery there was a significant decrease in 
contraction time during the initial 2.5 s, with a sub- 
sequent increase back to the control value by 1 0 - 2 0  s of 
repetitive stimulation. Figure 2 B illustrates the transient 
changes in the peak rate of relaxation during 20 s of 
stimulation at 10 Hz before and after fatigue. In both 
cases, the peak rate of  relaxation increased during stair- 
case from 0 to 7.5 or 10 s. Following this, peak rate 
of  relaxation decreased (20 s < 15 s < 10 s, P < 0.05) 
before fatigue but did not change in the fatigued muscles 
(10 s = 15 s = 20 s, P > 0.05). Therefore, slowing of  
relaxation is evident late in the staircase response before 
fatigue but not apparently when the muscles have been 
fatigued. 

P-LC phosphate content 

The observed values for phosphorylation of  the P-LC 
are shown in Fig. 3. In control muscles, the phosphate 
content of  the P-LC was significantly increased at the 
three sampling points compared to the 0 s value. In fa- 
tigued muscle, only 20 s of  stimulation resulted in a sig- 
nificant increase in phosphorylation over the 0 s value. 
P-LC phosphate content in the control muscles was sig- 
nificantly different from that of  the fatigued muscles at 
all corresponding time points except for the 0 s time. 

Metabolites 

The concentrations of ATE PCr, lactate and glycogen in 
the muscles frozen during the final tension staircase are 
presented in Table 2. In the control muscles, the concen- 
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Fig. 3. Phosphorylation of the regulatory light chains of myosin 
during 20 s of staircase with stimulation at 10 Hz in non-fatigued 
and fatigued muscle is shown. See Table 1 for number  of experi- 
ments for each condition. Symbols represent significant differ- 
ences (P < 0.05) between groups (control versus fatigued). * Sig- 
nificant difference from the corresponding zero time measurement 
within the same group (t) 

tration of ATP was significantly decreased relative to the 
0 s value only at 20 s of stimulation but was still 70% 
of the control value at this time. PCr was significantly 
decreased by 5 s and was less than 10% of the initial 
level after 20 s of 10Hz stimulation in the control 
muscles. Lactate was significantly increased threefold 
and nearly fourfold at 10 s and 20 s respectively; and 
glycogen was significantly decreased by 10 s and de- 
pleted 50% after 20 s. Compared to the 0 s concen- 
trations of the control group, the fatigued muscles after 
20 min of recovery demonstrated similar PCr and lactate 
values, but significantly lower concentrations of ATP 
and glycogen. In the fatigued group the changes in the 
metabolite concentrations during the 20s  of 10Hz 
stimulation followed a pattern similar to that of the con- 
trol group. The exception was lactate which increased 
moderately but not significantly over the 20 s stimula- 
tion. 

Discussion 

Phosphate incorporation into the P-LC of myosin ac- 
companied by force potentiation has been consistently 
observed in response to brief tetani or more prolonged 
lower frequency stimulation in fast and mixed fast skel- 
etal muscle [12, 13, 22-25] .  In the present study our 
purpose was to investigate the phosphorylation/force po- 
tentiation relationship in fatigued muscle in order to de- 
termine if the rate and extent of myosin P-LC phos- 
phorylation are altered during the 20 s of 10 Hz stimula- 
tion in fatigued compared to non-fatigued muscle. While 
our values for phosphorylation and potentiation are simi- 
lar to those reported by Moore and Stull [22] in non- 
fatigued muscle, our data suggest an apparent uncou- 
pling in this relationship since we observed a lower level 
of phosphorylation for a similar degree of potentiation 
in fatigued compared to non-fatigued muscle. 

In agreement with the close temporal relationship be- 
tween P-LC phosphorylation and staircase potentiation 
reported by Moore and Stull [22], our control muscles 
demonstrated a linear relationship between these two 
measured (Fig. 4 A), at least for the first 10 s of 10 Hz 
stimulation. The relationship between developed tension 
and P-LC phosphorylation in the fatigued muscles over 
this initial stimulation period differs from that of the 
control muscles in that the combined changes in potenti- 
ation and phosphorylation merely bring the fatigued 
muscle to values which correspond with the resting (zero 
time) condition of the control muscles. In particular, the 
slopes of the two relationships are different. This differ- 
ence between fatigued and control muscles is more evi- 
dent in Fig. 4 B, where developed tension is plotted as 
% of its initial value. It is clear that the relative potenti- 
ation which is associated with a given level of phos- 
phorylation is much greater in muscles of the fatigued 
group. In fact, the fatigued muscles attained 86% po- 
tentiation with only 19 % P-LC phosphorylation. If P-LC 
phosphorylation is the principle mechanism responsible 
for staircase potentiation, then the strong relationship be- 
tween level of phosphorylation and potentiation should 



Table 2. Concentrations of metabolites during staircase (mmol �9 kg -1 dry weight) 

13 

Group Time (s) n Metabolite 

ATP PCr Lactate Glycogen 

C 0 6 26.1 -+ 1.5 65.6 -+ 7.0 19.6 _+ 5.7 
C 5 6 25.0 _+ 1.0 45.2 _+ 2.4* 32.4 + 2.9 
C 10 6 23.9 + 1.2 33.5 + 9.6* 60.9 _+ 12.2" 
C 20 4 18.1 -+ 1.2" 5.9 + 2.9* 73.1 _+ 9.8* 
F 0 8 21.0 +_ 0.9 74.2 _+ 6.7 21.2 -+ 6.2 
F 5 5 22.8 + 1.6 48.7 -+ 7.5* 40.4 _+ 7.0 
F 10 5 18.9 _+ 0.9 49.7 _+ 12.8" 36.5 + 9.9 
F 20 4 15.9 _+ 1.3" 13.2 _+ 1.1" 39.9 + 2.5 

120.4 + 8.2 
105.9 _+ 4.9 
90.5 + 7.2* 
59.0 -+ 13.1" 
61.7 -+ 4.2 
50.7 + t0 . l  
51.4 _+ 6.8 
34.2 + 2.7" 

* Significantly different from the time zero measurement (P < 0.05); C, control; F, fatigued; PCr, phosphocreatine 

be preserved in fatigued muscle. Our results suggest, A 
however, that either there was an increased responsive- s -  

n e s s  of the contractile apparatus to the potentiating effect 
of phosphorylated P-LC, and/or that additional potentiat- 
ing mechanisms were operating, z 6- 

A greater degree of potentiation at a given level of P- o 

LC phosphorylation would be expected if  smaller Ca 2+ z 
lal 

transients (lower Ca 2+ concentration during activation) ~- 4- 

occurred in these fatigued muscles. The discrepancy ap- tu" 
parent between the extent of relative potentiation and oa" 
phosphate incorporated into the P-LC in the fatigued " W 2" > 
muscle is similar to that observed for in vitro mouse tu 
fast muscles treated with dantrolene sodium [25], a drug 
which attenuates sarcoplasmic Ca 2+ release [9, 16]. De- 
pressed absolute twitch force values for dantrolene- 
treated muscles still demonstrate a greater relative post- 
tetanic potentiation despite only modest increases in P- 
LC phosphate content compared with control muscles 
[25]. Furthermore, this interpretation is analogous with a 
the effect of increased temperature on Ca 2+ availability. _-- 200" 
For example, there is less P-LC phosphorylation, yet a = 
greater relative twitch potentiation at 35~ compared to "-= lS0- 
25~ in fast muscles of mouse stimulated at 5 Hz for 
20 s [24]. As explained by Moore et al. [24], the dimin- ~ 160- 

ished and faster tension profiles that occur at high com- z 
o 140- pared with low temperatures [7] are consistent with tem- 

perature-dependent effects on the amplitude and time ,,,z 
course of the Ca 2+ transient [4]. These temperature-de- ~- 120- 

pendent changes result in less activaton of the contractile '" 
o. 100- element as well as less phosphate incorporation by the o, 

P-LC, consistent with the Ca2+-dependent nature of this >'" 
141 

process [5]. Similar to these observations, it is quite pos- " 
sible that the greater potentiation at a given level of P- 
LC phosphorylation in the fatigued muscles of this 
study, is associated with an attenuated Ca 2+ transient, an 
event which accompanies some forms of fatigue [1, 32]. 

There is some evidence that 10 Hz stimulation of the 
rat gastrocnemius muscle in situ for 5 min results in 
attenuated Ca 2+ transients. This type of fatigue is charac- 
terized by a prolonged attenuation of the twitch contrac- 
tion, while tetanic contraction is not different from that 
in the control (rested) condition [20]. The depressed 
twitch could be the result of either a smaller Ca 2+ transi- 
ent with each activation, or a depressed sensitivity of the 
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0 
0 2'0 4'0 6 0  80 1;0  

MYOSIN LIGHT CHAINS (% phosphorylated) 

80 
0 2'0 

MYOSIN LIGHT 

t 
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4'0 60 8'0 
CHAINS (% phosphorylated) 
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Fig.4.  Developed tension in absolute (a) and relative (b) units 
versus percentage myosin light chain phosphorylation is shown. 
Points correspond to measurements at 0, 5, t0 and 20 s rep- 
resenting progressively greater phosphorylation. Note that the va- 
lues of developed tension (A) and % phosphorylation for the initial 
contraction in the non-fatigued muscle (0 s), is almost superim- 
posed with the value for the fatigued muscle at t0 s. Regression 
analysis of the mean values for tension potentiation versus phos- 
phorylation relationship over the first 10 s of stimulation gave the 
following: FD (rested)= 3.02 _+ 0.07 (% phosphorylated); r =  
0.95 and FD (fatigued) = 1.19 _+ 0.19 (% phosphorylated); r = 
1.0 
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contractile proteins to Ca 2+. The major factors which 
have been identified to alter contractile sensitivity to 
Ca 2+ in fatigue are increased concentration of inorganic 
phosphate [8] and/or decreased pH [10]. The metabolic 
measurements presented in Table 2 show that PCr is 
fully restored after the 20 rain recovery period, therefore 
the concentration of  inorganic phosphate was not likely 
to be elevated at this time. Lactate content is also back 
to the control (rested) level, so the fatigued muscles were 
unlikely to be acidotic. Sensitivity of  the contractile pro- 
teins to Ca 2+ i s  probably not affected in the fatigued 
muscle after 20 min of  recovery. This leaves attenuation 
of Ca 2+ transients as the most  likely cause of  this fa- 
tigue. In further support of  this contention, muscles 
treated with dantrolene sodium mimic many  of  the con- 
tractile features of  fatigue resulting f rom 5 rain of  10 Hz 
stimulation, including prolongation of  the time taken to 
reach the peak of  the staircase response and the transient 
changes in half-relaxation time during staircase [19]. 

Smaller Ca 2+ transients for each activation can pos- 
sibly explain the greater relative potentiation of these 
fatigued muscles for a given level of  P-LC phosphory- 
lation, and could certainly explain the apparent slower 
rate of  P-LC phosphorylation, which was observed in 
these muscles since this is a CaZ+-dependent process [5]. 
Alternatively, some other potentiating factor may have 
been involved, and this other factor was more effective 
in potentiating fatigued than non-fatigued muscles. Tran- 
sient alkalosis due to PCr hydrolysis or saturation of 
CaZ+-binding sites in the myoplasm may  contribute to 
staircase potentiation. However,  since PCr hydrolysis 
was greater in the control muscles than in the fatigued 
muscles, and since prolongation of  contraction time was 
more apparent in control than in fatigued muscles, it 
seems unlikely that these processes contributed to the 
enhanced staircase in the fatigued muscles. Neverthe- 
less, the involvement  of  other mechanisms in the stair- 
case potentiation process of  fatigued muscles cannot be 
ruled out without further experimentation, 

In this paper, we have reported that there is a slower 
rate of  P-LC phosphorylation in fatigued muscle com- 
pared with non-fatigued muscle and that relative potenti- 
ation for a given level of  P-LC phosphorylation is 
greater in the fatigued muscle. This enhanced potenti- 
ation and attenuation of  phosphorylation of  P-LC is con- 
sistent with the theory that fatigue results in smaller 
Ca 2+ transients. However,  it is unclear whether or not 
phosphorylation of the P-LC can account for all of  the 
potentiation which was observed in the fatigued 
muscles. 
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