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Post-Activation Potentiation—A Clue for Simplifying
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JaN E. BROwWN AND GERALD E. LOEB?

MRC Group in Sensory-Motor Neuroscience and the Department of Physiology, Queen’s University,

Kingston, Ontario, K7L 3N6, Canada

Synopsis. Post-activation potentiation is a phenomena that occurs only in fast-
twitch muscle fibers. Its main effect is to enhance muscle force at sub-maximal
activation levels for a short duration of time following previous muscle activation.
We characterized this phenomenon in feline caudofemoralis (CF) muscle (com-
posed of 100% fast-twitch muscle fibers) to understand its importance during phys-
iological patterns of activation. During such patterns (e.g., 43 pps, 8 pulse trains
delivered at 1 sec intervals) CF potentiated rapidly and apparently maximally.
When CF was allowed to relax, potentiation decayed slowly with a time constant
20-40x slower than the rise-time. The level of potentiation reached during the
potentiating paradigm was stable in response to a wide range of stimuli, including
various stimulation rates (15-120 pps) and various inter-train intervals (up to 10
sec). The shape of the twitch force-length curve for potentiated CF was similar to
that of the tetanic force-length curve in either the potentiated or unpotentiated
state. In contrast, the shape of the twitch force-length curve for unpotentiated CF
was shifted markedly to the right accompanied by a narrowing of the curve’s peak.
We conclude from our observations that fast-twitch muscle fibers operate and
should be modeled in a state of full potentiation, and that modeling the potentiated

state may actually be simpler than modeling the unpotentiated state.

INTRODUCTION

Studies of the neural control of move-
ment generally tend to ignore muscle and
its properties, but recent work has suggest-
ed that the intrinsic properties of muscle
may have large effects on the control prob-
lem (Loeb et al, 1994; Brown and Loeb,
1998). If we accept the notion that various
motor control strategies may be designed
specifically to take advantage of key muscle
properties, then we need accurate models of
those properties to understand such strate-
gies. Accurate models of muscle do exist
for the special case of maximal activation
(e.g., Brown et al, 1996b), but unfortu-
nately we still lack an adequate understand-
ing of muscle properties during physiolog-
ical patterns of activation.

The mathematical transfer from neural
activation to muscle force shown in Figure
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1A reflects a common design for models of
muscle (Zajac, 1989; Brown et al., 1996b).
Force is presumed to be the product of three
independent factors: F,cr, FL and FV. Fy¢p
is a measure of muscle activation that de-
pends on neural activation ‘u(t)’. FL is the
isometric force-length relation (dependent
upon length) and FV is the force-velocity
relation (dependent upon velocity). This ba-
sic design assumes independence between
these three functions. In principle, any one
of these functions can be characterized by
holding the other two functions constant at
any value. However, this presumed inde-
pendence needs to be tested to ensure that
the model is accurate, particularly over the
range of input conditions of u(t), L and V
for which the model will be applied.
Recently, Scott et al. (1996) examined
the question of independence between the
FL and FV relationships while holding F,;
constant at maximal activation. Their re-
sults showed that by choosing carefully an
appropriate FL curve based on the structure
of the sarcomere, they could indeed dem-
onstrate independence between the FL and
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Fic. 1. A. Muscle force is assumed to be the product
of three independent functions: F,cp, FL and FV. Typ-
ical examples of what these three functions look like
are plotted here. B. The Force-Length-Velocity surface
for maximally activated feline soleus muscle including
both active and passive force (adapted from Brown et
al., 1996b).

FV relationships for shortening velocities.
However, they discovered that the FL. and
FV relationships were not independent for
lengthening velocities. This observation re-
sulted in the mathematical formulation be-
ing changed somewhat with FV becoming
dependent upon length as well as velocity.
The force-length-velocity surface based
upon Scott ef al.’s data is shown in Figure
1B.

The next step in the design of the muscle
model is to examine more closely the pro-
posed independence of F,r and FL; pre-
vious modeling and experimental studies
have suggested that F,« is not independent
of FL. and FV (Rack and Westbury, 1969;
Stephenson and Wendt, 1984; Shue et al,
1995). We have chosen to test this indepen-
dence with the feline muscle caudofemor-
alis (CF), a hip extensor/abductor that orig-
inates with almost no tendon from the trans-
verse processes of the second and third cau-
dal vertebrae and inserts with a long tendon

into the patellar fascial complex. We chose
CF because it possesses a unique combi-
nation of three characteristics that simplify
the collection and interpretation of experi-
mental data (Brown et al, 1998): a homo-
geneous parallel-fibered architecture, very
short aponeuroses permitting an experimen-
tal setup with minimal in-series elasticity,
and a homogeneous fiber-type population.
The difficulty with this preparation is that
the homogeneous fiber population is of the
fast-twitch variety. Fast-twitch muscles
demonstrate a complex phenomenon not
found in slow-twitch muscles known as
post-activation potentiation (PAP, Manning
and Stull, 1982; Moore and Stull, 1984), in
which recent activation of a muscle signif-
icantly increases the force produced by sub-
sequent sub-maximal activation.

An important consequence of PAP af-
fecting force production is that F,.; needs
to account for the increased force observed
during PAP. Furthermore, there is evidence
that PAP may affect the FV relation
(Grange et al, 1995) as well as the F,r
FL interdependence (Close, 1972; Moore
and Persechini, 1990) within the physiolog-
ical range of motion for many muscles, in-
cluding CF (Brown et al., 1996a; Brown et
al., 1998). If the mathematical design of
Fcr is based upon the unpotentiated state,
then various corrective terms will have to
be added to account for the changes in-
duced by PAP. If instead the normal oper-
ating state of muscle is the potentiated state,
and if a model is based upon that state, then
potentially complex corrective terms would
be unnecessary. This second alternative and
its potential benefits are considered here
from a variety of perspectives including ex-
perimental design, model design and phys-
iological relevance.

METHODS

The experimental apparatus used in this
study is similar to one used and described
previously for feline soleus muscle (Scott
et al., 1996). All experiments were carried
out in cats of either sex (2.4-5.1 kg) under
deep anesthesia (sodium pentobarbital) as
determined by the absence of pedal with-
drawal. Briefly, the feline CF muscle was
studied in situ, dissected free of surround-
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ing tissue with its origin, innervation and
blood supply left intact. The length of the
muscle fascicles was controlled by clamp-
ing onto caudal vertebrae Ca2 and Ca3 (CF
origin) and on to the insertion tendon just
at the point where the last fibers terminate,
eliminating virtually all series-compliance
in the linkage. The insertion clamp was at-
tached to a computer-controlled muscle
puller to carefully establish specific muscle
lengths. Isometric force output at each dis-
crete muscle length was obtained from a
force transducer in-series with the muscle
puller. Electrical stimulation was monitored
by recording M-waves via two multi-
stranded stainless steel wire electrodes in-
serted transversely through the muscle ap-
proximately 5 mm apart. Computer tem-
plates controlled the length and stimulus
patterns simultaneously for long prepro-
grammed sequences defining entire experi-
mental protocols in 1.667 ms steps. During
each step, the computer program recorded
values for both the force and a rectified,
bin-integrated representation of the M-
waves. Force data were digitally filtered af-
ter the experiment using a double-pass, sec-
ond-order Butterworth filter with a 3 dB
cutoff frequency of 120 Hz.

Electrical stimulation was applied to the
ipsilateral L'7 and S1 ventral roots by plat-
inum-iridium hook electrodes in a paraffin
oil pool, after ascertaining that these were
the only roots providing efferent innerva-
tion to CE To expose these roots, an LS5 to
S1 laminectomy was performed and the
corresponding dorsal roots ligated and re-
tracted to reveal the ventral roots. To avoid
stimulation of the other muscles of the leg,
the femoral, obturator, distal sciatic and glu-
teus maximus nerves were all ligated. A
pool was created with skin flaps around
both the muscle and exposed spinal cord
and filled with paraffin oil. Both the pool
and the animal’s core temperature were
maintained thermostatically at 37°C = 1°.
The muscle and nerve preparation were al-
lowed to equilibrate for at least 1 hr prior
to data collection.

At the beginning of each experiment a
tetanic FL. curve was collected in the un-
potentiated state (as described below). Pre-
liminary estimation of L, was made based
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upon in situ anatomical lengths (Brown et
al., 1998). Based on this estimate, isometric
tetanic contractions (120 pps, 12-15 p
trains) were elicited at 0.7, 0.8, 0.9, 0.95,
1.0, 1.05, 1.1 and 1.2 L,,. The “true” L, was
then chosen as the length at which maximal
tetanic isometric force (F,) could be elicit-
ed.

Two basic protocols of stimulation were
used in this study to produce two different
states of muscle: unpotentiated and poten-
tiated. Data in the unpotentiated state were
collected prior to data in the potentiated
state. For the unpotentiated protocols, all
stimuli were separated by 5 minute inter-
vals to avoid potentiation. The potentiated
protocols used stimuli separated by 1-10
sec. For the potentiated protocols, the mus-
cle and nerve preparation was allowed to
equilibrate for 1 hr between each protocol.
Because of previous evidence that the
length at which a potentiating stimulus oc-
curs can affect the subsequent level of po-
tentiation (Moore and Persechini, 1990),
potentiating stimuli were given at either
three different lengths (0.75, 0.95 and 1.15
L,) or at five different lengths (0.75, 0.85,
0.95, 1.05 and 1.15 L) to cover the phys-
iological range of motion for CF (Brown et
al., 1996a; Brown et al., 1998). The lengths
were sequenced from shortest to longest
and then repeated. In all paradigms stimu-
lation voltage (0.2 ms rectangular wave
pulses) was five times higher than the
threshold required to elicit an M-wave. M-
wave activity was monitored continuously
to ensure complete activation of the entire
muscle throughout the experiment. Force
potentiation was determined with one of
two indices. Initial experiments were lim-
ited by software so that all stimuli in a sin-
gle paradigm had to have the same periodic
interval. Therefore, in these initial experi-
ments a measure of potentiation was ob-
tained every 6th or 7th train by inserting a
standard train of 5 pulses at 30 pps while
holding the muscle isometric at 1.0 L, and
measuring the peak force. Improved soft-
ware in the later experiments permitted in-
sertion of single isometric twitches at 1.0
L, one second before specified experimen-
tal trains so that peak twitch force could be
used as a measure of potentiation.
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FIG. 2. Force traces from an experimental protocol of
37.5 ppsec, 10 p trains at 2 min intervals (at a length
of 1.0 L). The first train produced the least force with
subsequent trains producing progressively larger forc-
es. Force is represented in units of Fy—maximal tetan-
ic isometric force. (These data from CF62; similar re-
sults from CF26.)

RESULTS

The first series of experiments used trains
of 10 pulses (p) at a physiological frequen-
cy of 37.5 pulses per second (pps) but an
unphysiological interval of 2 min between
trains, with no additional stimuli to measure
potentiation. This produced a steady in-
crease in force output from one train to the
next, as shown in Figure 2. This simple par-
adigm demonstrates clearly that the unpo-
tentiated state cannot be the normal physi-
ological state as it is impossible to remain
in that state for more than one contraction,
even at these long intervals between suc-
cessive stimuli. It was observed that five
minute intervals were required between
successive stimuli to ensure no significant
potentiation effects (not shown).

The purpose of the second series of ex-
periments was to determine how to collect
a reasonable amount of data without induc-
ing fatigue in the fast-twitch, fatiguable fi-
bers comprising the CF muscle. Prelimi-
nary results (not shown) suggested that
shorter intervals (e.g., 1 sec) between stim-
uli tended to fatigue CF faster than longer
intervals. Using 10 p trains at 60 pps, we
examined three different stimulus intervals
(4, 7 and 10 sec) to determine if we could
avoid fatigue, while at the same time de-
velop the same level of potentiation as
might be expected under more physiologi-
cal conditions of short stimulus intervals.
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The level of potentiation for each of these
paradigms is shown in Figure 3A as a func-
tion of stimulus train number. The associ-
ated force profiles from the 4 sec interval
paradigm are shown in Figure 3B. The
preparation was allowed to equilibrate for 1
hr between each of the three paradigms.
The potentiating effect of successive trains
was the same for inter-train intervals of 4
and 7 sec but declined when the interval
reached 10 seconds, suggesting that inter-
vals of 7 sec duration or less produce equiv-
alent levels of potentiation (note that the 10
sec paradigm was run before the 4 and 7
sec paradigms, so fatigue was not a factor.)
We therefore chose 7 sec as the optimal in-
terval for reaching and maintaining poten-
tiation while avoiding fatigue.

The third series of experiments were de-
signed to study a wider range of stimulus
frequencies and train intervals such as
might occur during cyclical behaviors such
as locomotion. Two paradigms were devel-
oped to test the hypothesis that the level of
potentiation that occurs under physiological
conditions of recruitment rapidly saturates
and tends to remain at a stable value. Be-
cause no data are available on the firing fre-
quencies of motor units in CE we assumed
that the firing frequencies typical of other
fast-twitch motor units would be appropri-
ate for use with CF (i.e., 15-60 pps, burst
duration of 150-300 ms, Bigland and Lip-
pold, 1954; Bellemare et al., 1983; Hoffer
et al, 1987). The first paradigm used 60
pps, 10 p trains at 7 sec intervals to poten-
tiate the muscle (Fig. 4). The stimulus fre-
quency was then varied between 15 and 60
pps while maintaining constant both the
number of pulses (8) and the inter-stimulus
interval (7 sec). We then examined the ef-
fects on potentiation of an unphysiological
tetanic stimulus (120 pps. 12 p trains) while
maintaining the 7 sec interval. The level of
potentiation during this paradigm never var-
ied by more than 5% as can be seen in Fig-
ure 4.

The second paradigm in this series used
a more physiological pattern of activation
to reach steady-state potentiation that was
developed from the first series—43 pps 8p
trains at 1 sec intervals, similar to the re-
cruitment of CF in brief bursts during tread-
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Fic. 3. Data from initial experiments when the level
of potentiation was measured through peak force of a
30 pps Sp train at 1.0 L. A. Each data point represents
the peak force from one of these trains. Data were
normalized to the maximal peak force measured during
this experiment from a 30 pps 5p train at 1.0 L,. In-
tervening potentiating stimuli were 60 pps, 10p trains
at three sequential muscle lengths as described in the
methods (force data from these trains not shown). The
only difference between each paradigm was the inter-
val between potentiating trains of 4, 7 or 10 sec. B.
The normalized force profiles of the 30 pps trains used
to measure potentiation from the 4 sec interval para-
digm. Peak force from these trains was plotted in part
A. (These data are from CF44, with similar results
from CF46 for 4 and 7 sec intervals, 10 sec intervals
not tested).

mill walking (Brown ez al., 1998). The in-
terval between trains was then varied be-
tween 4 and 10 sec while maintaining the
same stimulus train (Fig. SA). We then re-
verted to 60 pps, 10 p trains at 7 sec inter-
vals for comparison with the previous re-
sults. The level of potentiation in this par-
adigm again plateaued after ~15 trains and
never varied by more than 10% under these
various conditions. Exponential curves (not
shown) fit to the rising phase of potentiation
(train # 1-15) from two different experi-
ments produced rate constants of 0.05 and
0.15 sec™!. Force profiles of isometric
twitches at L, and isometric 43 pps trains
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FiG. 4 Normalized level of potentiation during the
application of a number of successive stimulus trains.
These data were from initial experiments when poten-
tiation was measured from 30 pps 5p trains at 1.0 L,
(as in Fig. 3). Each data point represents the peak force
from one of these trains normalized to the maximal
peak force measured during this paradigm. Intervening
stimulus trains were at various frequencies from 15 pps
to 120 pps. The first 60 pps potentiating trains utilized
10 p trains. The subsequent 15, 30, 40 and 60 pps
trains utilized 8 p trains while the final tetanic 120 pps
trains used 12 p. All stimulus trains were separated by
7 sec intervals. (These data are from CF50; similar
data observed in CF47 and CF68.)

at L, during the rising phase of potentiation
are shown in Figure 5C and 5D. The rela-
tive increases in peak force in the poten-
tiated state compared to the unpotentiated
state were approximately 400% for the
twitch and 65% for the 43 pps train.

At the end of the second paradigm single
twitches were applied every 30 sec for 30
min to record the time course of potentia-
tion decay (Fig. 5B). Exponential curves
(not shown) were fit to the falling phase of
potentiation (from time = 0 to 200 sec).
The rate constants from two different ex-
periments were 0.004 and 0.007 sec™! for
the falling phase, 20—40X slower than the
rising phase.

FL curves for both fused tetanic contrac-
tions (120 pps, 12 p) and single twitches in
both the unpotentiated and potentiated
states are shown in Figure 6. Near-maximal
potentiation was obtained with 12 trains of
10 p at 60 pps and 7 sec intervals. For the
tetanic FL curves, potentiation was then
maintained by the tetanic stimuli them-
selves (12 p, 120 pps, 7 sec intervals). For
the twitch FL curves potentiation was
maintained with 8 p trains at 60 pps and 7
sec intervals. Twitch data were collected
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Fic. 5 Normalized level of potentiation during the application of a number of successive stimulus trains.
Normalized level of potentiation was defined as the peak force of an isometric twitch at 1.0 L,, normalized to
the maximal level measured during the experiment. Twitches were applied between successive trains. A. During
the rising phase of potentiation 43 pps, 8p trains were applied at 1 sec intervals, with twitches interposed between
only some of the trains. Once potentiation was achieved, the interval between each stimulus train was varied.
Stimulus trains 1627 were also 43 pps, 8p trains but at 10 sec intervals. Stimulus trains 28—42 were again 43
pps, 8p trains but at 4 sec intervals. Stimulus trains 43-48 were 60 pps, 10p trains at 7 sec intervals (same
pattern used to potentiate the muscles in Fig. 4). B. Same data is in part A (shaded region) replotted on a
different time axis to also include the decaying phase of potentiation. Time O indicates the end of the last
stimulus train. C. Force profiles of the 2nd—6th isometric twitches at L, from part A. Force is in units of F,
(maximal isometric tetanic force in the unpotentiated state). The apparent increase in twitch duration upon
potentiation only occurs at lengths near L,. At longer muscle lengths (e.g., Ly™) twitch duration actually decreases
upon potentiation (data not shown). These changes in twitch duration are consistent with previous studies
conducted both at optimal muscle lengths (L,—Botterman et al., 1986) and at longer muscle lengths (L™—
Grange et al., 1995; Vandenboom and Houston, 1996). D. Force profiles of the isometric 43 pps trains at L,
used to potentiate the muscle in part A. The five trains were elicited immediately following the five twitches
shown in part C (i.e., train numbers 2, 5, 8, 11 & 14 in part A). Force of these trains increased with the level
of potentiation. (These data are from CF55 with similar data observed in CF56.)

during the 7 sec intervals between these po-
tentiating stimuli. Figure 6A shows the ac-
tual forces of all the FL curves in units of
F, (peak unpotentiated, isometric, tetanic
force). Peak twitch forces in the potentiated
state were higher than the unpotentiated
state; surprisingly, peak tetanic force actu-
ally decreased slightly in the potentiated
state. Subsequent tetanic contractions in the
unpotentiated state reached pre-potentiation
levels of force, suggesting that some form

of short-term fatigue was responsible for
the small decrease during potentiation. A
summary of the contractile properties of
isometric twitches at L, for both the unpo-
tentiated and potentiated states is presented
in Table 1. Comparative twitch force data
from other whole-muscle fast-twitch prep-
arations is presented in Table 2. Because of
the large effects of temperature on twitch
contractile properties and potentiation (As-
mussen and Gaunitz, 1989; Moore et al.,
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FiG. 6. A. Tetanic FL curves (circles; 120 pps, 12 p
trains) and twitch FL curves (triangles) collected while
CF was in both the unpotentiated (filled symbols) and
potentiated states (open symbols). Forces were nor-
malized to the maximum isometric tetanic force in the
unpotentiated state (F,) B. The same data as in part A
are replotted with each FL curve normalized to its
maximum force to compare the shapes of the various
curves. The tetanic data are from CF56 (similar results
in CF57) and the twitch data are from CF58 (similar
results observed in CF56, CF57, and CF59, but CF56
only included lengths up to 1.2 L, so the peak of the
unpotentiated twitch FL curve was not reached.)

1990), only those studies conducted at body
temperature were included in Table 2.

To compare the shapes of the various FL
curves, Figure 6B shows the twitch and te-
tanic FL curves in both the unpotentiated
and potentiated states normalized to each of
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their respective maxima. The tetanic FL
curves in both states produced similar
shapes, while the twitch FL curves were
different. The peak of the twitch FL curve
shifted from 1.31 * 0.03 L, in the unpo-
tentiated state to 1.15 * 0.05 L, in the po-
tentiated state; this shift of 0.16 = 0.04 L,
was significantly different from zero (mean
* SD.; n = 3; P < 0.01, Student z-test).

DiscussioNn

Most studies investigating the properties
of fast-twitch muscle have employed one of
three basic paradigms. One paradigm in-
duces maximal potentiation with a single
high-frequency (=200 pps) long duration
(=1 sec) tetanic train of stimuli (Standaert,
1964; Close and Hoh, 1968) and compares
twitches from before and after the condi-
tioning stimulus. A second paradigm pro-
duces an effect known as the ‘staircase phe-
nomenon’ with a single low frequency (=5
pps), long duration (=30 sec) train of stim-
ulation (Moore and Stull, 1984; Barnes and
Williams, 1990) so that the slow transition
from the unpotentiated state to the fully po-
tentiated state can be examined. The third
paradigm simply avoids potentiation by
employing long passive intervals (=2 min)
between stimulations (Heckman et al.,
1992; while previous studies have used 2
min intervals to avoid potentiation, our re-
sults [see Fig. 2] suggest that intervals =3
min should be used). All of these paradigms
are based on the tacit assumption that the
unpotentiated state of muscle is a useful
base state in which to characterize muscle.
This assumption, in turn, leads to models
such as shown in Figure 1A in which this
base state must be augmented by various
additional terms to describe accurately the

TABLE 1. [Isometric twitch contractile properties at 1.0 L, for the unpotentiated and potentiated states.
Unpotentiated state Potentiated state Difference
CT (msec) 21.6 x 2.1 233 + 1.7 1.7 £ 1.2
% RT (msec) 132 £ 1.6 167 = 2.9 35 £3.1
PF (F,) 0.06 = 0.02 0.30 = 0.07 0.24 * 0.05

All values are mean *+ standard deviation (n = 11). CT—contraction time. % RT—half relaxation time (time
from peak force to 50% peak force). PF—peak force normalized to units of F, (maximal tetanic isometric force).
The difference between the unpotentiated and potentiated states for each of CT, % RT and PF was calculated to
look for consistent changes with potentiation (see Fig. 5C for an example of the changes seen during potentiation
in an isometric twitch at Ly). All three differences (CT, % RT and PF) were significantly different from zero (P

< 0.01, Student’s #-test).
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TABLE 2. Comparison of peak isometric twitch forces and the effects of potentiation for different fast-twitch,
whole-muscle, mammalian preparations at body temperature (35-38°C).

Feline CF Feline MG Rat G Rat EDL Mouse EDL Rabbit PL
PF at L, (E;) 0.06 + 0.02! n/a n/a n/a 0.11° n/a
PF at L™ (Fy) 0.18 * 0.05%% 0.223 0.174, 0.225 0.137, 0.148 0.09%, 0.138, 0.15%
0.23-0.294
PF#/PF at L, 5.2 = 1.5'% n/a n/a n/a n/a n/a
PF*#/PF at L, 1.6 = 0.3%% 2.13 1.84, 1.5¢ 1.97 1.310 1.6

Values from the current study are mean * standard deviation. PF and PF*—peak isometric twitch force for
the unpotentiated and potentiated states respectively (normalized to units of F—maximal tetanic isometric force
in the unpotentiated state). Ly—length at which maximal unpotentiated isometric tetanic force occurs. Ly%—
Iength at which maximal unpotentiated isometric twitch force occurs (L™ = 1.31 = 0.03 L, for feline CF).
CF—caudofemoralis. MG—medial gastrocnemius. G—gastrocnemius. EDL—extensor digitorum longus. PL—

plantaris.

+ Significantly different from PF at L, (P < 0.025; Student’s r-test).
1 Significantly greater than 1.0 (P < 0.025; Student’s #-test).

! Feline CF data (n = 11) from this study.
2 Feline CF data (n = 3) from this study.

3 Burke et al. (1976); single motor unit data within a whole-muscle; potentiated state achieved with *“‘several

tetani at 80 pps.”

4+ Moore and Stull (1984); potentiated state achieved with 10 sec train at 10 pps.

5 de Haan et al. (1986).

6 MacIntosh and Gardiner (1987) potentiated state achieved with 1 sec train at 200 pps.
7 Krarup (1981) potentiated state achieved with 50 sec train at 5 pps.

8 Asmussen and Gaunitz (1989).
9 Haida et al. (1989).

10 Moore et al. (1990); potentiated state achieved with 20 sec train at 5 pps.
11 Webster and Bressler (1984); range represents different values for different age mice.

12 Salmons (1992).

13 Moore et al. (1985); potentiated state achieved with 20 sec train at 5 pps.

changes that occur under ““special” circum-
stances such as potentiation. In the follow-
ing discussion, we argue that the fully po-
tentiated state of muscle is a better base
state in which to characterize muscle and
from which to build models.

Is potentiation a continuous or bimodal
state?

One appeal of the unpotentiated state vs.
potentiated is that it seems to avoid the
question of degree of potentiation. One rea-
sonable explanation for potentiation is that
it occurs when myosin regulatory light
chains (RLC) are phosphorylated (see
Sweeney et al., 1993 for review). Although
individual light chains can exist in only one
of two states, intermediate levels of poten-
tiation can arise because whole-muscle po-
tentiation depends upon the distribution of
these two states. Many previous investiga-
tions of potentiation have, in fact, examined
intermediate levels of potentiation (Moore
and Stull, 1984; Barnes and Williams,
1990; Sweeney er al, 1993) and have

shown that the rate of development and
steady-state level of potentiation are highly
dependent upon stimulus duration and stim-
ulus frequency. Our data (Figs. 3-5) show
that potentiation does not develop instan-
taneously and completely but that it does
develop rapidly. Once developed, potentia-
tion persists at a stable plateau for a wide
range of patterns of intermittent activation.
This stability over a wide range of patterns
of activation is distinctly different from
what is observed during more ‘typical’ ex-
perimental paradigms (e.g., Moore and
Stull, 1984; Barnes and Williams, 1990;
Sweeney et al., 1993). We presume that this
stable plateau exists because of the large
differences in the kinetics for potentiation
vs. dispotentiation (ratio of time constants
is >20:1 as estimated from the data in Fig.
5). It is relatively easy to get muscle into
either a maximally potentiated or a com-
pletely unpotentiated state but it would be
rather difficult to maintain muscle at any
stable intermediate state, even though such
states are possible. A common example is
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the staircase phenomenon where constant
low frequency stimulation produces a rising
level of potentiation, followed by a plateau
at some intermediate level of potentiation
(followed later by a decrease in force with
the onset of fatigue; Moore and Stull, 1984,
Barnes and Williams, 1990). The impor-
tance of a bimodal (potentiated/unpotentiat-
ed) system from a theoretical viewpoint is
that a bimodal system is much easier to
control because it is much more predictable.

In which state of potentiation is it easier
to conduct experiments on muscle?

For experiments in which it is desirable
to sample a reasonably large number of dif-
ferent conditions of activation and/or kine-
matics, it is much easier to keep the muscle
in the fully potentiated state than in a com-
pletely unpotentiated state (e.g., see Fig. 2).
For stimulation trains of more than a few
pulses, it is likely that potentiation is al-
ready starting to occur even within the
train. Potentiation develops twenty to forty
times more rapidly than it decays, making
it more difficult to reach and clearly iden-
tify a fully unpotentiated state. The data in
Figure 3 support this notion because all
three protocols produced slightly different
initial forces, presumably due to different
initial phosphorylation states. In fact, the
main impetus for this study was the diffi-
culty of collecting a reasonably complete
set of data required to characterize muscle
if all of the data had to be obtained under
uniformly unpotentiated conditions. Other
studies have apparently not encountered
this problem, perhaps because they em-
ployed a narrower range of activation than
used in the present study.

The effects of post-activation potentiation
on caudofemoralis

The increase in twitch force following
PAP was observed to be highly length de-
pendent in this study (Fig. 6A). At first
glance, the unprecedented 420% increase in
peak twitch force which we observed at L,
(Table 1) suggests that CF may be a unique
or abnormal preparation. More commonly
reported values for increases in twitch force
due to PAP are in the 30-110% range for
a variety of mammalian fast-twitch prepa-
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rations at body temperature (Table 2). Most
of these experiments, however, were not
conducted at L,; instead they were con-
ducted at the muscle lengths that produced
optimal isometric twitch force (L) for the
state of unpotentiation being studied at the
time. The increase in twitch force that we
observed upon potentiation at L, was only
60%, which lies in the middle of the range
of values reported for other muscles (Table
2). A consequence of this length-dependent
effect is that the twitch FL curve is shifted
to shorter lengths following potentiation.
This shift was accompanied by a broaden-
ing of the twitch FL curve in our experi-
ments. Close (1972, frog at 20°C) observed
a similar length dependence of potentiation
and a similar shift to shorter lengths of the
twitch FL curve, but observed a narrowing
instead of a broadening of the twitch FL
curve upon potentiation. '

The increase in force that we observed
following PAP was also strongly dependent
upon stimulus frequency; the increase for
stimulus trains at 43 pps was substantially
less than that observed for twitches (~65%
vs. ~400%, both at L). Although the effect
at different stimulus frequencies was not
specifically investigated, our results are
consistent with those of Burke et al
(1976—feline medial gastrocnemius) who
found an increase in force following poten-
tiation at all sub-tetanic frequencies of stim-
ulation, the amount of which became less
as stimulus frequency increased. This is in
disagreement with the apparent ‘threshold’
frequency of 20 pps observed by Vanden-
boom et al. (1993—mouse extensor digi-
torum longus) above which they did not ob-
serve an increase in force following poten-
tiation. Our study and that of Burke et al.
were carried out at 37°C, whereas Vanden-
boom et al. conducted their study at only
25°C. As previously mentioned, tempera-
ture has large effects on twitch contractile
properties and potentiation (Asmussen and
Gaunitz, 1989; Moore et al., 1990), sug-
gesting that the reason for Vandenboom et
al.’s apparent threshold frequency may be
temperature related.

The effects of PAP in CF were similar to
previous investigations in one other respect.
The rising phase of PAP we observed in CF
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occurred at a rate twenty to forty times fast-
er than the decaying phase. Stull and col-
leagues (Moore and Stull, 1984; Stull et al,,
1990) have reported rate constants for light
chain phosphorylation and dephosphoryla-
tion in rat gastrocnemius of 0.26 sec™! and
0.007 sec~!. These values are similar to our
observed rate constants for potentiation/dis-
potentiation of 0.05-0.15 sec™! and 0.004—
0.007 sec~!. The similarity in values is in
agreement with the hypothesis that phos-
phorylation of the myosin light chains is
primarily responsible for potentiation. This
hypothesis could be tested more directly by
measuring levels of myosin light chain
phosphorylation in both the unpotentiated
and potentiated states.

In what state of potentiation does muscle
normally operate?!

The frequency, duration and repetition
rates of the stimulus trains used in this
study were generally within the physiolog-
ical range of firing frequencies expected
during naturally occurring motor behaviors
(Bigland and Lippold, 1954; Bellemare et
al., 1983; Hoffer et al., 1987), with the ex-
ception of the tetanic trains at 120 pps em-
ployed for comparison with other studies.
Given that a single physiological stimulus
train can induce potentiation by itself (Fig.
2) and that multiple stimulus trains at phys-
iological frequencies and intervals result in
rapid potentiation (Figs. 3-5), CF muscle
fibers used repetitively in a cyclical behav-
iour such as locomotion could not remain
in an unpotentiated state for the duration of
the task. Even when starting from a com-
pletely unpotentiated state after an extended
period of rest (>10 min), the unpotentiated
state would be expected to last only for the
first few cycles of locomotion. Interesting-
ly, animals and humans often elect to use
various “warm up’’ movements before they
start a new task after resting, especially if
accurate performance is desired. It seems
possible that these preparatory movements
may serve, at least in part, to potentiate the
contractile mechanism of any fast-twitch
muscle fibers that will be used in the task,
thereby assuring a stable and predictable
level of force output.

What states of muscle function should be
used as the basis for muscle models?

The traditional approach to modeling is
to derive the simplest possible set of inde-
pendent functions that each describe some
well-known state of muscle. Additional
terms are then gradually added to deal with
complexities and interdependencies be-
tween functions that appear to arise when
other states of muscle are studied. Mathe-
matics itself provides no guidance about
which of several possible states to use as
the base; knowledge of structure and func-
tion underlying those functions, however,
can be most instructive.

Consider the effects that potentiation has
on the twitch FL curve (Fig. 6). If we used
history as our guide to help design our
model, we would begin with the unpoten-
tiated state as the base state. This would
require a complex term added to F,r to
account for the differences between the te-
tanic and twitch FL curves in the unpoten-
tiated state, and then a second complex
term added to F,o; to account for the dif-
ferences between the unpotentiated state
and the potentiated state (Fig. 6). Earlier we
argued that the normal operating state of
fast-twitch muscle is, in fact, the potentiated
state. We therefore suggest that in designing
our mathematical model of muscle, we
should begin with the potentiated state as
our base state. This would then provide us
with a simpler model requiring only one
corrective term to account for small differ-
ences observed in the shapes of the twitch
and tetanic FL curves in the potentiated
state.
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