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Summary

Ectothermal animals are able to locomote in a
kinematically similar manner over a wide range of
temperatures. It has long been recognized that there can be
a significant reduction in the power output of muscle
during swimming at low temperatures because of the
reduced steady-state (i.e. constant activation and
shortening velocity) power-generating capabilities of
muscle. However, an additional reduction in power
involves the interplay between the non-steady-state
contractile properties of the muscles (i.e. the rates of
activation and relaxation) and the in vivo stimulation
and length change pattern the muscle undergoes during
locomotion. In particular, it has been found that isolated
scup Stenotomus chrysopsed muscle working underin
vivo stimulus and length change conditions (measured in
warm-acclimated scup swimming at low temperatures)
generates very little power for swimming. Even though
the relaxation of the muscle has slowed greatly, warm-
acclimated fish swim with the same tail-beat frequencies
and the same stimulus duty cycles at cold temperatures,
thereby not affording the slow-relaxing muscle any extra
time to relax.

We hypothesize that considerable improvement in the
power output of the red muscle at low temperatures could
be achieved if cold acclimation resulted in either a faster
muscle relaxation rate or in the muscle being given more

time to relax (e.g. by shortening the stimulus duration or
reducing the tail-beat frequency). We test these hypotheses
in this paper and the accompanying paper.

Scup were acclimated to 10°C (cold-acclimated)
and 20°C (warm-acclimated) for at least 6 weeks.
Electromyograms (EMGs) and high-speed cine films were
taken of fish swimming steadily at 10°C and 20°C. At
10°C, we found that, although there were no differences in
tail-beat frequency, muscle strain or stimulation phase
between acclimation groups, cold-acclimated scup had
EMG duty cycles approximately 20 % shorter than warm-
acclimated scup. In contrast at 20°C, there was no
difference between acclimation groups in EMG duty cycle,
nor in any other muscle length change or stimulation
parameter.

Thus, in response to cold acclimation, there appears to
be a reduction in EMG duty cycle at low swimming
temperatures that is probably due to an alteration in the
operation of the pattern generator. This novel acclimation
probably improves muscle power output at low
temperatures compared with that of warm-acclimated fish,
an expectation we test in the accompanying paper using the
work-loop technique.

Key words: scup,Stenotomus chrysop&lectromyogram, thermal
acclimation, muscle, power, duty cycle, pattern generator.

Introduction

Ectotherms move in a kinematically similar manner over avelocity (Vmax) and steady-state power generation varies from
wide range of temperatures (Rome, 1982; Rome, 1990). Tapproximately 1.6 to 3 (see Rall and Woledge, 1990; Marsh,
move at a given speed, they need to generate the sarh@90; Rome, 1990). Thus, to generate the same mechanical
mechanical power at each temperature (Rome et al., 198dower for locomotion, it has been proposed that animals must
Rome, 1990). However, it has been known for many years thag¢cruit more muscle fibres (and eventually faster fibre types) at
temperature has a large effect on the steady-state (i.e. duriloyver temperatures. This has been called ‘the compression of
constant activation and shortening velocity) power-generatinthe recruitment order theory’, and it has the important corollary
capability of muscle. The {Q for the maximum shortening that, at cold temperatures, animals will run out of aerobic fibres
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to recruit at slower speeds (Rome et al., 1984; Rome, 199@pproximately twofold along the length of the fish desyitex
Therefore, their maximum aerobic locomotory speed wouldbeing independent of position (Rome et al., 1993; Swank et al.,
unavoidably be reduced. 1997).

Following long-term exposure to cold temperatures, some Second, changes in the output of the nervous system, a class
species are able to increase the total mechanical power thef/thermal acclimation that has not been the subject of much
can generate either by increasing the mass-specific steady-stiseestigation, could play a significant role in improving muscle
power-generating capability of their muscle (i.e. by increasingnd locomotory performance at low temperatures. The
Vmax) (Johnston et al., 1985; Langfeld et al., 1991) or by simplynechanical power output of the muscle at a given tail-beat (i.e.
adding more muscle (Johnston and Lucking, 1978; Sidelbscillation) frequency could be increased considerably if the
1980; Jones and Sidell, 1982). This increase in power outpuervous system simply reduced the time for which a muscle
has been shown to improve their steady sustainable swimmimngas stimulated to compensate for slower relaxation rates at
performance at cold temperatures and has been referred tocadd temperature (Rome and Swank, 1992). The reduced
thermal acclimation (Rome et al., 1985; Sisson and Sidelktimulus duty cycle would permit the muscle to be more
1987). relaxed during relengthening and, hence, to generate greater

The development of the work-loop technique (Josephsomet mechanical power. We have previously shown that such a
1985) has revealed much larger effects of temperature aeduction in the stimulus duty cycle does not occur in warm-
muscle performance and, hence, a greater need facclimated scup during acute exposure to cold temperatures
compensation by thermal acclimation than had been previous(gwank and Rome, 2000), but it is possible that it might occur
recognized. For instance, it has been known for many yeans response to long-term thermal acclimation.
that temperature affects the non-‘steady-state’ properties of In this first paper, we examine whether acclimation affects
muscle (i.e. the rate of activation and the rate of relaxationj)hein vivo stimulus duration, strain and stimulus phase during
but the work-loop technique has demonstrated that thessvimming at different temperatures in scup acclimated to low
effects can have a substantial influence on muscle powend high temperature. In the accompanying paper (Swank and
generation. For example, theid¥or net power generation Rome, 2001), we use the work-loop technique to address
during optimized work loops is substantially larger than thevhether differences in these variables between cold-acclimated
Qiofor Vmax(e.g. the respectivei@values for scup red muscle and warm-acclimated scup result in the increased power output
are 2.3 and 1.8, respectively) (Rome and Swank, 1992).  of the red muscle. Further, we test whether any changes occur

Recently, more detailed attempts to assess the influence iofthe mechanical properties (e\max, kinetics of activation
temperature on muscle performamt&ivohave revealed even and relaxation) of red muscle that might also increase power
larger effects of temperature on muscle power output thaproduction. Finally, we explore what relevance changes in
shown by optimized work loops. For instance, by drivingmuscle power output may have for swimming performance.
warm-acclimated scup red muscle bundles through the same
length change and stimulation patterns that they undergo
during swimming at different temperatures, it was found that, Materials and methods
in the posterior region of the fish, theg@or power production Many of the experimental procedures used in this study have
while swimming at 40-50cms is between 7 and 14. been described previously in detail (Rome et al., 1993; Swank
However, in more anterior regions, only negative power caand Rome, 2000) and are described below only briefly.
be generated at cold temperatures, making they Q
indeterminate (Rome et al., 2000; Swank and Rome, 2000). Fish
The mechanical power output of muscle performing oscillatory Scup Stenotomus chrysops), 19-23 cm fork length, were
contractions is greatly reduced at low temperatures, not ongaught by hook and line in Woods Hole, MA, USA, from an
because the relaxation rate of the muscle has been slowed dynbient water temperature of 12 °C. They were acclimated to
low temperature, but also because no extra time has beeither 10°C (cold-acclimated) or 20°C (warm-acclimated) in
allowed for the muscle to relax: during swimming, the muscldlowthrough tanks for at least 6 weeks. Scup were fed daily on
is stimulated for the same duration and works at the same mixture of food pellets and chopped clams, and were
oscillatory (i.e. tail-beat) frequency (Swank and Rome, 2000maintained on a 12h:12 h light:dark photoperiod.

This new appreciation of the problems associated with
cyclical locomotion at low temperatures raises possibilities for Electromyography
exploring new mechanisms by which thermal acclimation can Electromyograms (EMGs) were recorded from the red
improve muscle and swimming performance. First, it isnuscle at four places along the length of the fish (ANT-1,
possible that a substantial improvement in power could bANT-2, MID, POST; 29%, 40%, 54%, and 70%,
achieved without changing/max (or steady-state power respectively, of fork length from the snout) and from one
production) by speeding up the kinetics of relaxation angbosition in the white muscle. The anaesthesia, initial
possibly activation. It is known that variations in intrinsic positioning of the electrodes, implantation procedure and post-
isometric relaxation rates are possible without changésdn  experiment verification of electrode positioning were as
For instance, in scup, isometric relaxation rate varieslescribed previously (Swank and Rome, 2000). EMGs were
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recorded with Grass P511 preamplifiers fitted with high- 200 6
impedance probes and recorded at 5kHz with a PC-based A~ oo LANT-1 1 4
system (Datapac by Run Technologies; as in Swank and Ron 12
2000). 0 "0
-100 - 1%

Filming of scup swimming 200 | | | | | | s

Fish were filmed from above at 200 frameswith a Locam
(Redlake) high-speed cine camera fitted with a video view 200
finder (as in Rome et al., 1992). All swimming sequences wel 100
simultaneously videotaped to provide immediate feedbac
about the quality of each film sequence and to provide a
accurate record of the experiment.

-100
-200

Muscle length changes

Muscle length changes were determined as the product
the curvature of the backbone (as in Rome and Sosnicki, 199
and a constant derived from a calibration equation o
sarcomere lengtl5(Q) versusbackbone curvature and distance 0
from the backbone (Rome et al., 1992). The magnitude ar -100
phase of strain recordings obtained using this ‘anatomica -200
cine’ procedure have previously been shown to be the san
as those determined by the independent technique
sonomicrometry (Coughlin et al., 1996). To determine mort 200
accurately the timing of muscle length amplitude maxima, an 100
hence phase (Fig. 1), we used a three-step analysis proced

200
100

EMG amplitude (uv)
Length (%ML)

(including spectral analysis, digital filtering and curve-fitting 0

with a spline routine) which has been described previousl — -100

(Swank and Rome, 2000). The procedure used to filter the de -200

did not cause any phase shift in the length maxima. 0 100 200 300 400 500 600 700
Time (ms)

Duty cycle determination

Duty cycle was calculated from the average duration of fivFig. 1. Red muscle lengthM() change and electromyograms
EMG bursts d|V|ded by the tall_beat perlod of the f|Sh Burs(EMGS) from the four |Ong|tud|na| electrode pOSItIOhS on a cold-

duration was measured from the first to the last spike of g2cclimated scup swimming at 50cmisat 10°C. The length trace
EMG burst (see Fig. 2 for examples). This manual method (was produced by digitizing the outline of a swimming scup from
high-speed cine films. A computer program calculated length

duty cycle measurement was compared with an automatt ;

. . changes from the backbone curvature and previous measurements of
method of measuring duty pycle. The on- and. off-times of &sarcomere lengths in frozen scup (Rome and Sosnicki, 1991; Rome
EMG burst were automatically selected using a softwarg 5 1992). The length traces were smoothed with an eight-pole
routine based on spike amplitude after differentiating angytterworth filter (Matlab). The EMGs were recorded with bipolar
rectifying the EMG traces. Therefore, EMG spikes wereelectrodes. Length traces and EMGs were synchronized using an
separated from background noise not only by amplitude, bielectronic device described previously (Rome, 1995). Phase (P)
also by slope. This procedure removed motion artefacidetermination is shown for the POST position.
occurring at the end of the EMG burst. In addition, the
number of EMG spikes per 20ms bin was counted usin_
custom-designed signal-processing macros (Datapac, Run Combining EMG and standard length changes
Technologies) based on criteria developed previously (Rome To drive the isolated muscles accurately through the
et al., 1992). measuredn vivo variables, it was essential to obtain very

accurate synchronization of EMG and length changes. As

Electrical and mechanical wave speed described previously (Rome, 1995), we used a digital

Electrical wave speed is defined as the speed at which tlsgnchronization device developed to provide resolutions of
wave front of electrical activity (i.e. the EMG onset time) better than one frame (0.2 ms). Phase was defined as the on-

passes the EMG electrodes situated along the length of the figime of an EMG burst with respect to the beginning of muscle
The mechanical wave speed is defined as the speed at whickrertening. Hence, at a phase of 0°, the EMG started at the
characteristic of the bending wave (in this case, maximahoment the muscle started shortening, whereas at a phase of

muscle length) moves past the positions along the length of th&0 °, the EMG started one-sixth of a cycle prior to muscle

fish where muscle length was being measured. shortening (Fig. 1).
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Experimental protocol should be treated independently. Statistical significance was
Fish were given 24 h to recover from anaesthesia and 48%¢t at the 0.05 level.
between swimming bouts at different temperatures. Fish were
first made to swim at their acclimation temperature and then
48h later at the acclimation temperature of the other group. Results
The water temperature was slowly (over 24 h) changed fronSwimming at 10 °C water temperature: EMG characteristics
the fish’s acclimation temperature to the new acute swimming EMG recordings from scup swimming at a water
temperature. The fish were then given an additional 24h t@mperature of 10°C revealed significant differences in duty
adjust prior to swimming. cycle between acclimation groups. The duty cycles of cold-
Our goal was to analyze both the slowest speed and thgclimated scup at the ANT-1, ANT-2 and MID positions were
fastest speed at which the fish could swim steadily at eadignificantly shorter than those of warm-acclimated scup by
temperature without recruitment of their white muscle. Scup4-20% at a swimming speed of 50ct§Figs 2, 3A;
were filmed swimming at 20, 30, 40, 50 and 60Ch&  Table 1). At 30 cmd, duty cycle was 19-20 % shorter in cold-
10°C and at 40, 50, 60, 70, 80 and 90chat 20°C.  acclimated scup than warm-acclimated scup at the ANT-2 and
Because of individual variation, to ensure that each fish coulgiD positions (Fig. 4A; Table 1).
swim at the chosen speed, we analyzed swimming speeds ofthe differences in EMG duty cycle were due to an

80cms! and 50cmst at 20°C and of 50cnT$ and  earlier cessation of activity because there was no change in
30cms! at 10°C. Note that some of the data for warm-the phase of stimulus onset time with acclimation.

acclimated scup are taken from Swank and Rome (Swank a@bntrolling for position, EMG phases measured in cold-
Rome, 2000). acclimated scup at 50cmis and 30cm3s! were not

Additional speeds were recorded on video for determinatiostatistically different from EMG phases in warm-acclimated
of the exact maximum steady swimming speed. These were 8@up (Figs 3B, 4B).

and 80cms' at 10°C and 100 and 110cmsat 20°C. The The automated EMG analysis confirmed the differences
maximum steady swimming speed powered by the aerobic rggund by manual analysis between cold- and warm-
and pink muscle was taken as the speed at which the scup codltlimated duty cycles (Table 1). This confirmation is
swim for 10 tail beats, holding the same position, withouimportant because the automated analysis rules out operator
recruiting its white muscle (Rome et al., 1984; Rome et alhjas in determining EMG on- and off-times when comparing
1990). the acclimation groups. At 50 cmis the magnitude of the
reduction in EMG durations in cold-acclimated scup was
Statistical analyses similar to that obtained using the manual method. At
Statistical analyses were performed using SigmaSt&80cms?, the automated analysis showed even larger
software (Jandel). All values are reported as the meannt reductions in EMG duty cycle than found using the manual
To compare meansi-tests and analysis of variance method. Because of filtering, duty cycle values obtained
(ANOVA) were used. Two-way ANOVA was performed to using automated EMG analysis are systematically shorter
make general statements about acclimation groups;t@sts  than those obtained using the manual technique (as discussed
were also run to determine the statistical significance dby Rome et al., 2000).
differences at each position along the body of the fish. This In addition, we found that, at a swimming speed of
procedure is based on our previous measuremenfcmsl, the average number of EMG spikes per 20 ms bin
demonstrating that muscle function is very different atwas 24 % lower in cold-acclimated than in warm-acclimated
different positions along the fish and, hence, that positionscup (two-way ANOVA, P=0.001 for acclimation

ANT-1 ANT-2 MID POST

Cold- \M | ’/ \ \ %
Fig. 2. Red muscle electromyogramscclimated
AN I N

(EMGSs) from the four longitudinal
electrode positions showing the
longer EMG duration of warm-
acclimated compared with cold-

acclimated scup. The start times of \yqrm- \1 q l 5 \

the ANT-1 bursts were used to alignaclimated MA'W """""‘W’”‘

the traces. Both fish swam at ‘\ / \ —7 V K
50cms?t at 10°C. Arrows mark the

start and stop times of the EMGs 0 100 200 O 100 200 0 100 200 0 100 200
determined manually. Time (ms)

0 100 200 O 100 200 0 100 200 0 100 200
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Fig. 3. EMG duty cycle, phase and percentage muscle lengiFig. 4. EMG duty cycle, phase and percentage muscle length change
change (strain) for cold- and warm-acclimated scup swimming &(strain) for cold- and warm-acclimated scup swimming at 30&ms
50cmstin 10°C water. (A) Duty cycle is EMG duration divided at 10°C. Duty cycle was significantly shorter in the cold-acclimated
by tail-beat period (two-way ANOVAP<0.001 for acclimation scup (two-way ANOVA, P=0.003 for acclimation temperature).
temperature). An asterisk indicates a significant difference at Neither phase (two-way ANOVAPR=0.88) nor percentage muscle
given body position due to acclimationtést, P<0.05). (B) Phase length change (two-way ANOVAP=0.138) was significantly
is measured as the on-time of the EMG burst with respect to muscaffected by acclimation temperature. An asterisk indicates a
length change (a phase of 0° represents an EMG on-time significant difference at a given body position due to acclimation (
maximal muscle length) (two-way ANOVA,P=0.077 for test,P<0.05). Values are meanss£.M. For EMG and phas&=5-7
acclimation temperature). (C) Strain is determined from high-speefor warm-acclimated fish and=4-5 for cold-acclimated fish, except
cine films and anatomical studies (two-way ANOM250.423 for  for the ANT-1 position whereN=3. For strain,N=7 for warm-
acclimation temperature). Values are means.etv. For warm-  acclimated andl=5 for cold-acclimated fish.
acclimated fishN ranged from 6 to 7 and for cold-acclimated fish
N ranged from 4 to 5.
speed, but was not significantly different from that for warm-
acclimated scup for all swimming speeds at a swimming
temperature), except for the ANT-1 position. This findingtemperature of 10°C (Table 2).
provides further evidence for differences in the EMG pattern
associated with thermal acclimation. Swimming at 10 °C water temperature: kinematics and muscle
The EMG wave speed of the cold-acclimated scup increased length changes
with swimming speed and was faster than the mechanical waveDespite the significant differences in EMGs, the swimming
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Table 1.EMG duty cycles from warm- and cold-acclimated scup swimming at two different speeds in water at 10 °C
EMG duty cycle (%)

ANT-1 ANT-2 MID POST
50cms!
Manuat
Cold 39+1.3* (4) 36+2.7* (5) 34+1.9* (5) 27+3.2 (4)
Warm 48+1.3 (6) 45+1.2 (6) 40+1.2 (7) 28+0.7 (7)
Automated
Cold 37+1.2* (4) 33+1.0* (4) 2622.2* (5) 19+1.9 (5)
Warm 4442 4 (5) 38+1.2 (5) 34+1.6 (6) 20+0.9 (7)
30cmst!
Manuaf
Cold 44453 (3) 3824.2* (4) 3021.5* (4) 28+2.8 (4)
Warm 49+1.2 (5) 49+2.1 (6) 39+2.0 (7) 28+1.3 (7)
Automated
Cold 33+1.0* (2) 26+1.1* (4) 25+3.8* (5) 19+2.2* (5)
Warm 51+2.0 (4) 43+2.8 (4) 36+2.8 (5) 25+0.5 (5)

The two ways of measuring duty cycle, manual and automated, are described in the text.

Values are meanssEe.m. (N).

An asterisk indicates a significant difference due to acclimatitasi{,P<0.05).

1Significantly different due to acclimation temperature (two-way ANORAQ.001) and also significantly different by position (two-way
ANOVA, P<0.001).

2Sjgnificantly different due to acclimation temperature (two-way ANORAQ.003) and also significantly different by position (two-way
ANOVA, P<0.001).

ANT-1, ANT-2, MID and POST are the recording sites along the fish (see Materials and methods).

kinematics of the two acclimation groups were not differentncreased with swimming speed, there was no significant
at 10°C. The tail-beat frequency of cold-acclimated scuglifference between cold-acclimated and warm-acclimated scup
swimming at 50cmd¥ was 4.05Hz, and tail-beat frequency (Table 2). Finally, muscle strain was nearly identical at all
was 2.89Hz at 30cns (Table 2). These values were not positions for the two acclimation groups at swimming speeds
statistically different from warm-acclimated scup tailbeatof 50 cms!and 30cmd! (Figs 3C, 4C). The strain amplitude
frequencies of 4.0Hz and 2.85Hz at 50 and 30@ms values were somewhat lower than we had reported previously
respectively ftest, P=0.793 for 50cm¥ and P=0.691 for  using unfiltered data (Rome et al., 1992) because those raw
30cmsY). In addition, although mechanical wave speedracings appeared to have less noise than those reported here.

Table 2.Tail-beat frequency, EMG wave speed and mechanical wave speed of warm- and cold-acclimated scup swimming at
10°C and 20 °C

Swimming speed Tail-beat frequency Mechanical wave speed EMG wave speed

Acclimation (cms?h) (H2) (body lengths®) (body lengths &)
Swimming at 10°C

Cold 30 2.89+0.07 3.4+0.7 3.7 £.07

Warm 30 2.85+0.06 2.8+0.2 3.5+0.4

Cold 50 4.05+0.20 5.8+0.6 7.3£0.9

Warm 50 4.00+0.08 4.740.2 6.0£0.3
Swimming at 20°C

Cold 50 4.76+0.24 4.4+0.4 5.6+0.2

Warm 50 4.69+0.28 4.8+0.4 6.1+0.2

Cold 80 6.75+0.16 8.5+0.8 9.1+0.9

Warm 80 6.38+0.28 8.6+0.8 8.9+0.4

Values are meansste.M. N=5-6 for each value.
No statistically significant differences due to acclimation temperature were found for any of thetuaist®s (
EMG wave speed is faster than mechanical wave sjpe€d0d46, two-way ANOVA).
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Fig. 5. EMG duty cycle, phase and percentage muscle length chanFig. 6. EMG duty cycle, phase and percentage muscle length change

(strain) for cold- and warm-acclimated scup swimming at 50éms (strain) for cold- and warm-acclimated scup swimming at 80éms

at 20°C. Neither duty cycle (two-way ANOVAP=0.349 for at 20°C. Duty cycle (two-way ANOVAP=0.176 for acclimation

acclimation temperature) nor strain (two-way ANOWA;0.815 for ~ temperature), phase (two-way ANOVAR=0.088 for acclimation

acclimation temperature) was significantly different between thd¢emperature) and strain (two-way ANOVR:0.655 for acclimation

cold-acclimated and warm-acclimated scup. Excluding the ANT-itemperature) were not significantly different between cold-

data (see text and Swank and Rome, 2000, for rationale), phase vacclimated and warm-acclimated scup. Values are meass.nm:

not significantly different either (two-way ANOVAP=0.19 for  For EMG and phas®y=6-7 for warm-acclimated fish ai&4-5 for

acclimation temperature). Values are mearnsem. For EMG and  cold-acclimated fish. For straif\=6-7 for warm-acclimated and

phase, N=5-6 for warm-acclimated fish anti=4-5 for cold- N=5 for cold-acclimated fish.

acclimated fish, except for the ANT-1 position whiske2 for cold-

acclimated fish. For straifN\=6 for warm-acclimated anti=5 for

cold-acclimated fish. characteristics between warm- and cold-acclimated scup at a
swimming temperature of 20°C. At 50cmsand 80cm&d!,

Thus, in the accompanying paper (Swank and Rome, 2001the EMG duty cycles for cold-acclimated fish were nearly

we also measure power production using the strains found ligentical to those for warm-acclimated fish (Figs 5A, 6A). At

Rome et al. (Rome et al., 1992). 50cms! and 80cmtdl, there was no difference in phase
between acclimation groups (Figs 5B, 6B) excluding the ANT-

Swimming at 20 °C water temperature: EMG characteristics 1 position at 50 cnT3. As noted previously (Swank and Rome,

Although significant differences were observed while2000), the values at this position and speed may depart from
swimming at 10°C, there were no differences in EMGthe general pattern (i) because at 20 °C 50@émepresents a
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gait transition speed for scup and (2) because the low EMGs are a complex electrical waveform arising from
magnitude of EMGs and strain at this speed and temperatudepolarization of the muscle cells surrounding the electrodes
makes determination of phase prone to considerable error. Nmd are not, therefore, a direct measure of the motor nerve input
change was found in EMG wave speed due to acclimatioto the muscle. Although motor unit recruitment by the nervous
(Table 2). system is a major determinant of EMG patterns, in theory,
some aspects of the EMG pattern can be altered by changes in
Swimming at 20 °C: kinematics and muscle length changesthe electrical properties of the muscle or by neuromuscular
As we observed at 10 °C, muscle kinematics did not diffetransmission (Jayne et al., 1990).
between acclimation groups at a water temperature of 20 °C. Nonetheless, it seems very likely that the reduction in EMG
Tail-beat frequencies and mechanical wave speeds were neatliyration that we observed represents an important alteration in
identical between acclimation groups at 50ctand at the functioning of the pattern generator during cold acclimation.
80cms?! (Table 2). The muscle length excursion that the coldWe arrive at this conclusion both by exclusion of other possible
acclimated red muscle underwent at the four positions was timeechanisms and from observations in other systems supporting

same as in warm-acclimated scup (Figs 5C, 6C). this possibility. In theory, a failure at the motor endplate (either
- _ _ pre- or postsynaptic) or a failure in the conduction of action
Initial speed of recruitment of white muscle potentials in the muscle cells could result in a reduction in EMG

The maximum speed at which cold-acclimated scup coulduration for a given action potential train from a motor neuron.
swim steadily without recruiting their white muscle at 10°CThis seems unlikely in the case of cold-acclimated scup,
(63+1.0cms?, N=7) was not significantly faster than that for however. First, if one examines the EMG durations in the ANT-
warm-acclimated scup (58+0.4cmsN=5; t-test, P=0.11). 2 position at 50 cnT3, for instance, it seems unlikely that the
Similarly, at 20°C, cold-acclimated scup did not swimreduction in EMG duration from 111 to 90ms in the cold-
significantly faster prior to recruitment of their white acclimated fish is due to some time-dependent neuromuscular
muscle (86+0.8cnmd, N=7) than warm- acclimated scup transmission or action potential failure because one can easily
(81+0.5cms?, N=5; t-test,P=0.054). increase the EMG duration of the cold-acclimated fish to 132 ms

simply by slowing the swimming speed to 30 cf Second,
_ _ although there have been observations of neuromuscular
Discussion transmission failure at low temperatures, acclimation to the cold

Previous analysis of thia vivo stimulation conditions and has been shown to improve (e.g. Lnenicka and Zhao, 1991), not
mechanics experiments on isolated scup red muscle led Rorieeimpede, synaptic transmission at low temperatures; thus, it
and Swank to predict that the slowed muscle relaxation raeems unlikely that the cold-acclimated fish would have
at low temperatures would greatly reduce net power output degraded neuromuscular transmission compared with warm-
the stimulus duration remained constant (Rome and Swankgcclimated fish.

1992). However, if the nervous system were capable of In contrast, there are many observations of EMG burst
reducing the stimulation duration during swimming at lowduration being coupled to the duration of the action potential
temperatures, this could lead to a large increase in mechanidedin  from innervating motor neurons (e.g. Wallen and
power output compared with the case where duty cycle i illiams, 1984). Furthermore, in lamprefPetromyzone
unchanged. Swank and Rome, however, found that, in warnmarinus the motor neurons have been shown not to be part of
acclimated scup, the nervous system does not make athe burst generat@er se(Wallen and Lansner, 1984); instead,
compensatory changes in stimulation duration (i.e. EMGhey transmit the action potential trains from the pattern
duration) in response to acute (i.e. approximately 24 hyenerator to the muscle fibres. Finally, extensive experimental
decreases in temperature; the stimulation durations weraanipulations and modelling suggest that burst duration is
nearly the same at 10 °C and 20 °C (Swank and Rome, 2000)alleable and is controlled in part by the effects of
Thus, as predicted, this results in very low power output ofieuromodulators on the pattern generator (e.g. Lansner et al.,
the red muscle during swimming at 10°C. It appears thatl998). Thus, we believe that the most likely mechanism for
except for the slowest swimming speed (30cHyghe only  the reduction in EMG duration at low temperature is a
way that warm-acclimated scup can power swimming amodification in the operation of the pattern generator during
10°C is by recruiting their pink muscle, which has a fastethermal acclimation which, in turn, reduces the duration of
relaxation rate and appears to be stimulated for a shorter tinagtion potential trains to the muscle at a given swimming
than the red muscle (Rome et al., 2000). speed.

In this study, by contrast, we have found that, after If the change in EMG duration is indeed due to a change
acclimation to cold temperatures, the EMG pattern of thén the output of the pattern generator, it would mean that, over
scup’s muscle is altered in a manner that should significantiyre long term (6 weeks in this study), the nervous system is
increase the power output of the red muscle at lovilexible enough to adjust to colder temperatures. As discussed
temperatures. We first discuss possible mechanisms for thelow, a reduced duty cycle in response to cold acclimation
change in the EMG pattern and then briefly discuss itprobably results in improved muscle power output during
functional significance in terms of muscle power generation.locomotion. There have been reports of the thermal
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60
—e— Cold-acclimated swimming at 10°C
55 - —{+— Cold-acclimated swimming at 20°C
—A— Warm-acclimated swimming at 20°C
50 - —C—  Warm-acclimated swimming at 10°C
Fig. 7. Stimulus duty cycle during § 45
swimming at 50cm@ for the four
acclimation-temperature  and acute-g 40
temperature conditions. For the warm- >

acclimated 10°C and 20°C swimming 3
conditions and the cold-acclimated
20°C swimming conditions, the
stimulus duty cycles were nearly the 30
same (there were no statistical
differences). There was, however, a 25 -
significant reduction in duty cycle in

35 A

the cold-acclimated 10°C swimming ANT -1 ANT -2 MID POST

conditions (significant at ANT-1 and 20 ' ' T T T

ANT-2 but not significant at MID and 20 30 40 50 60 70 80
POST; see legend to Fig. 3). Position (% body length)

dependence and thermal acclimation of moleculaR0°C. Thus, of the four possible combinations of acclimation
components of the nervous system and of the integratethd swimming temperatures, the stimulus and length change
nervous system (e.g. Jensen, 1972; Lagerspetz, 1974; Prosgattern is the same in three cases (warm-acclimated at
and Nelson, 1981; Montgomery and Macdonald, 1984swimming temperatures of 10 and 20°C and cold-acclimated
Matheson and Roots, 1988; Harper et al., 1989; Montgomemgt 20°C). Only the cold-acclimated fish at a swimming
and Macdonald, 1990; Tsai and Wang, 1997). This is the firsémperature of 10°C have a different (lower) stimulus duty
report, of which we are aware, of a reduction in stimulatiorcycle (Fig. 7). One interpretation is that the stimulus pattern
duration without a change in overall motor pattern (i.e. bursfior swimming at 20 °C represents a ‘default condition’. This
frequency) that potentially leads to a large change imay reflect the fact that scup spend much of their most active
performance. time at warmer temperatures (Neville and Talbot, 1964).
Perhaps, the stimulus duty cycle for warm-acclimated fish at
Improving power output 10°C does not differ from this ‘default’ because warm-
What is most compelling about the observed thermahcclimated scup spend very little time at cold temperatures.
acclimation is the strong and direct effect it should have o®nly the cold-acclimated nervous system working at 10°C
mechanical power production. At 10 °C, the EMG duty cycledliffers from this ‘default’. This may be crucial during the long
of warm-acclimated scup are far longer than optimal for powemigrations of scup at cold temperatures (Neville and Talbot,
production (Rome et al., 2000). The muscles do not havg&964).
sufficient time to relax, leading to very low power production. In summary, thermal acclimation to low temperatures
Cold acclimation results in approximately 20% earlierappears to cause a significant change in the duration of the
cessation of the muscle stimulus (i.e. a 20% shorter dutyervous system’s stimulation of the muscle during swimming.
cycle), which gives the muscle more time to relax. This shoul@his reduction in stimulus duty cycle is predicted to result in
reduce negative work and, thereby, increase net powersizeable increase in power generation by the muscle, and this
production of scup red muscle at cold temperatures (Rome amdll be assessed empirically by work loop experiments in the
Swank, 1992; Rome et al., 2000). The magnitude of thiaccompanying study (Swank and Rome, 2001). Furthermore,
increase can only be determined using the work loophere may also be changes in the contractile properties of the
technique, and this is performed in the accompanying papenuscle during thermal acclimation. In the accompanying
(Swank and Rome, 2001). study, this will be determined together with its contribution to
At a swimming temperature of 20°C, there were nopower output during swimming at low temperatures.
statistically significant differences in any of the vivo
characteristics between the acclimation groups. Furthermore, We thank Dr Guixin Zhang for helping to analyze the films
in warm-acclimated fish, the stimulus and length changef swimming fish, Jun-uk Kim for performing the quantitative
pattern were the same at a swimming temperature of 10°C BMG analysis and Dr. lain S. Young for carefully reviewing
at 20°C (Fig. 7). By contrast, in cold-acclimated fish, thehe manuscript. Supported by NIH AR38404, NSF IBN-
stimulus duty cycle was significantly shorter at 10 °C than a8514383 and NIH AR46125.
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