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sholme, 1975; Newsholme et al., 1978). There have
been relatively few studies of changes in these factors
in thermal acclimation (Freed, 1971; Hazel et al.,
1978).

In the present study the concentrations of adenine
nucleotides and related compounds have been deter-
mined in the red and white myotomal muscles of
Brook Trout (Salvelinus fontinalis) acclimated over
10 weeks to either 4 °C or 24 °C. Since the steady-
state levels of these intermediates are dependent on
the level of locomotory activity, this has been con-
trolled for in the present study. Prior to sacrifice fish
were exercised for 2 weeks in a swimming chamber

_at a speed of 2.5 body lengths s~ *.

Materials and Methods

Fish

Brook trout (Salvelinus fontinalis, Mitchill) approximately 25 cm
standard length were obtained from the West of Scotland Trout
Farm, Renfrewshire, Scotland, during April. Prior to acclimation
to different tempetatures the fish were held in tanks of recirculated
aerated freshwater at +7 °C,

Acclimation and Exercise Procedure

Groups of appfoximately 20 fish were acclimated over a period
of at least 10 weeks to +4°C and +24°C in 350 litre tanks of
recirculated, filtered and aerated freshwater. After the final temper-
atures were attained fish were held at these temperatures for at
least 3 weeks prior to the experiments. During acclimation and
subsequent exercise the fish were fed ad libitum a diet of commer-
cial fish pellets every third day.

In order to exclude the influence of spontaneous locomotory

activity on metabolite concentrations, fish were exercised in a swim-
ming chamber previously described by Jolkinston and Moon (1930a).
Groups of 10-15fish were exercised continuously at 2.5 body

"lengths s~ ! for 7-10 days prior to sacrifice. Recordings of extracel-

- lular em.g’s from -similar fish have shown that both red and
white myotomal muscles contribute to the propulsive effort at this
swimming speed (Johnston and Moon, 1980b). Fish conditioned
in this way become exceedingly tame and can be removed from
the swimming chamber with the minimum of disturbance.

Assays of Muscle Metabolites

In order to minimise changes in metabolite concentrations follow-
ing the cessation of swimming, fish were immediately frozen in
dichlorodifluoromethane (Freon-12) cooled to its freezing point
(=158 °C}in liquid nitrogen. Using this freeze-clamping procedure
the outer-layers of muscle are frozen almost immediately, whilst
complete freezing of the whole carcase is completed within 9s.
Initial experiments established that there are no significant changes
in ATP levels in the outer layers of muscle over this time scale.
The concentration of ATP obtained by this methiod is comparable
to the highest reported for fish muscle in the literature (e.g. Thillart
et al., 1980). Subsequent dissections of the outer layers of red and
~ white myotomal muscles were carried out on partially-thawed tissue

at about —15°C, after which samples were re-frozen in liquid
nitrogen:

Frozen muscle samples in the range 200-300 mg were pulver-
ised to a fine powder in a stainless steel pestle and mortar cooled
in liquid nitrogen and extracted in 2.1 ml of 0.6 N perchloric acid
for 4 min at 0 °C. Tissue debris was immediately removed by centri-
fugation (30 s at 2,000 g) and an aliquot of the clear supernatant
neutralised by addition of approximately 1/5th vol of 2.2 M potas-
sium carbonate. Complete neutralisation was checked by the addi-
tion of a small amount of methyl orange indicator. All extractions
were carried out immediately after dissection.

The neutralised extract was divided into aliquots in polypropy-
lene vials and stored under liquid nitrogen until assayed. Assays
were carried out within 5 days. No changes in metabolite concen-
trations were observed between freshly-extracted and stored ex-
tracts. All assays were carried out spectrophotometrically by fol-
lowing the oxidation or reduction of nicotinamide adenine dinu-
cleotides in coupled enzyme systems at 340 nm. Assays were normal-
ly carried out in duplicate and standards run for each assay batch.
Metabolite concentrations were expressed as ‘umoles. g fresh
weight ! based on a tissue water content of 80% (white muscle)
and 76% (red muscle). Tissue water content remained constant
in both muscle types after acclimation.

Adenosine Triphosphate (ATP)

ATP was determined by measuring the reduction of NADH in
a system containing glycerate-3-phosphate, with phosphoglycerate
kinase and glyceraldehyde-3-phosphate dehydrogenase (Jaworek
et al., 1974a). 20-30-ul aliquots of tissue extract were added to
an assay medium of 1 ml containing 60 mM triethanolamine-HCl,
pH 7.5, 5 mM MgCl,, 8 mM glycerate-3-phosphate, 0.1% bovine
serum albumin, 0.5 mM EDTA, 1| mM glutathione and 0.25 mM
NADH. The reaction was commenced by the simultaneous addi-
tion of 12 U phosphoglycerate kinase (from yeast) and 3 U glyceral-
dehyde phosphate dehydrogenase (from yeast), and was complete
within 5 min.

Phosphorylcreatine (PC)

Phosphorylcreatine was determined in the above system after com-
pletion of the ATP determination, by the addition of 0.22 mM
{final concentration) of ADP and approximately 30 U creatine
kinase (from rabbit muscle). The high concentration of creatine
kinase was found to be necessary for the reaction to reach comple-
tion within 20 min.

Some initial studies were carried out to compare the glycerate-
3-phosphate/phosphoglycerate kinase/glyceraldehyde-3-phosphate
dehydrogenase (Jaworek et al., 1974a) and glucose/hexokinase/glu-
cose-6-phosphate dehydrogenase (Lamprecht and Trautschold,
1974) methods for ATP and PC determination. When used on
tissue extracts both methods are subject to a degree of continual
linear drift in optical density after completion of the assay: this
instability is commonly referred to as ‘creep’ (Jaworek etal,
1974a; Lamprecht and Trautschold, 1974) In these studies the
latter method showed a marked ‘creep’ ‘which prevented an accur-
ate distinction of the optical density change due solely to ATP
or PC. This probably resulted from contamination of coupling
enzymes by adenylate kinase although no improvement was found
using hexokinase and glucose-6-phosphate dehydrogenase of high
purity from various suppliers. In contrast, there was negligible
‘creep’ with the glycerate-3-phosphoglycerate kinase/glyceraldehyde
phosphate dehydrogenase method thereby allowing more accurate
determination of [ATP] and [PC]. This method was therefore used
in the present studies.
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Adenosine Diphosphate (ADP)
and Adenosine Monophosphate (AMP)

ADP and AMP were assayed by the method of Jaworek et al.
(1974b). 500-700 pl aliquots of extract were incubated in a 1 ml
(final volume) of 60 mM triethanolamine-HCl pH 7.6, 77 mM
K,CO;, 1.0 mM phosphoenol pyruvate, 19 mM Mg,SO,, 68 mM
KCl, 0.33 mM NADH, 10 mU lactate dehydrogenase (from pig
heart). The assay for ADP was started by addition of 12mU
(final concentration) of pyruvate kinase (from rabbit muscle). AMP
was subsequently assayed in the same cuvette by addition of
150 mU (final concentration) of adenylate kinase (from rabbit mus-
cle}. :

Inorganic Phosphate (P,)

Colorimetric assays based on the formation of a reduced molybdate
complex are usually unsuitable for the determination of inorganic
phosphate in tissue extracts containing phosphorylated metabolites.
In these assays, (for example, Fiske and Subarrow, 1925; Rockstein
and Herron, 1951) the use of acid conditions causes partial hydroly-
sis of labile. compounds such as ATP, PC, ADP and AMP.

In the present study, inorganic phosphate was determined in
acoupled system based on the phosphorylation of glyceraldehyde-3-
phosphate using glyceraldehyde-3-phosphate dehydrogenase (Guynn
etal., 1972). A reagent ‘cocktail’ was prepared containing the
following: 30 mM Tris-HCI pH 8.4, 50 mM KCl, 2 mM Mg,SO,,
0.1l mM EDTA, 5 mM glucose, 0.1 mM ADP, 0.1% bovine serum
albumin, 1 mM NAD, 0.8 mM fructose diphosphate. To 25 ml
of this cocktail were added 240 U glyceraldehyde phosphate dehy-
drogenase (from yeast), 200 U hexokinase (from yeast), 14 U aldo-

lase (from rabbit muscle) and 675 U phosphoglycerate (from
yeast), after which the cocktail was allowed to stand for 30 min
at +4 °C for endogenous phosphate to be fully used. Assays were
carried out.on 2040 pl of tissue extract in a final volume of 1 ml
of this medium.

Total Adenosine and Inosine Nucleotides

Samples of neutralised tissue extract were diluted 1:10 or 1:20
with 10 mM potassium phosphate buffer pH 7.5 and the absor-

bance determined at 250 nm against a phosphate buffer blank.-

At this wavélength adenosine and inosine nucleotides have identical
extinction coefficients (EmM?32=12.2) (Newbold and Scopes,
1967).

Total Inosine Nucleotides

Total inosine nucleotides were calculated from the difference be-
tween total adenosine and inosine nucleotides and the total adeno-
sine nucleotides [ATP]+[ADP]+[AMP].

Calculation of Parameters of Metabolic Control

Adenylate energy charge was calculated from the formula: [ATP]+
0.5 [ADP)/[ATP]+ [ADP]+[AMP] (Atkinson, 1968 a). Phosphory-
lation state ratio was calculated as [ATP]/[ADP]. [P;] (Erecinska
et al., 1977)..

Metabolite Compdrimentalisation
There is indirect evidence for compartmentalisation of the adenine

nuclectides (Hill, 1964 ; Ottaway and Mowbray, 1977; Linnergren,
1977). In addition, some occur both in a free and bound form.

For example, ATP is thought to occur entirely in the free
form (for example, Lénnergren, 1977), whilst ADP and AMP ‘are
substantially bound to the contractile proteins (Seraydarian et al.,
1962; Rahim et al., 1976). However, since there are no direct
methods for determining the compartmentalisation of these .com-
pounds, both phosphorylation state and energy charge are calculat-
ed from total cellular concentrations. Thus, caution must be used
in directly relating these parameters to the in vive control of metab-
olism.

Statistical Analyses

The data were tested for significance using the two-tailed t-test
(Sokal and Rohlf, 1969). Values of adenylate energy charge were
subjected to arcsin transformation. .

Sources of Biochemical Reagents

All substrates and enzymes were obtained from the Bochringer
Corp. (London) and Sigma Chemical Co. Ltd. (London). Inorganic
reagents were all of analytical grade.

Results
Comparison of Red and White Myotomal Muscles

Table 1 illustrates the concentrations of adenine nu-
cleotides and related compounds in red and white
muscle types. o - ‘

The adenine nucleotide pool and absolute concen-
trations of ATP, ADP, AMP, PC and P; are con-
sistently higher in white than in red muscle at both
acclimation temperatures (Table 1). In contrast, the

‘inosine nucleotide pool is greater in red than white

fibres. The inosine nucleotides of red muscle consti-
tute about 20-30% of the-total nucleotides compared
to about 10% in white muscle (Table 1).

The adenylate energy charge is' maintained at a
higher level, and the phosphorylation state at a lower
level, in white compared to red muscle (Table 1). The
energy charge, [ATP]:[ADP] and [ATP]:[AMP] ratios
are only significantly different between muscle types
at 24 °C whilst the phosphorylation state is only sig-
nificantly different following cold acclimation.

Temperature Acclimation

a) White Myotomal Muscle. Both the adenine nucleo-
tide pool and ATP content of the white muscle remain
similar in fish acclimated to +4°C and +24°C
(Table 1). However, acclimation results in a signifi-
cant redistribution of adenine nucleotides between
ADP and AMP. Both ADP .and AMP show signifi-
cant decreases in concentration when acclimated to
24°C (0.85 to 0.61 umoles g wet weight and 0.25
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Table 1. Concentrations of adenine nucleotides and related compounds (in pmoles/g fresh’ weight) and parameters of metabolic control
in the red and white muscles of Brook trout acclimated to cither 4 °C or 24 °C. Note both groups of fish were exercised at 2.5

bodylengths/s for 2 weeks prior to sacrifice

White myotomal

Red myotomal

Comparison of white and red

Significance at

Higher
value

+4°C +24°C P +4°C +24°C P +4°C +24°C

ATP 5.34+0.33 6.05+0.32 NS 249+0.16 291+0.17 NS 2 2 ‘White -
(10) (13) )]

ADP 0.85+0.03 0.61 +£0.03 2 0.374+0.03 0.39+0.02 NS 2 2 White
(10) - (10) (13) )]

AMP 0.25+0.01 0.18+0.02 b 0.14+0.01 0.16+0.01 NS 2 NS White
(10 (10) (i3) ®

Total édenylates . 6451033 6.83+0.3 NS 3.0140.16 3.454+0.17 NS 2 2 White
(10) (10} (13) ®

P, 7.87+0.50 7.10+0.49 NS 3.51+0.30 3.79+0.22 NS a 2 White
(11 38 ® 0]

PC 16.58+1.10 25.67+1.83 2 10.34+0.85 9.31+0.90 NS a & White
(6) (6) ® (6)

Total inosine 0.80+0.05 0.76 £ 0.03 NS 1.65+0.29 0.88+0.24 b 2 b Red

nucleotides 10 @) (6) (12)

ATP:ADP 6.30+0.42 10.32+0.89 2 7.02+0.56 7.4340.50 NS
(10) (10) (13) (3)

ATP:AMP 21.57+1.72 38.34+4.61 b 19.88 +£2.45 18.57+1.53 NS
(10) 10) : (13) ®

Adenylate energy 0.89+0.01 0.93 +£0.01 2 0.89+0.01 0.90 4 0.01 NS

charge (10) (10) (13) )

Phosphorylation 0.86+0.07 1.65+0.26 © 1.99+0.25 2324017 . NS

state ®) (6) (8) 6) “

Levels of significance: * ®* P<0.001, ® P<0.01, °P<005 NS=not significant at 5% level

to 0.18 umoles g wet weight™! respectively). An in-
crease occurs in the size of the phosphorylcreatine
store whilst the concentration of inorganic phosphate
remains similar at both acclimation temperatures.

In fish skeletal muscles most of the inosine phos-
phates are present as inosine monophosphate (IMP)
(Saito and Arai, 1958 ; Saito et al., 1959; Jones and
Murray, 1960) and increases in IMP are generally
associated with severe exercise (Jones and Murray,
1960 ; Driedzic and Hochachka, 1976, 1978). In the
present study the relative constancy of inosine nucleo-
tides at both acclimation temperatures suggests that
the activity states of both groups were similar. Thus,
observed changes in ADP and  AMP are likely to
result primarity from acclimation.

In spite of the absence of statistically significant
changes with acclimation in [ATP] or [total adenine
nucleotides] there is a consistent trend -towards
higher values at 24 °C than at 4 °C (Table 1).

The redistribution of ADP and AMP within the
adenine nucleotide pool results in a small increase
in energy charge on acclimation to the higher temper-
ature (Table 1), with a value of 0.89 at 4 °C and of
0.93 at 24 °C (P<0.01). This increase is paralleled
by a 2-fold increase in both the [ATP]:[ADP] and
[ATP]:[AMP] ratios (P <0.001) (Table 1)..

Acclimation results in a similar 2-fold change in
the phosphorylation state with the lower values occur-
ring in cold-acclimated fish (0.86 at 4 °C to 1.65 at
24 °C). ' :

i
b) Red Myotomal Muscle. In contrast to the white
muscle, acclimation to 4 °C and 24 °C leads to few
changes in any of the parameters studied (Table 1).
However, there is a consistent trend towards higher
nucteotide concentrations on acclimation to 24 °C.
Interestingly, unlike ig white muscle, [ADP] and
[AMP] increase following warm acclimation. Since
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these changes are similar in proportion and direction
to that of ATP, the energy charge remains relatively
constant with acclimation.

High concentrations of inosine phosphates occur
in red muscle. These increase in concentration by
about 2-fold following cold-acclimation (Table 1). In
fish skeletal muscle most of the inosine phosphate
probably occurs as 5'-IMP (Saito et al., 1959). Whilst
the significance of an increase in inosine phosphates
with cold acclimation is unclear it may be related
to active purine biosynthesis.

Discussion

In recent years there has been considerable interest
in the role of adenine nucleotides and related com-
pounds in metabolic regulation (Atkinson, 1968a, b,
1977; Wilson et al., 1974, 1977).

In fish muscles changes in nucleotide concentra-
tions have been studied with respect to exercise (Jones
and Murray, 1960; Fraser et al., 1966; Driedzic and
Hochachka, 1976, 1978 ; Guppy at al., 1979) and an-
aerobiosis (Thillart et al., 1976). There has only been
one previous study on variations in adenine nucleo-
tides with thermal acclimation (Freed, 1971). How-
ever, in this study activity levels were not controlled.

Metabolite Concentrations in Red and White Muscles

Concentrations of ATP, ADP, AMP and PC in Brook
Trout are broadly similar to those found in fast and
slow muscles of a range of vertebrates (Beis and New-
sholme, 1975).

The ratios of [ATP]:[ADP] and [ATP]:[AMP] are
known to vary considerably between muscles having
differing energy requirements (Beis and Newsholme,
1975). In a survey of a wide range of vertebrate and
invertebrate muscles, Beis and Newsholme (1975)
found that these ratios provide an indication both
of the overall rate of energy expenditure and scope
for changes in energy demand of the muscle. In partic-
ular, muscles with the lowest [ATP]:[AMP] ratios
generally have a low rate of ATP utilisation and the
least variation in energy requirement. The [ATP]:
[AMP] ratios in Table 1 are consistent with this con-
cept. Higher values in white than red muscles at both
acclimation temperatures are correlated with the rec-
ruitment, in Brook Trout, of white fibres for low-
sustainable and for burst swimming (Johnston and
Moon, 1980b).

Temperature Acclimation

Acclimation of brook trout from 24 °C to 4°C ‘is
associated with a decrease in phosphorylation state

([ATP]/[ADP]. [P;]) and is consistent with a higher
respiratory rate at low temperatures (Table 1). There
have been numerous reports that whole animal and
mitochondrial oxygen consumption rates are higher
mn cold than in warm acclimated fish (Hazel and
Prosser, 1974 ; Smit et al., 1974 ; Thillart and Modder-
kolk, 1978). For example, Pye et al. (1976) reported
that the oxygen consumption of tench muscle mito-
chondria was higher at low temperatures in winter
than in summer with either succinate or a-ketoglutar-
ate as substrates. Similarly, Thillart and Modderkolk
(1978) found that mitochondrial cytochrome oxidase
activities of goldfish red and white muscles increase
2- to 3-fold in fish acclimated from 30°C to 5°C
and follows the order 30 °C fish <20 °C < 5 °C. There
is good evidence that the elevation of aerobic enzyme
activities results primarily from increases in enzyme
concentration rather than changes in the kinetic prop-
erties (Wilson, 1973; Sidell, 1977).

For example, Wilson (1973) reported that acclima-
tion of goldfish from 25 to 5°C resulted in a 66%
increase in concentration of muscle cytochrome oxi-
dase and a 45% increase in net enzyme activity. Simi-
larly, Sidell (1977) found a net increase in cytochrome
c concentration in green sunfish (Lepomis cyanellus)
over the same temperature range. At the ultrastructur-
al level these changes in enzyme concentration parallel
increases in mitochondrial density-in muscles of cold
acclimated fish (Johnston and Maitland, 1980).

The present study indicates that such changes are
paralleled by modifications in regulatory metabolite
concentrations which may also be 1mportant in stimu-
lating respiratory rate.

Regulatory enzymes of glycolysis in fish muscle
include phosphorylase, hexokinase, phosphofructo-
kinase and pyruvate kinase (Newsholme and Start,
1973; Driedzic and Hochachka, 1978; Johnston,
1980). The in vivo activities of both phosphorylase
and phosphofructokinase are to some extent con-
trolled through the relative concentrations of adenine
nucleotides, and 'P; (Shen et al., 1968; Newsholme
and Start, 1973; Mangnall and Nesbitt, 1978). In the
case of phosphorylase, activity is thought to be pri-
marily controlled by Ca?* and cAMP-dependent pro-
tein kinases (Cohen, 1976, 1979). In addition, there
is some evidence that phosphorylase activity is modu-
lated by AMP (Cohen, 1976). In vitro experiments
have shown that phosphorylase phosphatase from
rabbit muscle is inhibited by AMP (pK; <0.01 mM)
and P;; these inhibitors may have an important role
in determining the in vivo level of phosphorylase a
and hence the rate of glycogenolysis under differing
physiological conditions (Cohen, 1976).

The role of adening nucleotides in controlhng
phosphofructokinase activity is more firmly estab-
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