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The effects of temperature on muscle pH, adenylate and
phosphogen concentrations in Oreochromis alcalicus
grahami, a fish adapted to an alkaline hot-spring
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The concentrations of phosphorylcreatine (PCr), adenosine triphosphate (ATP), adenosine
diphosphate (ADP), adenosine monophosphate (AMP), inorganic phosphate (Pi), pyruvate
and lactate were determined in freeze-clamped fast muscle samples from Oreochromis
alcalicus grahami a fish adapted to extreme alkalinity, (~ pH 10-0) and high temperatures
(Lake Magadi, Kenya). Specimens were analysed from both geothermally heated hotsprings

* (35-37°C) and from isolated cool pools (28° C) and from stocks acclimated to 20° C in the
laboratory. The ratios of (ATP)/(ADP) and (ATP)/(ADP) (Pi) decreased with increasing
body tempetature consistent with an increase in glycolysis and tissue respiration rates,
respectively.  The apparent equilibrium constant of creating_kinase (Kcg), (creatine)
(ATP)/(phosphorylcreatine) (ADP) was found to decrease with increasing temperature: 20-2
20°C), 13-9 (28°C), 8:0 (37°C). A near constant muscle and blood pH (or slight increase
in alkalinity with higher temperatures) was found regardless of body temperature (Blood
pH 7-64, 7-74, muscle pH 7-27, 7-51 at 20°C and 35° C, respectively). These results are
consistent with an unusual pattern of acid-base regulation in this species.

I. INTRODUCTION

- The blood pH of fishes varies inversely with body temperature (A
pH/dT° C = 0-0189/° C) through the regulation of plasma bicarbonate concen-
trations (Randall & Cameron, 1973; Rahn & Garey, 1973; Reeves, 1977). A simi-
lar relationship between pH and temperature was found for the red and white
muscles of the dogfish, Scyliorhinus stellaris, (Heisler et al, 1976). The physio-
logical significance of this pattern of acid-base regulation has been variously
ascribed to attempts by the organism either to maintain a constant relative alkal-
inity (OH-/H* ratio) or to maintain a constant fractional charge state of peptide-
linked histidine residues (o;, or alphastat hypothesis) (Howell ez al., 1970; Reeves,
1977). However, recent studies have shown that a number of species show signifi-
cant departures from the alphastat hypothesis (Heisler, 1982; Walsh & Moon,
1982).

It is of interest to extend these studies to species adapted to living under con-
ditions of extreme alkalinity. The ecology and osmoregulation of one such
species, Tilapia grahami, has been the subject of a number of investigations
(Reite et al., 1974; Johansen ef al., 1975; Maloiy et al., 1978; Eddy et al,, 1981).
These fish are found in large numbers in the highly alkaline (pH 10-0) and
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warm waters (25—40° C) around the shores of Lake Magadi, Kenya (Reite et al,
1974). Recently, the taxonomy of the cichlids has undergone revision and 7.
grahami has now been re-classified as Oreochromis Alcolapia alcalicus grahamii
(Trewavas, 1982). ‘

A variety of indirect techniques have been described to measure intracellular
pH in fishes (see Reeves, 1977). Unfortunately, the small size (~12 cm total
length [r.L.]) of Oreochromis alcalicus grahami excludes any method involving
the use of chronically implanted cannulae. |

In the present study, measurements of muscle metabolites and pH have been
made on fish exposed to three different temperatures. The results on muscle pH
are qualitatively comparable with measurements of blood pH obtained by cardiac
puncture and suggest an unusual pattern of acid-base regulation.

II. MATERIALS AND METHODS

Fish were netted around the edge of Lake Magadi close to the pumping station of the
Magadi Soda Company: Specimens were taken from pools fed directly from geothermally
heated hotsprings where the highest temperature exceeded 40° C, but the fish were com-
monly found in areas where the temperature averaged 35-37° C. Further specimens were
taken from nearby pools, fed indirectly by the spring water, where the water had cooled
and the mean temperature was about 28°C. The construction and arrangement of the
pools suggested that movement of fish between them was highly unlikely except on the
rare occasions when rainstorms caused temporary flooding (Coe, 1966). The fish were
trapped so as to inflict a minimum of trauma, transferred to floating keep-nets in the same
pools and left for several hours prior to sampling. Other fish were transported to the labora-
tories in Nairobi and maintained for 3-7 days in tanks of Magadi water at either 20° C
or 35° C before use.

SAMPLING OF MUSCLES

Fish, mean length 9-3+0-4 cm, and 12-4+1-2 g body weight, were removed from the
keep-net and freeze-clamped with tongs cooled in liquid nitrogen (—159° C). Fish that
struggled during capture were returned to the pool and not taken for analysis. .Using this
freeze-clamping procedure the outer-layers of muscle tissues are frozen almost immediately
and reliable measurements of tissue adenylates can be obtained (Walesby & Johnston,
1980). :

Frozen samples of white fibres (200-300 mg) were pulverized in a mortar and pestle
cooled in liquid nitrogen. The powder was extracted in 2-1 ml of 0-6 N perchloric acid
(HCI10,) for 4 min at 0° C. Tissue debris was immediately removed by centrifugation (30 s
at 2000 g) and an aliquot of the clear supernatant neutralized by approximately 400 pl of
2:2 M potassium carbonate (K,CO,). Complete neutralization was checked by the addition
of a small amount of methyl orange indicator. Samples were divided into a small number
of glass vials and stored frozen until analysis.

SAMPLING OF BLOOD

Blood sampling was carried out at the lakeside on large individuals, 5-15 g. The most
successful method used was to draw blood directly from the heart. Fish were first rinsed
in fresh water at the same temperature as the lake pools, then placed ventral side upwards
in a plastic holder. A fine needle attached to a 100 ul Terumo syringe (heparinized) was
used to penetrate and draw blood from the heart and pericardial cavity, usually 50-100 pl
being obtained depending on the size of the fish, normally being completed in 1 min.

MEASUREMENT OF BLOOD AND MUSCLE PH

Immediately blood had been drawn its pH value was measured using a Radiometer micro
pH electrode system (BMS mk 2) maintained at the appropriate temperature attached to
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a Radiometer PHM7 mk 2 meter, powered by a Honda portable generator. Under these
conditions the performance of the equipment closely matched that obtained.in the labora-
tories. Each fish normally yielded sufficient blood for two determinations which were
averaged. Muscle pH was determined directly in the same Radiometer digital acid-base
analyser connected to a thermostatically controlled circulating water bath. Samples (~
50 mg) were weighed, frozen and homogenized at 0° C with 5 ml g! wet wt of a solution
containing 145 mM potassium c¢hloride (KCI) and 10 mM sodium chloride (NaCl) in a
motor-driven glass-Teflon Potter-Elvehjem-type homogenizer. pH measurements of
homogenates were performed at either 20° C, 28° C or 35° C and a reading taken over 1 min
and extrapolated back to zero time. This method gives values of tissue pH which are
dependent both on H+ activity and the buffering capacity of all the different celiular com-
partments, for example, cytosol, mitochondria, blood, interstitial fluid, etc. In the case of
white skeletal muscle the cytosol makes the major contribution and pH values obtained
largely represent.an ‘average’ for this compartment. :

ASSAY OF MUSCLE METABOLITES

The following assays were based on the oxidation or reduction of nictoinamide adenine
dinucleotides (NAD) in coupled enzyme systems monitored at 340 nm using a Beckman
Model DB spectrophotometer fitted with a strip chart recorder. Assays were carried out
in duplicate and standards run for each assay batch. All metabolite concentrations were
expressed as umoles g wet wt—1L.

Adenosine triphosphate (ATP)

Adenosine triphosphate (ATP) was determined in a medium containing 60 mM
triethanolamine-hydrochloric acid ((HOC,H,],;N-HCI), pH 7-5, 5 mM magnesium chloride
(MgCl,), 8 mM - glycerate-3-phosphate, 0-1% bovine serum albumin, 0-5mM EDTA,
1 mM glutathione and 0-25 mM NADH. The reaction was started” by simultaneous
addition of 12 U phosphoglycerate kinase (from yeast) and 3 U glyceraldehyde phosphate
dehydrogenase (from yeast), and was complete within 15 min.

Phosphorylcreatine (PCr)

Phosphorylcreatine (PCr) was determined in the same spectrophotometer cuvette by
addition of 0-22 mM ADP (final concentration) and approximately 30 U creatine kinase
(from rabbit muscle).

Adenosine diphosphate (ADP) and adenosine monophosphate (AMP)

Adenosine diphosphate (ADP) and adenosine monophosphate (AMP) were assayed in
a medium of 60 mM (HOC,H,),N HCI pH 7-6, 77 mM K,CO,, 1-0 mM phosphoenol pyru-
vate, 19 mM magnesium sulphate (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 of
pyruvate kinase (from rabbit muscle). The AMP was subsequently assayed in the same
cuvette by addition of 150 mU of adenylate kinase (from rabbit muscle).

Inorganic phosphate (Pi)

Inorganic phosphate (Pi) was determined in a coupled system based on the phosphory-
lation of glyceraldehyde-3-phosphate using glyceraldehyde-3-phosphate dehydrogenase
(Guynn et al.,; 1972). The reaction medium contained 30 mM tris-HCI pH 8-4, 50 mM
KCl, 2 mM Mg,SO,, 0-1 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 dehydrogenase (from yeast), 200 U hexokinase (from
yeast), 14 U aldolase (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 Pi to be fully
used. Assays were carried out on 20-40 pl of tissue extract in a final volume of 1 ml reaction
medium.
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Pyruvate

Pyruvate was assayed in a medlum containing 100 mM (HOC,H,);N pH 7-6, 0-25 mM
NADH and excess lactate dehydrogenase (from rabbit muscle).

Lactate

Lactate was determined in a meédium containing 150 mM hydrazine (H,N-NH,),
400 mM glycine pH9-2,2-5 mM NAD, 20 U lactate dehydrogenase (from rabbit muscle).

Free creatine 4 _
Free creatine was determined colormetrically as described by Eggleton et al., 1953,

CALCULATIONS

Apparent equilibrium constants for the creatine kinase (Kcg) reaction, phosphorylation
state ratio and adenylate energy charge were derived from the molar ratios of the relevant
metabolites.

Apparent Kox = (creatine) (ATP)
(creatine phosphate) (ADP)
. . (ATP)
Phosphorylation state ratio= m
Adenylate energy charge = (ATP)+0-5 (ADP)
(ATP)+(ADP)+(AMP)

CHEMICALS

All biochemical reagents were obtained from either the Sigma Chemical Co. (London)
or Boehringer Manheim (UK) Ltd. Other Chemicals were B.D.H. (Poole) Ltd, analar
grade.

STATISTICAL ANALYSIS

Results were compared using a student’s z-test. Values of apparent Kcg, (ATP)/
(ADP), phosphorylation state ratio and adenylate energy charge were subject to arcsine
transformation.

III. RESULTS

The values obtained for blood pH and muscle pH and metabolite concen-
trations are shown in Table I. Lactate concentrations are somewhat lower in the
20° C than either the 28 or 35-37° C groups of fish. However, the similarities of
both lactate/pyruvate ratios and free creatine concentrations would not indicate
any major difference in the three groups with respect to handling stress or exercise.
The values for lactate are within the range reported for ‘rested’ individuals in the
literature (Black et al.,, 1961).

Increasing temperature is associated with a decrease in ATP and an increase
in ADP concentrations (P<0-01) (Table I). The apparent equilibrium constant
for Kcx decreased from 20-2 at 20°C to 8-0 at 35-36° C (P<0-001) and had an
intermediate value in fish collected from ‘cool’ pools (28°C). Ratios of
(ATP)/(ADP) and phosphorylation state ratio decreased with increasing body
temperature while energy charge remained high (0-84-0-95) (Table I).

At each temperature investigated, blood pH was found to be 0-2-0-3 units more
alkaline than corresponding values of muscle pH (Table I). In both cases pH
values were significantly higher in 35-36° C fish than those held at 20° C.
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TaBLE I. Concentrations of metabolites (umoles g wet wt~!) apparent Kcx equilibrium
constant and muscle and plasma pH in O. alcalicus grahami acclimated to three different
temperatures

Environmental temperature

Nairobi Magadi ‘cool pool’ Magadi ‘hotspring’
Parameter (20°C) (28°C) (35-37°C)
PCr 17:5+£2:2 15-3+1-0 17-4+1-9
Cr 25-6+£2-7 29-41+1-9 27-8+2-7
ATP 40104 3-41+0-3 26104
ADP 0-29+0-051 0-47 £0-024 0-52+0-045
AMP 0-22+0-027 0-26 +0-042 0:29+0-022
Pi 6:1£0-5 6-5+0-7 50+0+4
Pyruvate 0-084+0-019 0-19+£0-030 0-18+0-043
Lactate 4-88+0-71 8:53+0-47 7-81+1-4
Lac/Pyr ratio 58:1 449 43-4
Blood pH 7-64+0-055 ND 7-74+0-06
Muscle pH 7:271+£0-035 ND 7-51+0-057
Apparent Kok 20-2 13-9 80
(ATP)/(ADP) 13-8 72 5-0
(ATP)/(ADP) (Pi) 226 1-11 1-0
Energy charge 0-95 0-88 0-84
(ATP)+0-5(ADP)
(ATP)+(ADP)+(AMP)

ND=not determined.

IV. DISCUSSION

Values obtained for fast muscle ATP, AMP and ADP concentrations in' O.
alcalicus grahami are within the range reported for other fish (Beis & Newsholme,
1975; Thillart et al, 1980; Walesby & Johnston, 1980) and show consistent
changes in relation to body temperature. The relative concentrations of adenine
nucleotides are thought to be important in the control of respiration rate in
coupled mitochondria (Ereeimska et al, 1977) and in the carbon flux through
glycolysis (Newsholme & Start, 1973) via their effects on key regulatory enzymes.
The decreases in phosphorylation state and in (ATP)/(ADP) ratio with increasing
temperature are consistent with an increase in cellular respiration and glycolysis,
respectively. This parallels the expected direct effects of temperature on protein
turnover, resting metabolism and routine activity and correlates with the observed
locomotory behaviour of the fish which become considerably more active at
higher temperatures.

Studies of rat brain metabolism during arterial hypoxemia and hypercapnia
(Siesjo et al., 1975) and ofthuman muscle following isometric exercises have shown
a positive linear correlatiotisbetween the log apparent equilibrium constant of K¢y
and tissue pH determined simultaneously by other methods (Sahlin et al., 1975).
Since temperature directly affects (ATP)/(ADP) ratios, the K-k equilibria method
cannot be used as a measure of intracellular pH in the present study.
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TABLE II. Ionic composition and pH of Magadi water

Parameter Units Reference
pH 9-84 (35°C)  This study

9:90 (20°C)
Ionic strength 0-5 Eddy & Maloiy, unpubl. data
Na 210 mM Eddy & Maloiy, unpubl. data
HCO,~ 87 mM Maloiy et al, 1978

Measurements of intracellular pH are highly dependent on the analytical
method used. The method used to obtain blood from Oreochromis for pH
measurements was not ideal since the fish were stressed by removal from the water
and the time taken for heart puncture. This is likely to result in lower pH values
than might be obtained for unstressed fish. For example, Eddy et al. (1977)
obtained a mean pH value of 7-67 at 20° C using unstressed rainbow trout, Salmo
gairdneri, with a cannula to the ventrical aorta while at the same temperature
Smit et al. (1981) obtained a mean value of pH 7-57 by heart puncture. The small
size of the fish would seem to preclude any reasonable technique for obtaining
blood samples from free-swimming unstressed individuals. However, in the pres-
ent study the sampling procedure was identical at each temperature so that pH
values will probably suffer from the same errors. It is noteworthy that the results
for blood pH of Oreochromis shown in Table I are reasonably uniform and do
not show the high variability seen in previous studies (Johansen et al., 1975).

In the present study the pH data for blood are qualitatively similar to those
for muscle in that they do not follow the expected relationship with temperature
commonly seen in poikilotherms (Reeves, 1977). For example, blood pH is
inversely related to temperature with ApH/AT of around —0-0148 for dogfish,
Scyliorhinus stellaris, (Heisleriet al, 1976); —0-018 for rainbow trout (Cameron
& Randall, 1972) and about -=—0:017 for a variety of amphibia (Reeves, 1977).
The blood pH of Oreochromis at 35° C is 7-74 and if this varied with temperature
according to the relationship shown for trout, then blood pH would be 7-95 at
20° C which contrasts with the measured value of 7-64 (Table I). In view of the
method of sampling these must be considered minimum figures and values 0-1
or 0-2 pH units higher may be predicted.

On acclimation of American eels, Anguilla rostrata, from 20 to 5° C, Walsh &
Moon (1982) found that pH of venous blood decreased far less than predicted by
the alphastat hypothesis (ApH/AT°C= —0-0076). In addition, evidence was .
obtained for different patterns of acid-base between intra- and extracellular com-
partments and between different tissues. In the case of red skeletal muscle, intra-
cellular pH was almost constant over the range 5-20° C (ApH/AT® C= —0-0033).
Heisler (1982) found that tranisition from water-breathing to air-breathing in the
tropical freshwater fish, Synbranchus marmoratus, resulted in an acidosis of the
blood (~ 0-6 pH units) due to an increase in PaCO, from 6 to. 26 mm Hg. In
contrast, intracellular pH in white skeletal muscle and cardiac muscle was unaf-
fected by the acidosis in the extracellular compartment due to a four-fold increase
in intracellular bicarbonate concentration.
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The data in the present study also point to an unusual acid-base regulation in
alkaline hotspring fish which does not conform to that predicted by the alphastat
or relative alkalinity hypotheses. It is not unreasonable to look to the peculiar
ionic composition and high pH to Magadi water for an explanation (Table II).
The increased alkalinity of the blood at reduced body temperature in trout is
thought to be the result of an elevation of plasma bicarbonate occurring via
exchange processes at the gills (Randall & Cameron, 1975; Reeves, 1977). For
example, a trout when warmed to 35° C would show arterial blood pH values of
7-6 or less and HCO,™ contents of 2-:3 mM (Reeves, 1977; Randall & Cameron,
1975). In fact, much higher values of 6-9 mM HCO;~ are observed in Oreochro-
mis at this temperature (Maloiy et al, 1978). It seems possible that O. alcalicus
grahami have evolved mechanisms to keep blood pH and HCO,~ within the nor-
mal physiological range during excursions into cool pools. Under these con-
ditions, maintenance of a blood pH below 8-:0-8-7 at 20° C may take precedence
over the regulation of a constant relative alkalinity. A variety of mechanisms
could be envisaged including, differential rates for Na*/H*, Na*/(NH*,) and
Cl-/HCO, exchanges across the gill epithelium whereby acid is excreted (or base
absorbed).

The failure to maintain a constant OH-/H* ratio with changing temperature
might be expected to result in an increase in the temperature dependence of sensi-
tive kinetic parameters such as enzyme-ligand binding. For example, the Km for
pyruvate of goldfish, Carassius auratus, M, lactate dehydrogenase izoenzyme is
less temeperature sensitive when measured under conditions of constant relative
alkalinity than under conditions of constant pH (Wilson, 1977). Alternatively,
enzyme function in the tissues of alkaline hotspring fish may have evolved to be
relatively independent of changes in OH~/H* ratios as it presumably has in
specialised cell compartments of other animals, etc. lysozymes.

This work was supported by travel grants from The Royal Society. L A. 1. is also grateful
for an award from The Browne Fund of the Royal Society. :
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