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Red and white muscle fibre activity in swimming skipjack
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To test the hypothesis that white muscle fibre portions of the myotomes are used at sustain-
able swimming speeds, skipjack tuna, Katsuwonus pelamis, were forced to swim against
various current velocities in a water tunnel while electrical activity of the red and white
muscle fibres was simultaneously recorded. Eight fish were tested, five fish graded white
muscle fibres into activity at swimming speeds above their minimum hydrostatic
equilibrium speed, but well below the estimated maximum sustainable swimming speed of
skipjack tuna. Three other fish showed white muscle fibre activity at minimum swimming
speeds, a possibly abnormal condition.

I. INTRODUCTION

Like most teleosts, the myotomes of tuna (family Scombridae, tribe Thunnini)
contain red and white muscle fibres grouped into distinct areas (Bone, 1975).
However, tuna are unique because the red muscle fibre portions of the myotomes
(hereafter referred to as ‘ red muscle fibres’) are internal and make little or no
contact with the body surface (Stevens et al, 1974). Because of their internal
position and the presence of vascular countercurrent heat exchangers, red muscle
fibres in tuna are maintained significantly warmer than ambient temperature
(Carey & Teal, 1966; Graham, 1975; Dizon et al,, 1978).

Rayner & Keenan (1967) recorded the electrical activity from the red and white
muscle fibres of restrained and sedated skipjack tuna, Katsuwonus pelamis, and
showed that red muscle fibres alone were active during low frequency swimming
movements. White muscle fibres showed activity only at the higher tail beat
frequencies caused by tactile stimulation of the head and operculum. Based on
their results, Rayner & Keenan (1967) implied that skipjack tuna use red muscle
fibres at sustainable swimming speeds and white muscle fibres only at unsustain-
able burst speeds. However, because Rayner & Keenan (1967) used restrained
skipjack tuna, red and white muscle fibre activity could not be correlated with
specific swimming speeds. A growing body of evidence now indicates that
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numerous teleost species employ their white muscle fibres at sustainable speeds.
This has been demonstrated by: (a) direct electromyographic recording (Hudson,
1973; Davison ez al., 1976; Johnston et al., 1977; Bone et al, 1978), (b) hyper-
trophy of each muscle fibre type (Greer-Walker, 1970; Greer-Walker & Pull,
1973), (c) metabolite depletion (Pritchard et al, 1971; Johnston & Goldspink,
1973a, 1973b), and (d) apparent increases in swimming efficiency (Smit, 1965;
Smit et al, 1971). Hochachka er al. (1978) have shown that the white muscle
fibres in skipjack tuna have the enzymatic capacity to sustain significant levels of
aerobic metabolism. It is possible (as suggested by Bone ef ¢/, 1978) that skipjack
tuna may also employ white muscle fibres at sustainable swimming speeds.
Furthermore, this may have a thermoregulatory function in tuna (Dizon & Brill,
1979). Our study was therefore undertaken to find at what swimming speeds the
white muscle fibres of skipjack tuna become active, by forcing fish to swim against
various current velocities in a water tunnel.

II. MATERIALS AND METHODS

The water tunnel was a 20-cm diameter polyvinyl chloride (PVC) pipe fitted with a
curved plexiglass access hatch. Stainless steel screens constrained the fish within a 1-m
long test section. The upstream end of the tunnel was attached to a port approximately I m
" below the surface of a 120 000-1 oceanarium. Water flow through the tunnel was due to
gravity and was controlled by a butterfly valve located downstream of the test section.
Maximum water velocity was approximately 160 cm s—'.

Water velocity was measured with a ducted impeller current meter (Marine Advisors
Inc.*). The ducted impeller was mounted behind the test section rear screen, but upstream
of the butterfly valve,

Red and white muscle fibre activity was simultaneously recorded using two pairs of
bipolar electrodes consisting of the bared tips of four strands of insulated 30 AWG silver
plated copper wire. The wires were inserted in a 6 cm length of 2 mm diameter polyethyl-
ene (PE) tube. The red muscle electrodes protruded from the end of the tube, and the white
muscle electrodes 4 cm distally.

Muscle fibre electrical activity was amplified by two Tectronix 122 low level differential
preamplifiers, displayed on a Tectronix 502A dual beam oscilloscope and recorded on a
Beckman R421 Dynograph recorder.

Skipjack tuna were selected from stocks maintained at the Kewalo Research Facility of
the National Marine Fisheries Service. Nakamura (1972) provides details on handling of
tuna at this facility. An animal was removed from its holding tank, transferred to the water
tunnel, and immediately outfitted with muscle activity electrodes. The PE tube, containing
the electrodes, was pushed into a puncture wound made about | cm laterad and slightly
posterior to the origin of the first dorsal fin. The fish was then rested for 20-30 min at
water velocities at or below its estimated minimum hydrostatic equilibrium speed
(Magnuson, 1978). To determine at what speed white muscle fibres become active, current
velocity was slowly increased until maximum water velocity was reached, and then
decreased until the fish was again swimming at its minimum swimming speed. Periods of
elevated water velocity were alternated with 15-30 min rest periods, as long as a fish
showed good stamina.

At the end of each experiment, the fish was killed. The exact electrode position was then
confirmed by dissection. White muscle electrodes were generally found 0-5-1 cm below
the dorsal body surface, and the red muscle electrodes immediately lateral to the vertebral
column.

*Reference to trade names does not imply endorsement by the National Marine Fisheries Service,
NOAA.
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Because the effective cross sectional area of the tunnel is reduced due to solid blocking by
the fish, the measured water velocity (U,,) is less than the velocity of the water as it passes
the fish. This velocity (U, assumed equal to the fish’s swimming speed) was calculated by

S
U.= “Up (Webb, 1975)
S - Sb

where: S, = cross sectional area of the tunnel, S;, = maximum cross sectional area of the fish.
Velocity correction factors are listed in Tables I and I1.

TaBLE L. Swimming speeds at which white muscle fibres become active (during increasing
speed) and inactive (during decreasing speed)

. Swimming speed at Swimming speed at
Fish kl:ork VeIOu.ty Test which white muscle which white muscle
ngth correction : . .
(cm) factor No. fibres become active fibres become inactive
—t - - -1
cms bl s cm s~ bls
1 506 1-37 1 187 3-69 172 3-40
2 151 2:99 190 3-75
3 187 369 193 3-82
4 197 3-89 200 3:96
5 190 375 187 3-70
6 207 410 204 403
2 49-0 1-34 1 210 4-29 175 3-58
3 485 3 1 174 3-59 205 423
2 219 4-51 212 438
3 202 416 202 4-16
4 212 438 205 423
5 266 549 stopped swimming
4 382 1 148 3-88 64 1-67
5 40-1 1 150 3-74 123 3-08
2 162 4:05 204 510
3 190 473 168 420

TabLE II. Range of swimming speed at which red and white muscle
fibres were active in Fish 6-8

. Fork Velocity  Range of swimming speeds at which
Fish length correction white muscle fibres were active
No. (cm) factor cm s~ bls

6 392 {15 59— 86 1:51-2-19

7 40-1 1-17 78- 81 1-95-2-12

8 500 1-36 77-113 1:54-2-26

II1. RESULTS

ELECTROMYOGRAPHIC RECORDINGS
Plate I presents the complete electromyographic recording made from Fish 1,
during test 5 (Table I). Red muscle fibre activity is shown in the upper trace,
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F1G. 1. A plot of tail beat frequency (Hz) versus swimming speed (cm s™'), for fish 1-5 (x, @, &, ¥,
and (3, respectively). The lines were fitted by a linear least squares regression.

white muscle fibre activity in the lower trace. The increasing amplitude of the
upper trace, with increasing speed, is assumed to be due to red muscle fibre re-
cruitment (Grillner & Kashin, 1976). The smaller spikes in the lower trace, seen
at slower swimming speeds, are also assumed to reflect red muscle fibre activity.
White muscle fibre action potentials begin at a swimming speed of 190 cm s™!
(arrow, Plate I). White muscle fibre use clearly increases and decreases with water
velocity. At swimming speeds below 187 cm s~ (arrow, Plate I), white muscle
fibre activity ceases.

The four other fish that were tested at higher water velocities demonstrated red
and white muscle fibre activity patterns similar to Plate I. The swimming speeds
at which white muscle fibres commenced and ceased activity are listed in Table L.

In contrast, three skipjack tuna (Fish 6, 7, and 8) demonstrated white muscle
fibre activity at swimming speeds near their minimum hydrostatic equilibrium
speeds (Table II). Fish 7, shown in Plate II, employed its white muscle fibres at
swimming speeds as low as 78 cm s—!. Neither Fish 6, 7, nor 8 had good stamina.
They could not maintain their position in the water tunnel against current
velocities above approximately 113 cm s—1.

TAIL BEAT FREQUENCY VERSUS SWIMMING SPEED

Above a minimum swimming speed, most teleosts show a linear relationship
between tail beat frequency and swimming speed (Bainbridge, 1958; Hunter &
Zweifel, 1971; Hudson, 1973). As a rough indication of the normal pattern of the
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PLATE I(b).

PLATE 1. The complete electromyographic record for Fish 1, during test 5. Red muscle activity is
shown in the upper trace, white muscle activity in the lower. The numbers indicate swimming
speed (cm s~1). The activity seen in the lower trace, at the slower swimming speeds, is assumed
to represent red muscle activity. White muscle activity (large amplitude traces) begins at

190 cm s~* (arrow) and ceases at 187 cm s~ ! (arrow). Chart speed is shown by a horizontal line
at the stait of the record.
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PrLaTe I1. An electromyographic record from Fish 7. Note the use of white muscle fibres (lower
trace) at slow swimming speeds. The numbers indicate swimming speed (cm s~1); chart speed is
indicated by a horizontal line.
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TasLE III. Linear regression parameters for swimming speed (cms~') and tail beat
frequency (Hz), the means and ranges of stride length coefficients are also given

Slope Mean stride

Fish (+ 95% Coefficient of
n  Intercept o length Range
No. cor;ﬁc?ence determination coefﬁ%ient
limits)

1 25 -2698 4020 = 356 096 066 0-56-0-78
2 11 -13-85 3885+ 1577 078 072 0:61-0'86
3 25 839 3045+ 606 082 065 0-30-0"77
4 12 -2039 2422 + 499 092 054 0:45-0-67
5 18 10010 22:85 + 427 0-89 061 0-50-0-74

swimming of the fish in our water tunnel, we regressed tail beat frequency on
swimming speed, based on the electromyographic records from fish 1-5. Each
upward pen deflection was considered one tail beat. The number of tail beats
within 2-10 s were sampled from those portions of the records where tail beat
frequency was more distinct. In all cases, the slope of the regression line was
significantly different from zero (Fig. 1, Table III). The regression of swimming
speed on tail beat frequency was able to account for 78% to 96% of the observed
variation of swimming speed (coefficient of determination, Table III). Further-
more, only fish 4 (Table I1I) had a mean stride length coefficient (i.e. the fraction
of body length travelled per complete tail beat cycle) that fell outside the range of
stride length coefficients found for other teleosts (0:6-0'8, Bainbridge, 1958).
These data imply that the water tunnel used in this study is suitable, because the
tail beat frequency-——swimming speed relationship—remained normal.

IV. DISCUSSION

The data clearly show that white muscle fibres of skipjack tuna are graded into
activity far below maximum swimming speed (15-20 bl s~! at the water tempera-
tures used in this study, Brill & Dizon, 1979), and are also used at speeds below
the estimated maximum sustainable speed for this species (6 bl s~!, Dizon et al.,
1978). Also, the white muscle fibres function in such a way that when they do
become active they do not change the linear relationship of tail beat frequency
and swimming speed (Fig. 1) during either periods of increasing or decreasing
swimming speed.

Hudson (1973), Bone (1975), and Bone et al. (1978) have suggested that in
certain teleosts the polyneuronally innervated white muscle fibres may function
even at very slow swimming speeds, through local contractions initiated by
junctional potentials which are below the threshold for initiation of spike
potentials. We interpret the electrical activity appearing in the white muscle
trace (Plate I) at slow swimming speeds to be an overlap of electrical activity
from the red muscle fibres. Conceivably, our recording techniques may have
failed to detect local contractions of white muscle fibres. Still, we feel our data
support the hypothesis of Rayner & Keenan (1967), that white muscle fibres are
not normally used at very slow swimming speeds.
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Plate II shows a skipjack tuna displaying white muscle fibre activity at very
slow swimming speeds. We believe these data represent an abnormal condition,
based on the following line of reasoning: the efficiency (i.e. work output per
quantity of ATP hydrolyzed) of isclated muscles has been shown to be maximized
at a given speed of shortening. Muscle efficiency falls away sharply at speeds
other than the maximally efficient speed (Goldspink, 1975). The speed of
shortening of an unloaded muscle has been shown to be proportional to its myo-
fibrillar ATPase level (Barany, 1967). Therefore, the speed of contraction at
which a muscle is most efficient is also linked to its myofibrillar ATPase level.
Because the myofibrillar ATPase level in skipjack tuna white muscle is likely to
be about twice that in the red muscle fibres (Johnston & Tota, 1974), white
muscle fibres must be inefficient if they are used at very slow swimming speeds.
Thus we suspect that white muscle fibres are not normally active at very slow
swimming speeds, as in Fish 6-8. However, our data do show that, like other
teleosts, skipjack tuna grade their white muscle fibres into activity at apparently
sustainable swimming speeds.

We would like to thank Dr Calvin Kaya (Montana State University) and Ms Carol
Hopper (University of Hawaii) for useful criticisms of this manuscript. The technical
assistance of Randolph Chang, Douglas Davies, and Walter lkehara is also gratefully
acknowledged.
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