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al., 1942). Bailey et al. relate these high activities with the necessity to mobilize
tissue proteins during periods of food scarcity, a process known to occur in many
fish species (Love, 1970; Johnston & Goldspink, 1973; Patterson et al., 1974).
Quantitative analysis of muscle fibre ultrastructure has demonstrated that around
25% of the white skeletal muscle myofibrils in plaice are degraded after four
months food deprivation (Johnston, 1981a4). Walker (1971) found extensive
white, but not red, fibre atrophy in deprived cod. There is support for white
muscle acting as a store of amino acids during longterm food scarcity at least in
carp (Créach & Serfaty, 1974; Bouche & Vellas, 1975) and white muscle protein
quantities decline in many fish with food deprivation (Love, 1970; Johnston &
Goldspink, 1973; Créach & Serfaty, 1974; Patterson ef al., 1974; Bouche &
Vellas, 1975). The mobilization of muscle protein is linked to tissue transamin-
ases catalyzing amino acid inter-conversions (Créach & Serfaty, 1974; Cowey &
Sargent, 1979). Unlike mammals, where there is an established relationship
between nutrient status and muscle protein-amino acid metabolism (Goldstein &
Newsholme, 1976), little is known of these processes in fish.

Créach & Serfaty (1974) reported intense muscle protease activities in carp after
8 months of food deprivation which was correlated with the enhanced trans-
amination of aspartate and alanine (Créach, 1972). Similar data link increased
plasma amino nitrogen to transaminase activities in livers of deprived eels
(Larsson & Lewander, 1973; Inui & Yokote, 1974). In these cases, enhanced
gluconeogenesis is at least implied, since storage carbohydrate levels are
maintained.

No study has attempted to link amino acid availability, tissue transport and
transaminase activities in fish to establish tissue involvement in amino acid
utilization. In a previous study, we found that plaice, Pleuronectes platessa,
deprived of food for four months, demonstrated a decline in spontaneous activity
and the metabolic capacity of skeletal muscles, but an enhanced potential for liver
gluconeogenesis, presumably initiated by the observed enhanced skeletal muscle
autolysis (Moon & Johnston, 1980). The present study was designed to examine
tissue amino acid utilization and the apparent enhancement of gluconeogenesis in
fed and three month food-deprived plaice by determining the distribution of the
non-metabolizable amino acid analogue a-amino isobutyric acid (AIB), and the
activities of the transaminases for aspartate, alanine, leucine and glutamate
dehydrogenases in a number of tissues.

II. MATERIALS AND METHODS

Plaice, Pleuronectes platessa, 100-250 g body weight, were netted by commercial
fishermen in the Firth of Forth, Scotland during the months of January and May. Fish
were brought immediately to the laboratory and held at 15 + 2° C in recirculated, filtered
seawater. Control fish (caught in May) were used within 2 weeks of capture, since plaice
will not feed under our laboratory conditions and the deprived group (caught in January)
was without food for 3 months. All fish were visibly healthy at the time of the experiment,
both groups were fully thermally acclimated and only one fish of the 30 used had visible -
gametes. : _

The transport of the non-metabolizable amino acid, a-amino isobutyric acid (AIB), into
plaice tissues was measured by the tissue accumulation method of Adibi et al. (1976) in
freshly caught and food-deprived animals. Distribution ratios (intracellular/extracellular
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concentration) were estimated following intravenous injection of 1 uCi per animal of
a-amino-[3-14C] isobutyric acid (sp. act. = 19'9 mCi mmole~!; NEN, Boston). Plaice were
injected and blood samples were withdrawn from the renal portal vein (Wardle, 1971).
Following the injection of labelled compounds, plaice were held in approximately 41 of
aerated seawater at 15 + 1° C until the experiment was terminated.

Prior to killing the fish, by a blow to the head, blood and urine samples were taken and
the plasma collected by centrifugation. Tissue samples were removed for water content
(Moon & Johnston, 1980) and radioactivity estimates. Approximately 300 mg tissue was
disintegrated in 2 ml 10% trichloroacetic acid with an Ultraturrax homogenizer at high
speeds and body fluids were diluted 1:1 with this acid. Homogenates were cleared by
centrifugation and suitable aliquots were counted in 10 ml toluene-triton X-100 scintil-
lation cocktail (Scintol 2, Koch-Light Laboratories Ltd., UK). All samples were assayed
for radioactivity content in a Packard Tri-Carb Spectrometer.

Inulin space was estimated 3 h following intravenous injection of 1 uCi per fish of inulin
[14C] carboxylic acid (sp. act. = 13-0 mCi mmole-'; Amersham Corp., U.K.). Preliminary
experiments established that after 3 h, counts of '“C inulin in the extracellular fluid had
reached equilibrium with that of plasma. Tissues were prepared for radioactivity counting
as above. Values of inulin space and tissue water contents are given on Table I and used to
determine ['*C] AIB tissue distribution ratios (Adibi et al., 1976).

Selected enzyme activities were estimated in cytosol and mito-chondrial tissue fractions
isolated from freshly caught and food deprived plaice. The extraction medium consisted of
50 mM Tris; 5 mm EDTA; 5 mm MgCl,; 50 mm KCI; 1 mm dithiothreitol; 1 mm pyridoxal-
5’.phosphate; 225 mM mannitol and 75 mM sucrose, titrated to pH 7-5 with HCI. Tissues
were homogenized in 5 vol of extraction medium with short, low speed bursts of an
Ultraturrax homogenizer. The resulting homogenate was centrifuged at 600 g for 15 min;
the supernatant was centrifuged further at 10000 g for 15 min (cytosol fraction), the
resulting pellet was rinsed twice and finally resuspended in extraction medium minus
mannitol sucrose (mitochondrial fraction). Protein was estimated in each fraction (Maddy
& Spooner, 1970) and specific enzyme activities determined with appropriate enzyme and
reagent blanks using a Beckman model 24 recording spectrophotometer at 15 + 0-5°C.
Optimal assay conditions for individual enzymes were as follows.

Alanine aminotransferase (Ala AT; EC 2.6.1.2)—100 mM Tris-HCI, pH 80, 50 mMm
L-alanine, 10 mM a-ketoglutarate (2-KG), 0-35 mM NADH, excess glycerol-stabilized
lactate dehydrogenase (Boehringer-Mannheim Corp.)

Aspartate aminotransferase (Asp AT; EC 2.6.1 .1)—100 mm Tris-HCI, pH 80, 25 mm
L-asparate, 10 mM a-KG, 035 mm NADH, excess glycerol-stabilized malate dehydro-
genase.

Leucine aminotransferase (Leu AT; EC 2.6.1.6)—100 mm Tris-HCl1, pH 80, 10 mm
L-leucine, 10 mM a-KG; the a-ketoisocaproate hydrazone produced was extracted and
estimated (Jenkins & Taylor, 1970). i

Glutamate dehydrogenase (GDH; EC 1.4.1.2)—100 mm Tris-HCl, pH 80, 10 mm
a-KG, 30 mmM ammonium acetate, 0-35 mM NADH.

III. RESULTS

Freshly caught and three month food-deprived plaice differed significantly in
hepato-somatic index (HSI) and water content of both liver and white muscle
(Table I). Since HSI is used as a measure of depletion in fish (Love, 1970) and
white muscle water content is known to increase in this species with deprivation
(Johnston & Goldspink, 1973; Patterson et al., 1974; Moon & Johnston, 1980),
the particular group of plaice used in these experiments must be considered
deprived. At least in plaice, body size appears not to modify HSI (Moon &
Johnston, 1980), so the differences in body mass between experimental groups
(Table I) will not affect the results of these studies.

The AIB distribution ratio (intracellular/extracellular concentration) increases
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TaBLE 1. Body index parameters and inulin space values of freshly caught (control) and
three months food-deprived (deprived) plaice, Pleuronectes platessa

Control

Parameters Deprived
Animal weight (g) 207 = 164 (14) 149 + 8-9*** (14)
Liver weight (g) 193 + 0-27 (14) 0:86 = 0:05** (14)

Hepato-somatic index
liver wt. 100

BB'&'y_M'.x 0-89 + 0-07 (14) 0-59 = 0-03***(14)
Water content (%)

Liver 755 + 1'3 (6) 79:2 + 0-5**(9)

Kidney 80'8 = 08 (6) 792 + 0°7(9)

Gill 807 = 1-0 (6) 797 = 11 (9)

Red muscle 781 = 0-4 (6) 806 +~ 0'6(9)

White muscle 794 + 0'5 (6) 832 + 0:9%*(9)
Inulin space (%)

Liver 17-5 179

Kidney . 350 509

Gill 232 207

Red muscle 19-6 209

White muscle 10-2 85

Values are mean + S.E. of (n) animals, except for inulin space which is the mean of two individual
experiments differing by no more than 5%

P <001.

**+xPp - (0-001.

with time after AIB intravenous injection reaching a steady state in red and white
muscle, gill and probably kidney within 3-5 h (Fig. 1). Liver tends to accumulate
AIB linearly over the 7-h assay period, but does not come to
equilibrium; therefore, values of the liver AIB distribution ratio reported in this
paper are not necessarily maximal.

Food deprivation resulted in major changes in the AIB distribution ratios in
most tissues studied (Table II). This ratio increased in liver and muscle (red and
white) by as much as twofold in the case of white muscle, while both kidney and
gill values declined. The greatest absolute change was demonstrated in the
kidney, implying a major alteration in the ability of this organ to transport amino
acids.

Since AIB has not been studied in fish, it was necessary to establish that this
amino acid analogue is non-metabolizable in these tissues, as in mammals
(Christensen, 1979). Acidified tissues and body fluids were concentrated by
freeze-drying, resuspended in a minimal volume of distilled water and spotted on
a Kiesel gel 60F,;, aluminium thin layer plate and developed with a n-butanol :
acetic acid: water (25:4:10 V/V/V) system. A single radioactive spot was
detected which co-chromatographed with authentic ['“C] AIB. Thus, we have no
evidence for the metabolism of AIB by plaice tissues.

The presence of radioactivity in plaice urine was inconsistent. In four of ten
experiments where urine could be collected, activities not exceeding 50% of an
equal blood volume were detected. All other samples were at or slightly above
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Fic. 1. Distribution ratios (intracellular/extraceliular concentration) of AIB in tissues of three month
food-deprived plaice (Pleuronectes platessa) at time intervals after the intravenous injection of
| pCi [3-“C] AIB. Each point is the average of two fish differing in ratio by no more than 10%.

TasLe II. Distribution ratios (intracellular/
extracellular concentration) of AIB in freshly
caught (control) and three month food-deprived
(deprived) plaice (Pleuronectes platessa) tissues

Control Deprived
Liver 937+ 26 1205+ 16
Kidney 1712 = 2°5 7:59 + 0-8**
Gill 433 + 06 317 =03
Red muscle 415 = 05 594 + 0-5*
White muscle 020 = 0003 048 = 0:04*

Values are mean =+ S.E. of six (fed) or seven (deprived)
fish. Distribution ratios were determined 5 h following
injection of labelled AIB.

*P «<0-05.

*»*p <001.

P <0001,

background. Radioactivity never exceeded background in the seawater con-
taining the fish, suggesting AIB is not excreted.

Selected aminotransferase enzyme activities were assessed in tissue fractions to
establish changes in the potential of individual tissues to utilize amino acids.
Major alterations in these enzymes were observed in all tissues (Table III), with
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TaBLE III. Activities of selected enzymes in freshly caught (control) and three month food-
deprived (deprived) plaice (Pleuronectes platessa) ti_ssues

White
Enzyme Fraction/group Liver Kidney Red muscle muscle
Ala AT
Cytosol-Control 43 + 15 22 + 39 80 = 23 86 =16
Deprived 504 + 41 127 = 11 381 = 52 45 + 13
Mitochondrial-Control 18 = 35 39+ 18 14 +95 2:8+06
Deprived 621 = 137 167 =25 455 + 97 57 + 14
Asp AT
Cytosol-Control 433 + 50 96 =19 905330 55+9
Deprived 1024 = 270 122 + 13 1028 = 93 111 = 22
Mitochondrial-Control 237+ 100 205 +60 574 £ 50 101 = 21
Deprived 204 + 69 224 + 46 1058 + 237 161 = 31
Leu AT
Cytosol-Deprived 31+13 104+5 963 + 13 49
Mitochondrial-Deprived 9-55 190 = 52 122 =21 17-1
GDH
Cytosol-Control 84 +3 11 4 13 £3 ND
Deprived 84 + 26 21 =4 52 = 11 Sx=1
Mitochondrial-Control 52 + 14 31 =7 35+9 34
Deprived 205 = 27 45 = 7 143 + 14 163+ 5

Values are mean =+ S.E. of six fish in each group. Activities (nmoles min—! mg-! protein) were
estimated under standard conditions {(see Methods) at 15° C. ND, none detected.

alanine aminotransferase (Ala AT) and glutamate dehydrogenase (GDH) demon-
strating the greatest increases after food deprivation. The largest increases
observed were for the mitochondrial Ala At, with all freshly caught plaice tissues
having high cytosol values but the reverse is true for the deprived tissues.
Aspartate aminotransferase (Asp AT) increased only in liver cytosol, red muscle
mitochondria and in both subcellular fractions in white muscle. Unfortunately,
leucine aminotransferase was measured only in deprived animals but these
preliminary results indicate red muscle is the major tissue involved with
branched-chain amino acid deamination. In mammals, GDH serves as a
mitochondrial enzyme marker and if this enzyme is localized solely to the
mitochondria of plaice tissues, it is obvious that most, if not all, tissue cytosol
fractions are contaminated with mitochondrial enzymes liberated during enzyme
preparation. These data also suggest that the fragility of mitochondrial
membranes is enhanced by food deprivation in at least liver, kidney and white
muscle tissues since the mitochondrial/cytosol GDH activity ratios increase.

IV, DISCUSSION

Depletion in fish, whether related to seasonal reproductive cycles or the lack of
food, generally results in muscle wasting and increase muscle water content
(Love, 1970). Our previous studies (Moon & Johnston, 1980) and those of others
(Johnston & Goldspink, 1973; Patterson et al., 1974; Johnston, 1981a), have
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found that plaice fit this pattern. The present studies attempt to elucidate the
effects of an enhanced amino acid availability on plaice tissue metabolism.

The non-metabolizable amino acid analogue, @-amino isobutyric acid, has
been used in mammals to study tissue amino acid transport. Although three
distinguishable systems transport AIB into mammalian kidney and liver cells
(Christensen, 1979), only the ¢ A’ or alanine preferring system increases during
either an amino acid fast (Kelley & Potter, 1979) or a total fast (Adibi et al., 1976;
Christensen, 1979; Fehlmann et al., 1979b). This latter effect is mimicked in
hepatocyte suspensions by the hormones glucagon and insulin (Fehlmann ef al.,
19794). Tews & Harper (1980) have also reported that conditions such as protein
level, relative times of food intake, hormone treatment and tissue type may all
modify AIB distribution ratios. Therefore, evidence is available in mammals to
support the utilization of AIB as a marker of amino acid transport and that
alterations in nutrient level can specifically modify this transport. As far as we
know, this analogue has not been used in any other animal system.

All plaice tissues studied, with the exception of white skeletal muscle, showed
AIB distribution ratios above 1:0 (Table II). Apparently, AIB is excluded or
actively removed from white muscle tissue. Distribution ratios of rat gastro-
cnemius muscle decline from approximately 25 to ¢. 1:0 following one day of
food deprivation (Adibi et al., 1976), a distinctly different trend from the signifi-
cant twofold rise with deprivation in plaice white muscle (Table II). Unfortu-
nately the rat gastrocnemius has a mixed fibre composition and, to the authors’
knowledge, distribution ratios are not available for a non-contaminated white
muscle preparation with the exception of those reported here. Since AIB is at
equilibrium in plaice white muscle (Fig. 1), this is indicative of either a poor
amino acid uptake mechanism or possibly to the very low blood flow rates
characteristic of fish white muscle. Rat brain AIB distribution ratios are below 10
due to a ‘ slow ’ transport system (Tews & Harper, 1980) and certainly blood flow
to the mammalian brain is high; thus, blood flow characteristics may be
unimportant in this equilibrium process. Further, since insulin is important in
regulating amino acid flux in both mammalian (Clausen, 1975) and some fish
(Ince & Thorpe, 1976) muscles, a low circulating level of this hormone could
account for this result. No data are available to test this hypothesis.

The most prominent plaice tissues transporting AIB are liver and kidney (Fig.
1, Table II), which is consistent with mammalian studies, although our values are
below the maximum distribution ratios reported for the same rat tissues (Adibi et -
al., 1976; Tews & Harper, 1980). Also, the time period required to produce the
equilibrium state is much longer in fish tissues than mammals, but this is
consistent with the comparatively slower metabolic processes of this group of
animals. Ratios tend to increase in liver and decrease significantly in kidney with
three months of food deprivation in plaice (Table II). Adibi et al. (1976) have
reported a threefold increase in liver AIB distribution ratio following five days of
starvation in rats, and kidney values fall with high protein diets, also in rats (Tews
& Harper, 1980). It should be noted, however, that plaice liver, and possibly
kidney, have not reached an equilibrium state with respect to AIB (Fig. 1), so
these distribution ratios may not be maximal. Tews & Harper (1980) showed that
the time to achieve AIB equilibrium is tissue and nutrient-dependent, with some
tissues such as brain and heart requiring as long as 24 h. Also, inulin space for
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plaice kidney increased by approximately 1-5-fold (Table I) and, since this figure
is an important component in the distribution ratio calculation, these changes
may account for some of the change noted in this tissue.

Distribution ratios rose in red muscle and fell in gill with deprivation in the
plaice (Table II). Both tissues have been implicated in fish gluconeogenesis
(Driedzic & Hochachka, 1978; Cowey & Sargent, 1979), so these changes could be
of significance in overall glucose balance. Based on enzyme activities, Moon &
Johnston (1980) suggested that plaice red muscle plays a minor role in glucose
production but, since this tissue is highly aerobic, amino acids could be oxidizable
substrates (Bilinski, 1974).

Most importantly, these studies indicate that the amino acid analogue, AlB,
can be successfully employed in the study of transport in fish. It is transported
into tissues to a reasonable extent and it apparently is non-metabolizable and not
subject to excretion. More studies are needed using AIB in 1solated systems to
better understand amino acid transport in fish tissues.

In mammals, starvation-induced changes in AIB transport have been impli-
cated with an enhanced availability of substrates for gluconeogenesis and a
reduction in tissue glucose utilization (Adibi et al., 1976). The former is
correlated with increases in tissue transamination and oxidation of leucine in
particular, but probably other branched-chain amino acids, in skeletal muscle
(Goldstein & Newholme, 1976; Lindsay, 1980). As reported previously
(Johnston & Goldspink, 1973; Patterson et al., 1974; Moon & Johnston, 1980)
and substantiated on Table I, the water content of plaice skeletal muscle (especi-
ally white muscle) increases as myofibrillar proteins breakdown (Johnston,
1981a). Only in the spiny dogfish, Squalus acanthias, has it been shown that a
single dominant amino acid is released during starvation (alanine) but this occurs
only over the first two weeks of prolonged food deprivation (Leech et al., 1979).
Mammals release primarily alanine and glutamine during starvation, although
there is some question concerning this accepted generalization (Lindsay, 1980).
Fish show high circulating levels of glycine and histidine but during depletion no
individual amino acids increase preferentially (Love, 1970). In fish, trans-
amination either increases (Créach, 1972; Larsson & Lewander, 1973; Inui &
Yokote, 1974) or does not change (Cowey & Sargent 1979) during food or protein
deprivation.

Major increases occurred in Ala AT, Asp AT and GDH with deprivation in
plaice tissues (Table III), in the absence of significant changes in soluble protein
(data not presented). It is apparent that liver and red muscle have the highest
absolute activities of these three enzymes, with lower values in kidney and white
muscle. Since plaice liver contains the highest activities of gluconeogenic
enzymes (Moon & Johnston, 1980) and high AIB distribution ratios, the obvious
importance of this tissue to glucose production is apparent; a similar conclusion
has been reached in other fish species (Cowey & Sargent, 1979).

The increased activities of these enzymes in red muscle are probably associated
with amino acid interconversions, which is also supported by this tissue having
the highest activity of the branched-chain amino acid transaminase, leucine
aminotransferase (Table III). Red muscle is highly aerobic with a mitochondria
content comparable to the mammalian ventricle (Johnston, 1981b) so that the
high Asp AT activities noted here could be related to Krebs cycle and/or fat
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metabolism. The increased Ala AT activities could be linked to branched-chain
amino acid metabolism as suggested by Goldstein & Newsholme (1976) and since
the other necessary enzymes are present in this tissue (Moon & Johnston, 1980),
enhanced amino acid metabolism in this tissue with deprivation is apparent.
Preliminary studies (Johnston & Moon, unpubl.) did find a large increase in
plasma alanine and a decrease in red muscle alanine with longterm deprivation in
plaice, so a branched-chain amino acid-alanine cycle could be operative in this
fish.

Based on activities of gluconeogenic enzymes it has been suggested that fish
kidney is gluconeogenic (Cowey & Sargent, 1979). Even in the rainbow trout,
however, activities of these enzymes are approximately one-quarter of those in
liver (Cowey & Sargent, 1979), so the gluconeogenic potential of this tissue is well
below that of liver. With the reduction in the AIB distribution ratio (Table II), the
relatively low transamination potential and no major increase in activities with
deprivation (Table III), and the small size of the kidney, if the plaice kidney is
important in plasma glucose homeostasis, its role is reduced during deprivation.

White muscle enzyme activities are low for the four enzymes studied,
suggesting that the importance of amino acid interconversion and metabolism per
se in this tissue may be minor. Since skeletal muscle is thought to be the principal
branched-chain amino acid metabolizing tissue in mammals (Goldstein &
Newholme, 1976; Lindsay, 1980), low specific activities of leucine aminotrans-
ferase (Table III) may suggest white muscle is not as important relative to other
tissues (e.g. red muscle) in the breakdown of these amino acids in the plaice.
Similar results have been reported in carp tissues (Zébian & Créach, 1974), and
activities of this enzyme are at least two-times higher in rat heart compared to
thigh muscle (Cappuccino et al., 1978). It must be remembered, however, that
total tissue potential is based upon tissue mass, and since the white muscle of fish
can constitute as much as 90% of the total body weight (Johnston, 19815), these
low activities could be important.

Since fish are neutrally buoyant in their aquatic environment, there is little
metabolic penalty imposed by transposing a large anaerobic white muscle mass
which is used infrequently (Johnston, 19815b). Substantial evidence has been
referred to in this paper to support the utilization of this muscle tissue as a source
of amino acids during deprivation in a number of fish species, including the
plaice. It is clear, therefore, that although plaice white muscle may play a minor
role in both the interconversion and subsequent metabolism of amino acids
compared to other tissues (e.g. liver and red muscle), its role as a source of amino
acids to be mobilized and utilized by other tissues cannot be underestimated.
Certainly there is ample evidence for this in salmon depleted during the
spawning migration (Mommsen et al., 1980). _

~ These data demonstrate changes in amino acid metabolism occur in plaice
deprived of food for three months compared to freshly caught animals. Major
increases in skeletal muscle tissue water content (Table I; Moon & Johnston,
1980), amino acid transamination (Table III) and ultrastructural degeneration
(Johnston, 19814), indicate protein-amino acid mobilization. This is coupled to
increases in amino acid utilization in other tissues as noted by transaminase
activities (Table ITI) and an enhancement of gluconeogenic potential in the liver
(Moon & Johnston, 1980). AIB distribution ratios did not significantly increase






