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SUMMARY

As part of an investigation into the generation of muscle heat in the
tuna, the histochemistry and ultrastructure of the myotomal muscles were
studied. Both red and white fibres are differentiated into two forms. The
two forms of red muscle are very similar except for differential electron
absorbance and different kinds of glycogen granules stored. In both forms,
capillarity, mitochondrial numbers, and intracellular lipid droplets are
abundant, implying the potential for a vigorous aerobic metabolism. During
bursts of swimming, glycogen granules and intracellular lipid droplets are
both largely depleted. The two types of white fibre differ in electron
absorbance, pinocyotic activity, glycogen abundance, and insertion pattern,
all of which are more pronounced in the 'dense' fibre form. Several features
of tuna white muscle are unique or unusually developed. Thus, tuna
muscle contains more glycogen than does red muscle. Glycogen granules
may be randomly dispersed in myofibrillar or peripheral regions or may
be sequestered in membrane-bound structures termed glycogen bodies.
During short bursts of swimming, glycogen granules from all storage sites
are mobilized. The white muscle has an ample capillary supply, small, but
significant, amounts of intracellular lipid, and unusual numbers of mito-
chondria.

INTRODUCTION

Although most fishes can raise their body temperature by only 1-2 °C above
ambient, many tunas, both large and small, can warm their muscles. As was first
shown by Carey & Teal (1966), this is partly achieved by the maintenance of large
thermal gradients between tuna muscles and ambient water by a heat exchanger
(or rete) positioned between muscles and gills (Carey et al. 1971).

In the skipjack tuna, the effectiveness of the rete, which has been described in
detail by Stevens, Lam & Kendall (1974), can be simply demonstrated by thermal
measurements during different kinds of activities. In resting skipjack, swimming in
captivity at 1-2 lengths/s to keep from sinking and to 'ram ventilate' the gills, the
Jfcperature of red or white muscle is only 1-2 °C above ambient (Table 1). During
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Table 1. Temperatures of deep red and deep white muscle taken under
three different conditions as described in Methods and Materials

Fish no.

1

2

3
4
5

Mean±s.D.

1

2

3
4
5

Mean±s.D.

1

2

3
4
5

Mean±s.D.

Red Muscle

2 5 0
268
2 5 0
2 5 0
2 5 0

253 (081)

34-3
337
336
347
35'2

343 (067)

Temperature (°C)

H,O
Rest

2 3 0
2 3 0
2 3 0
2 3 0
2 3 0

Feeding

24-4
24-4
2 4 4

2 4 4
2 4 4

Burst swimming

346
34'6
3 2 0

33-8
3 2 0

33-4(i-32)

2 3 0
2 3 0
2 3 0
2 3 0
2 3 0

White Muscle

2 5 0
2 5 0
2 4 0
2 4 0
2 4 0

24-4 (055)

3 1 9
3 1 4
3 2 5
3i-5
32

31 9 (044)

3 1 0
3 1 0
276
3 1 0

2 7 0

295 (204)

'burst' swimming for 10 min periods, red muscle temperature can rise by up to
nearly 10 °C above ambient, while white muscle temperature is usually about 5 °C
above ambient. Whereas deep red muscle under these conditions is always uniformly
warm, the temperature of white muscle increases with depth below the surface
of the muscle, a feature also observed previously (see Carey et al. 1971; Stevens
et al. 1974). Finally, during the highly activated feeding frenzies observed at sea
both red and white muscle temperatures rise by similar amounts, sometimes by
over 10 °C (Table 1).

These thermal gradients are similar to ones seen before (Carey et al. 1971; Stevens
& Fry, 1971; Graham, 1975) and can tell us how much heat is generated to warm
the muscles. To determine which metabolic processes generate the heat in red
muscle and in white, we examine ultrastructure and histochemistry of the muscles
in this paper, and in the subsequent paper (Guppy, Hulbert & Hochachka, 1979)
we examine enzyme profiles, fuel utilization and end-product accumulation. A pre-
liminary report has been published (Hochachka, Hulbert & Guppy, 1978).

METHODS AND MATERIALS

Experimental animals

Unless otherwise specified, all experimental animals (Euthynnus pelamis) were
obtained from holding tanks at the National Marine Fisheries Honolulu LaboratodJ
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faonolulu, Hawaii, or from local fishermen working out of Honolulu. Tissue samples
Tor enzyme, metabolite, or ultrastructural studies were only taken from fish which
had been in captivity for less than 3 days.

Transmission electron microscopy

Muscle tissue was collected from fresh fish and fixed in 5% glutaraldehyde, 6%
paraformaldehyde in ioomM sodium phosphate buffer, pH 7-4, for 1-5 h followed
by washing with sodium phosphate buffer and post-fixation in 1-5 % osmium tetroxide.
The muscle pieces were subsequently dehydrated in a graded ethanol series and
embedded in Epon 812. Thin sections were cut using glass knives fitted to a Porter
Blum MT-i ultramicrotome, negatively stained with uranyl acetate and lead citrate,
and viewed with a Zeiss EM-10, as described elsewhere (Hulbert & Moon, 1978).

Light microscopy

For light microscopy, sections (about 1 -o fim) were cut from the same blocks that
were used for EM studies. Slides were processed in 5% haemotoxylin-eosin and
examined using a Zeiss light microscope.

Estimates of cell diameters, SR volume and mitochondrial frequency

Cell diameters were estimated from large field photographs of frozen and glutaralde-
hyde-fixed, light microscopy sections taken from five fish. Sarcoplasmic reticulum
volume was estimated from sections from two fish which were fixed in situ. Mito-
chondrial cross-sectional areas were estimated on a weight basis from electron
micrographs prepared from five fish.

Histochemistry

Muscle pieces for histochemical analyses were excised from fresh skipjack, immersed
for 1 min in a bath of isopentane cooled with liquid nitrogen and then placed directly
in liquid nitrogen. The tissue blocks were sectioned in a cryostat at - 2 0 °C (10 /im
sections), picked up on glass slides and allowed to dry 2-3 min before staining with
haemotoxylin-eosin or processing specifically for either LDH or SDH. The slides
were then mounted in 15% gelatin.

Succinic dehydrogenase staining

Slides were incubated at room temperature in 0-05 M sodium phosphate buffer,
pH 7-6, 0-05 M sodium succinate and 1 mg/ml Nitro blue tetrazolium in a final
volume of 50 ml. Slides were then washed in saline (4% NaCl), fixed in 10% formalin
saline for 10 min, washed in distilled water, taken through an ethanol series and
mounted. The site of enzyme activity was evidenced by blue-purple diformazan
deposits. Control slides were processed in the absence of succinate and showed no
staining.

LDH staining
Slides were incubated in a substrate solution containing 2 g liquid DL-lactate,

m. g NAD+, 0-22 g Nitro blue tetrazolium and o-i M-NaCN in 50 ml of 0-06 M
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sodium phosphate buffer. Slides were then rinsed in distilled water, taken
an ethanol series and mounted. Sites of enzyme activity were evidenced by the
characteristic blue-purple diformazan deposits. Control slides were incubated in the
absence of DL-lactate and produced no staining.

Temperature measurements

Temperature measurements were taken with Yellowsprings Instrument (YSI)
temperature probes (22 gauge) which were linked to a YSI Telethermometer,
accurate to o-i °C. Temperature measurements were taken within seconds after the
fish were killed by spinalectomy at the level of the anterior edge of the dorsal fin.
Temperature probes were inserted longitudinally down the fish in either the red
or the white muscle. It is important to note that muscle temperature did not change
during these manipulations nor for that matter for several minutes afterwards.
Measurements were made in deep red muscle (next to the spinal cord) and in deep
white muscle (halfway between the red muscle and the dorsal edge of the fish)
unless otherwise stated. Muscle temperatures were compared in three different
activity states (rest, 'burst' swimming, and feeding frenzy) as described in the
companion paper (Guppy et al. 1979).

RESULTS AND DISCUSSION
General observations

In fishes the skeletal musculature is usually organized into two discrete masses
of red and white fibres. These differ in innervation patterns, qualitative electrical
activity, optimal contraction velocity, capillary supply, size, and numerous bio-
chemical properties (Bone, 1966; Patterson & Goldspink, 1972; Johnston, Davison
& Goldspink, 1977; George, 1962; Takeuchi, 1959; Pritchard, Hunter & Lasker,
1971; Patterson, Johnston & Goldspink, 1975; Mosse & Hudson, 1977; Lin, Dobbs
& Devries, 1974). There arises an overall impression that white muscle supports
burst work and is powered primarily by anaerobic metabolism while sustained
swimming is supported by red muscle and oxidative processes. In some species
this simplified picture may be complicated by the occurrence of intermediate (or
'pink') fibres (Davidson, Goldspink & Johnston, 1976; Bone, 1966; Kryvi & Totland,
1978), while in the skipjack tuna it is complicated by the occurrence of two red
muscle masses. A small wedge of red muscle, corresponding to that found in other
fishes, occurs in the anterior half of the myotomal mass, and in a superficial, lateral
position. However, the bulk of the red muscle, the so-called deep-red muscle, lies
deeper, adjacent to the vertebral column (Sharp & Pirages, 1978). Despite these
complexities, myomeres consist of both red and white muscle fibres. The boundary
between the two is sometimes very sharp, but interdigitations are also often evident
(see below). Earlier electrophysiological evidence (Rayner & Keenan, 1967) indicated
that white fibres were active only during burst swimming, but recent studies using
unanaesthetized skipjack tuna (R. Brill & W. C. Hulbert, unpublished data) indicate
that white muscle is utilized at both sustained and burst swimming speeds.
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Fig, 1, For explanation see opposite.

L C. HULBERT AND OTHERS (Facing p. 292)



Journal of Experimental Biology, Vol. 82 Fig. 2

& ',#

Fig. 2. A longitudinal overview ( x 15000) of red muscle showing greater electron absorbance
in one type A fibre. This dark form typically displays larger quantities of glycogen (G) and
the glycogen granules are of a larger size. Mitochondria (M) and lipid droplets (L) occur
with similar frequency in both cell types. Triads (TR) are evidently well developed and are
localized to Z-lines (Z). Subsarcoplasmic vesicles are sometimes evident but are usually
difficult to locate because of the abundance of subsarcolemmal mitochondria. I, I band;
A, A band; ML, M line; SR, sarcoplasmic reticulum.

W. C. HULBERT AND OTHERS
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Fig. 3. Higher magnification views (x 33 300) of the dark form of red muscle (Fig. 10A)
and the light form (Fig. 10B). Both display abundant mitochondria (M) with numerous
cristae (C); cristae in both are relatively electron transparent. Note the larger size of glycogen
granules (LG) in dark compared to light forms of red fibres (SG), as well as the differential
abundance. Lipid droplets (L) are abundant in both fibre forms.

C. HULBERT AND OTHERS
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*Histochemistry

Staining for SDH results in red muscle staining very darkly and white muscle
staining lightly. In both red and white muscles, the reaction is given by only one
fibre type, and the bulk of the SDH activity appears in peripheral rather than in
myofibrillar positions (Fig. iA). The same results are obtained for samples from
anterior and posterior regions of the myotome, and from outer and inner regions.

Although lactate dehydrogenase activity normally may be taken as an index of
anaerobic metabolism (Guppy & Hochachka, 1978), the enzyme-specific stain depends
upon the back reaction (i.e. lactate oxidation to pyruvate); thus, as with SDH, the
LDH stain reaction can be used as an indication of oxidative capacity. When applied
to tuna myotome, only two staining patterns are observed, red muscle staining very
darkly, white muscle staining lightly (Fig. 1B). The same results are obtained no
matter where in the myotome the samples originate. If the lateral red muscle of the
tuna were analogous to the intermediate fibres observed in other teleosts (Patterson,
Johnston & Goldspink, 1975), the LDH staining pattern should have been either like
white muscle or intermediate between red and white muscle.

These results, together with others discussed below, indicate that unlike the three
fibre types found in mammalian skeletal muscles and in at least some teleosts
(Davidson et al. 1976; Holloszy & Booth, 1976; Holloszy et al. 1978), only two
major fibre types (termed red and white) form the tuna myotome. However, at the
EM* level, subtle specializations of fine structure (and possible function) occur in
both red and white muscle since two forms of each fibre type are distinguishable.

Two red fibre forms

The two types of red fibre are readily identifiable by differential electron absorbance
(Fig. 2), 'dark' fibres absorbing electrons more strongly than 'light' fibres. Although
the basis for the differential electron absorbance is not fully understood, altered
contractile protein composition clearly cannot account for it, for in both ' dark' and
'light' fibre forms the actin/myosin ratio is a standard 6:1.

The two fibre forms can also be readily distinguished by the amount and the
kind of glycogen granule stored. In dark fibres, glycogen granules are noticeably
more abundant and larger than in light fibres (Figs. 2-4). The large glycogen granules

Fig. 1. (A) Specific stain for succinate dehydrogenase (x 160), showing high activity (dark
stain) in red muscle (RM) and low activity in white muscle (WM). Note that in white
muscle, SDH activity is highly localized to the periphery. Fig. 8 A also shows how sharp the
discontinuity between red and white muscle can be.

(B) Specific stain for the back reaction of lactate dehydrogenase ( x i6o), showing high acti-
vity (dark stain) in red muscle and low activity in white muscle; the reverse is seen for
the forward reaction (Guppy & Hochachka, 1978).

(C) Sudan Black staining tor hpid ( x 160) in red and white muscle of skipjack tuna. Note
the dark staining of the red muscle compared to the white, and the strong peripheral locali-
zation of the staining of white fibres. The latter correlates with the peripheral localization
of SDH (Fig. 8A), LDH (Fig. 8B) and of mitochondria (Figs. 14-16). Note also the inter-
digitating RM and WM boundary.

(D) Sudan Black staining of tuna red muscle (x 160), showing differential utilization or
deposition of lipid in different fibers. Similar observations are made in electron microscopy
studies (Fig. 12A).

Abbreviations: EM, electron microscopy; LDH, lactate dehydrogenase; SDH, succinate de-
hydrogenase; NAD+, oxidized nicotinamide adenine dinucleotide.
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Fig. 4. A plot of frequency versus size of glycogen granules. It will be evident that only a
modest overlap occurs in size of glycogen granules in light and dark fibre forms. Glycogen
granules in light fibres are typical /^-particles, while the larger granules in dark fibers are
intermediate in size between /9-particles and glycogen rosettes or cx-particles found, for
example, in lungfijh white muscle (Hochachka & Hulbert, 1978). An indication of the granular
structure of storage glycogen in dork fibres is evident in Fig. 12C.

are unlike typical monomeric /^-particles but are distinctly granular, appearing to be
formed from smaller units. The large granules appear to be intermediate between
typical /^-particles and the large a-particles found in lungfish muscle (Hochachka &
Hulbert, 1978). Wide variation is found in glycogen deposition (or utilization), some
fibres being almost devoid of glycogen and occurring immediately adjacent to ones
that are glycogen loaded (Figs. 2, 3), a result possibly indicating differential
utilization.

Another ultrastructural difference between the 'light' and 'dark' forms of red
fibres is sometimes, but not always, seen in the ultrastructure of mitochondrial
cristae. In 'light' fibres, mitochondrial cristae are often thickened, quite electron-
dense structures (Fig. 5B); in 'dark' cells the cristae are rather electron transparent,
often appearing in consequence as minute double membrane structures. Whereas
the latter can be found in both kinds of red cells, the former are only found in ' light'
cells.

Red muscle: fibre structure

Red fibres are substantially smaller than white fibres, being between 12-53/tm
in diameter. An indication of the size variation is evident in Fig. 6. Triads and diads
are localized at the Z-lines (Figs. 2, 5), which are of the basket-weave pattern typica^
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Fig. 5. (A) A slightly tangential section (xzioo) of two adjacent red fibres, the upper one
showing abundant lipid droplets (L), the lower one showing essentially complete depletion
of such droplets. Scans of many micrographs indicate that the latter situation is typical of all
fibres following even a short (10 min) burst of swimming. (C) capillary; N, nucleus.

(B) A lateral view of a light fibre form (x 15700) of tuna red muscle showing different
types of mitochondria (M) (with more electron-dense cristae). Basket-weave patterns of
Z-bands are clearly evident, as are the M and H zones. Note also the relative depletion of
interfibrillar glycogen granules. CR, cristae.

(C) A lateral view of a dark fibre form of tuna red muscle (x 57300) showing the well-
developed sarcoplasmic reticulum (SR) and the granular nature of the large type of glycogen
granules (G) typifying this fibre form.

W. C. HULBERT AND OTHERS {Facing p. 294)



fib
re

s

0

50

40

30

20

10.

Heat
i -

-

and power in

A ,
1 1 o 1

tuna muscle. I

oRed
a White
• Post Wedge

295

20 40 60 80 100

Fig. 6. A plot of fibre diameters for red and white fibres versus frequency. Fibres were
sampled from deep red muscle (O), deep white muscle (A), and from the lateral, posterior
wedge (# ) , which in the skipjack tuna appears to be typical white muscle. Note the large
range of fibre diameters in white muscle.

found in teleost muscle (Knappeis & Carlsen, 1962). The H-zones encompassing the
M-lines are likewise standard (Fig. 5 B). The sarcoplasmic reticulum is well developed
(Fig. 5C), a characteristic of teleost red muscle (Goldspink, 1977; Patterson &
Goldspink, 1972). In passing it should be mentioned that fibre insertion in both
forms of red muscle is similar and comparable to that in other teleosts (Hulbert &
Moon, 1978).

Red muscle mitochondria! abundance

Both 'dark' and 'light' fibres are extremely rich in mitochondria. About 35%
of the cross-sectional area consists of mitochondria, a value that is higher than
previously observed for any other teleost (see Hochachka et al. 1978). Low-magnifi-
cation electron micrographs indicate that in both kinds of red muscle fibres, mito-
chondria are found in both myofibrillar and peripheral regions. They are usually
more abundant in peripheral regions adjacent to capillaries (Fig. 5 A).

In mammals, myofibrillar and peripheral mitochondria have become specialized
for somewhat different functions, energy generation vs. transport (Palmer, Tandler
& Hoppel, 1977), and there is a temptation to suggest a similar possibility in tuna
red muscles. In particular the impressive mitochondrial mass that is regularly seen
surrounding capillaries (Fig. 7) suggests that these are probably specialized for
transport functions.

Red muscle capillarity

Tuna red muscle is highly vascular (Fig. 7). Each fibre is surrounded by 4-12
capillaries (see also Hochachka et al. 1978). Capillary walls and adjacent sarcolemma
both display ample pinocytotic vesicles implying vigorous exchange of materials by
pinocytosis (Fig. 7).
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Red muscle intracelhilar fat

The abundance of mitochondria plus the copious capillarity imply a highly O2-
dependent metabolism in tuna red muscle. Not surprisingly, both 'light' and 'dark'
fibres of tuna red muscle also contain large amounts of intracellular triglyceride.
These triglyceride droplets may be myofibrillar in position, usually located near
mitochondria, or they may be found peripherally (Figs. 2, 3).

Although both glycogen and lipid droplets are abundant there is differential
utilization (or deposition?) by different red muscle fibres. Often within the same
electron micrograph there are fibres loaded with lipid droplets adjacent to fibres
with the droplets totally depleted (Fig. 5 A). Such specific utilization of lipid is not
restricted to either ' light' or ' dark' type fibres, but can occur in either.

Lipid staining with Sudan Black

The differential utilization (deposition?) by different red muscle fibres can also
be demonstrated histochemically. Light-microscopic examination of Sudan Black
stained sections of red muscle indicates apparently randomly distributed lightly and
darkly stained fibres. Lipid rich fibres are uniformly stained, as would be expected
from the electron microscopic observations showing relatively random distributions
of myofibrillar lipid droplets (Fig. 1C, D).

Exercised red muscle

No ultrastructural changes were observed in red muscle fine structure following
severe exercise ('burst' swimming). However, there was a large depletion of glycogen
granules and of intracellular lipid droplets (W. C. Hulbert, unpublished data; see also
Guppy et al. 1979). Such marked depletion of storage substrates correlates with
other metabolite changes discussed in our companion paper (Guppy et al. 1979).

Two white fibre forms

As in red muscle the two fibre types in white muscle displayed marked differences
in electron density (Fig. 8 A). The electron-dense fibres had a greater concentration
of pinocytotic vesicles than the light fibres, which had a similar level to that of
white muscle in other teleosts (Boddeke, Slijper & Van der Stelt, 1959; Mosse,
1978). The vesicles were similar in structure to those in capillaries. They were
usually membrane-bound but occasionally opened directly into the interstitium. The
' dense' fibres also differed from ' light' fibres in having a more developed insertion
pattern (Fig. 8C) and a higher concentration of glycogen (Fig. 8 A), both between
the myofibrils and in the peripheral regions.

The above differences may reflect different functions of the two fibre types, giving
versatility to white muscle. Thus, the greater number of pinocytotic vesicles in
dense fibres may be functionally correlated with the high level of glycogen, implying
that these fibres have greater metabolic potential. When the insertion pattern is
better developed they may also have greater contractile power. It is also possible
that the two fibres are the same type, at different stages of development.
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Fig. 7. A low-magnification, slightly tangential (X4600) of red muscle showing the relation-
ship between capillary (C) supply and mitochondrial (M) abundance. Note capillary pino-
cytosia as well as subsarcolemmal vesicles. RBC, red blood cell; N, nucleus; Z, Z-line.

Itv. C. HULBERT AND OTHERS (Facing p. 296)
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Fig. 8. (A) A low-magnification ( x 8900) view of dark (DF) and light (LF) fibre forms of white
muscle in the skipjack tuna. The dark forms typically show extensive pinocytotic vesicles
(PV) at their periphery, while these are not observed in the light fibre form. The dark fibre
form also contains substantially more glycogen (G), particularly at the periphery. Lipid
droplets (L) are periodically seen in either fibre form. Mitochondria are far less abundant
than in red muscle and usually occur in peripheral regions. Diads and triads (TR) are evident
in both forms. The nucleus (N) of the light fibre appears at the left. (B) A cross-section of
tuna white muscle (x 59500) showing the typical 6 :i actin to myosin ratio. (C) Insertion
of the light and dark fibre forms (x 11400), showing better development in the dark fibres.
A lipid droplet and extensive pinocytosis are evident in the dark fibre form. CF, collagen
fibres.

W. C. HULBERT AND OTHERS
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White muscle: fibre structure

Although in all of the above properties tuna white muscle seems unique, the basic
'contractile machinery' (i.e. the sarcomere fine structure) is similar to that of other
teleosts. The ratio of actin/myosin is 6 (Fig. 8B) as typically observed elsewhere,
and sarcomere length is I-6-I-J /im, well within the range of white muscle fibres in
other teleosts (Hulbert & Moon, 1978). Compared to red fibres, white muscle fibres
are large, and show a surprising range of diameters (Fig. 6). In electron micro-
graphs of glycogen-depleted muscles, triads are clearly evident as is a highly complex
sarcoplasmic reticulum (Figs. 8, 9). The Z-lines display the classical basket-weave
pattern and were sometimes observed to be evidently continuous with the triads.
The usual teleost pattern is also seen in the H-lines which are evident adjacent to
the M-lines (Fig. 8). In none of these characteristics do the two kinds of fibre in
tuna white muscle differ from each other.

White muscle lipid, mitochondria and capillarity

Tuna white muscle differs from that of other teleosts in some ultrastructural
respects other than those above. For example, tuna white muscle contains relatively
substantial amounts of intracellular lipid (Fig. 8 A). Even though such lipid droplets
are rare in the white muscle (at least one/fibre) compared to the red muscle, they
are far more abundant than in a tissue such as eel white muscle where lipid droplets
are rarely if ever found (Hulbert, unpublished data). Histochemical studies show that
by comparison with red muscle, tuna white muscle fibres do not stain strongly with
Sudan Black, but some staining does occur and is particularly marked in peripheral
regions (Fig. 1 C, D). That, too, is where the SDH-specific precipitate stains white
muscle fibres most strongly (Fig. iA). These observations, implying a significant
capacity for aerobic catabolism, correlate with a relatively high mitochondrial abun-
dance. Electron microscopic scans indicate that about 2% of the cross-sectional
area is occupied by mitochondria, compared to o-i % in eel white muscle (Hulbert &
Moon, 1978) and I - I % in coalfish white muscle (Patterson & Goldspink, 1972).
The mitochondria are predominantly peripheral, with myofibrillar mitochondria
being observed far less frequently. Cristae are not abundant, but are notably electron-
dense compared to mitochondrial cristae in red muscle (Fig. 9).

Capillaries in tuna white muscle approach 1 capillary/fibre (Hochachka et al. 1978),
again a value that is relatively high by teleost white muscle standards (Boddeke,
Slijper & Van der Stelt, 1959; Mosse, 1978). Although an effective O2 delivery
system is an absolute necessity if lipid is to be catabolized, and to be expected from
the large number of mitochondria, our EM studies leave no doubt as to the far
greater importance of glycogen as a carbon and energy source for tuna white muscle.

Glycogen storage in tuna white muscle

Glycogen depots in tuna white muscle are unusual in two regards: in abundance
and in storage mechanisms. As evident in most electron micrographs (Figs. 8-10)
glycogen is extremely abundant, far more so than in most teleost white muscle
fchich typically stores only small amounts of glycogen (Walker & Johansen, 1977;
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Johnston & Goldspink, 1977). ^n ^act> t u n a wnite muscle clearly stores higher
concentrations of glycogen than does red muscle, in this feature resembling the
mammalian, rather than the teleost, condition. White muscle glycogen is stored
either as typical /^-particles that are found both in myofibrillar and peripheral
positions, or in distinct glycogen-membrane associations termed glycogen bodies
(Fig. 10).

Glycogen bodies appear to be formed primarily in peripheral regions of white
muscle fibres and clearly are associated with a complicated membrane system
presumed to be specialized sarcolemma. Although the formation of glycogen bodies
proceeds initially within the sarcolemma, glycogen bodies were sometimes observed
to be 'fixed' in a process of transfer reminiscent of reversed pinocytosis (Fig. 10 D).
In this way, glycogen bodies often seem to be removed into interstitial regions,
where they are most usually found, frequently with intact mitochondria and a fully
intact, bounding membrane (Fig. 10 B). The interstitial regions may occupy on
average about 1/5 of the area of electron micrographs. The matrix of the glycogen
bodies appears in electron micrographs as a diffuse material, weakly electron absorbing.
Similar but less numerous glycogen bodies are also found in tuna red muscle
(Hulbert, unpublished observations), and have been reported in heart and red
muscle of Amazon air breathing fishes (Hochachka & Hulbert, 1978).

Glycogen depletion in exercise

The participation of glycogen in white muscle metabolism can be conveniently
demonstrated by sampling muscle following bursts of swimming. Micrographs of
such samples show that glycogen granules can be depleted from all identified storage
sites. Thus, following severe exercise, interfibrillar glycogen granules are almost
completely utilized, exposing the highly intricate and extensive sarcoplasmic reticulum
that typifies white muscle (Fig. 9 A, B). Similarly, peripheral and interstitial glycogen
granules are strongly depleted. And perhaps most intriguing of all, even glycogen
bodies sustain a potent mobilization of glycogen, electron micrographs of white
muscle after exercise showing glycogen bodies depleted of glycogen, leaving only
the weakly absorbing matrix (Fig. 10 C).

Implications

From the above data, and others recently reported (George & Stevens, 1978;
Bone, 1978), it appears that the tuna myotome is formed from two main types of
muscle fibres, one red and one white, presumably corresponding to slow-twitch
oxidative and fast-twitch glycolytic fibres of other vertebrates. In fishes, this arrange-
ment has been interpreted as a two-geared system (Goldspink, 1977). At low cruising
speeds only the red fibres are thought to be used, contracting at their relatively
low optimal velocity; the fast fibres being activated only during burst swimming.
The fast fibres have a higher optimal contraction velocity and therefore allow fishes
to 'shift into higher gear' and propel themselves more rapidly without a great
loss in thermodynamic efficiency (Goldspink, 1977). In the simplest view, low-gear
function is aerobic; high-gear function is anaerobic. Low-gear function in tuna red
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D

Fig. 9. (A) A high magnification (x 24500) view of the sarcoplasmic reticulum (SR) in
tunu white muscle, showing extensive glycogen (G) deposition. T, T-tubules; DC, dilated
cisternue. (B) A high magnification (x 23 000) view of the SR in white muscle following
a 10 min burst of swimming. Note the dramatic depletion of glycogen granules and the
striking appearance of the SR. (C) Interfibrillar mitochondria surrounded by ample glyco3en
(G) in unexercised tuna white muscle ( X 21000). These vary in size, up to lengths equivalent
to 7 sarcomeres. (D) Tuna white muscle peripheral mitochondria (X 23 400) following a
10 min burst of swimming. In white muscle mitochondria, the cristae (CR) are typically more
electron dense than in red muscle mitochondria. Note the relative dearth of glycogen
granules.

W. C. HULBERT AND OTHERS (Facing p. 298)
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Fig. 10. (A) A high-magnification (x 68 700) view showing the structure of the glycogen
body in an unexercised tuna. Note the regular organization of the glycogen (G) granules.
(B) Two glycogen bodies in an interstitial region ( x 23 300), one containing a mitochondrion
(M). (C) Glycogen body in white muscle ( X 40000) sampled after a 10 min burst of exercise.
Note the diffuse electron absorbing matrix of the glycogen body and the absence of glycogen
granules. (D) View of a glycogen body ( X 17700) that appears to be in the process of transfer
from subsarcolemmal position into the interstitium. Arrows mark the remaining connexion
between the glycogen body and the fibre.

W. C. HULBERT AND OTHERS
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fcmuscle could be primed by glycogen or fat catabolism, while 'high gear' function of
white muscle would depend upon glycogen. Our fine structure studies of tuna red
muscle indicate a powerful aerobic metabolic machinery surrounded by ample lipid
and glycogen. White muscle, by contrast, has far fewer mitochondria but is packed
full of glycogen granules and moreover is well endowed with glycogen bodies; both
sources of glycogen could be utilized for anaerobic metabolism. However, there are
indications that such description oversimplifies the case in tuna. In the first place,
recent electrophysiological studies of unanaesthetized skipjack show that white
muscle contributes to sustained as well as to burst swimming (R. Brill and W. C.
Hulbert, unpublished data). Secondly, there are metabolic reasons for assuming a
more complex situation. If only a simple, two-gear system operated in the tuna
myotome, the heat sources for red muscle could be combustion of carbohydrate
and/or fat; either process could generate enough heat to account for the observed
excess red muscle temperatures (Table 1). The major internal source of heat for
white muscle, on the other hand, would have to be anaerobic glycogenolysis, and
there is the rub. Since anaerobic glycolysis is energetically inefficient (see Guppy
et al. 1979), it could not generate enough heat to account for excess muscle temperatures
approaching 10 °C (Table 1). So in its simplest form, even if the two-gear system
can possibly account for high swimming speeds, it cannot readily account for warm
bodies.

The paradox is readily overcome if it is assumed that in tuna the simple two-gear
system is augmented by an overlapping of red and white muscle functions. The
overlap is viewed as being largely metabolic rather than mechanical: it requires
that at least some (perhaps initial) white muscle work be supported by aerobic
catabolism. If such an overlap occurred it (1) would explain the ultrastructural
indications of a significant aerobic capacity in tuna white muscle, and (2) would be
internally consistent with the high white muscle temperatures that can be achieved
in this species.

Further evidence for this idea and attempts to identify major metabolic processes
supporting white muscle contributions to different kinds of swimming are presented
in our companion paper (Guppy et al. 1979).
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Richard Brill, and other staff members of the National Marine Fisheries in Honolulu.
Especial thanks are due the director, Dr R. Shomura, for broadly interpreting our
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