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AN ABSTRACT OF THE THESIS OF Thomas Charles Solberg for the Master of 

Science ln Biology presented August 6, 1982. 

Title: Aspects of Anuran Metabolism: Effects of Chronic Hypoxia on 

Maximal Oxygen Uptake Rates and the Fate of Lactic Acid 

APPROVED BY MEMBERS OF THE THESIS COMMITTEE: 

Stanley Hallman, Chairman 

Richard B. Forbes 

Some aspects of anuran metabolism are examined, with special 

emphasis on possible limitations to aerobic metabolism and the effect 

of chronic hypoxia acclimation on maximal rates of aerobic metabolism 

and the metabolic fate of lactic acid accumulated after anaerobic 

metabolism. 

During exposure to hypoxia, oxygen delivery could possibly 

impose a limit on maximal rates of oxygen consumption {vo
2

,max). The 

Vo2 ,max in Xenopus laevis did not decrease with a decline in ambient 

Po2 to 100 torr. At Po2 less than 100 torr, Vo
2

,max declined and 
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was highly correlated with ambient Po2• 

Chronic hypoxia acclimation increased the blood oxygen capacity 

of Xenopus laevis, due mainly to polycythemia. There was no increase 
. 

in Vo2,max after hypoxic acclimation except at the lowest Po2 tested 

(Po2 less than 38 torr). 

The fate of lactic acid accumulated after activity was examined 

in Bufo ameriaanus, Rana pipiens and Xenopus laevis using c14-labelled 

lactic acid. Less than 5% of the c14 activity appeared as expired 

c14o2 in all animals. Rana pipiens accumulated large amounts of the 

Cl4 . . . h 1 activity in t e muse es. 14 . . . Bu~ . c activity in Jo amer~oanus was more 

evenly distributed throughout many tissues, with the highest 

concentrations in the blood, liver, lungs and ventricle. 
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INTRODUCTION 

Ectothermic vertebrates rely to a large extent upon anaerobic 

metabolism during high levels of activity (Bennett and Licht, 1973; 

Hutchison and Turney, 1975; Bennett, 1978). The extent of the 

anaerobic contribution to activity metabolism has been extensively 

studied (Bennett and Licht, 1973; Hutchison~ al., 19771 Hutchison 

and Miller, 1979b) but these experiments used electrical shock to 

induce activity, and manometric techniques for the measurement of 

oxygen consumption. Manometric methods seriously underestimate oxygen 

consumption due to electrolytic gas generation and temperature 

transients in the manometer chamber (Hillman et al., 1979). 

Electrical stimulation may also cause excessive production of muscle 

lactic acid and decreased blood lactic acid levels during activity due 

to circulatory impairment (Putnam, 1979; Hillman~!!_., 1979). 

Glycogen, the polymeric storage form of glucose, is catabolized 

to pyruvate by the metabolic process known as glycolysis. Pyruvate is 

then the substrate for oxidation to carbon dioxide and water by the 

tricarboxylic acid cycle and the mitochondrial electron transport 

system. This complete oxidation of glucose yields a net 36 ATP per 

molecule of glucose (Lehninger, 1975). When oxygen is unavailable, 

the pyruvate formed from glycolysis may be catalysed by lactate 

dehydrogenase to form lactic acid, with a net yield of two ATP per 

glucose molecule. This conversion step from pyruvate to lactate is 
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important because it regenerates NAD+ from NADH formed in an earlier 

step in glycolysis (see Figure 1). 

There are both advantages and disadvantages to aerobic and 

anaerobic metabolism. Anaerobic metabolism is much faster than aerobic 

metabolism since oxygen is not needed by the tissue. Consequently, 

there is no time lag involved in increasing oxygen transport (i.e. 

ventilation and the circulation of blood). Anaerobic metabolism is, 

therefore, very important in burst activity such as escape from 

predation (Bennett and Licht, 1974). Anaerobic metabolism is less 

dependent on temperature than aerobic metabolism (Bennett, 1978; 

Carey, 1979a; Hochachka, 1980; Putnam and Bennett, 1981). This is 

especially important for ectotherms such as amphibians. The net yield 

of only two ATP per glucose molecule by anaerobic metabolism, as 

compared to 36 ATP produced aerobically indicates a relative 

inefficiency of anaerobic metabolism. Other limitations include the 

accumulation of potentially toxic lactic acid and the associated pH 

effects (metabolic acidosis), and the requirement of anaerobiosis of 

glucose as its substrate; aerobic metabolism can utilize lipids and 

proteins as well as glucose. 

Anuran amphibians provide an excellent model system for the 

study of anaerobic and aerobic metabolism due to the considerable 

interspecific differences in methods of energy generation. Rana 

pipiens and Rana catesbeiana, for example, rely mainly an anaerobic 

metabolism during bursts of activity; they have a low maximal rate of 

oxygen consumption (Vo2,max) and high lactate concentrations during 

activity (Bennett and Licht, 1974; Hutchison and Turney, 1975; 
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Hillman, 1976; Hillman!!. al., 1979; Hillman and Withers, 1979; 

Hutchison and Miller, 1979a; Putnam, 1979a). Other anurans such as 

Bufo cognatus and Bufo boreas have a much higher vo2,max and lower 

lactate concentrations during activity (Bennett and Licht, 1974; 

Hillman, 1976; Hillman and Withers, 1979; Carey, 1979b; Putnam, 1979a). 

It has been hypothesized that this apparent dichotomy in 

metabolic "strategies" is associated with predator avoidance 

mechanisms (Bennett and Licht, 1974). The more-anaerobic anurans 

depend on rapid, usually saltatory, movements to escape from 

predators, whereas the more-aerobic species use static defense 

mechanisms such as lung inflation or skin poisons. There are, 

however, many species that do not readily fit into either the 

predominantly aerobic or anaerobic modes. Xenopus laevis is an 

example of an anuran with both a high Vo2,max and high lactate 

concentrations during activity (Hillman, 1976; Hillman and Withers, 

1979; Putnam, 1979b). 

Taigen !!. al. (1982), in a survey of a wide variety or anurans, 

have found a continuum of metabolic strategies rather than a 

dichotomy. They suggest that since metabolism is a conservative 

evolutionary feature, the examples found on the extremes of the 

continuum are responding, by way of adaptation, to a wide variety of 

morphological, behavioral and ecological pressures and not just 

predatory pressures. 

Nevertheless, anuran amphibians provide an excellent model 

system for the study of aerobic and anaerobic metabolism since 

individual species can be examined that depend primarily on one mode 



of energy generation or the other. 

The purpose of this research is to examine some aspects of 

aerobic and anaerobic metabolism in anurans. Chapter I deals with 

aerobic metabolism: specifically, the hypoxic limit to Vo2,max in 

Xenopus laevis. Hypobaric hypoxia was used to examine the physiology 

of oxygen delivery, especially to determine if diffusion of oxygen 

4 

from the pulmonary air to the alveolar capillaries is a limitation to 

Vo2,max. Also in Chapter I is an examination of the effects of 

chronic hypoxic acclimation on Vo2,max and several hematological and 

morphological parameters. Chapter II is an examination of the fate 

of c14-labelled lactic acid in three species of anurans. Rana 

pipiens is a primarily anaerobic frog, Bufo ameriaanus is a primarily 

aerobic toad and Xenopus laevis is intermediate in metabolic 

strategies, with a high v02 ,max and high lactate concentrations 

following exercise. 



Figure 1. 

Summary of the aerobic and anaerobic metabolic pathways in the 

catabolism of glucose, stressing energetic requirements and yields. 

5 
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CHAPTER I 

INTRODUCTION 

Oxygen availability can be potentially reduced in aquatic 

environments, during periods of submergence in hypoxic waters, when 

burrowed or at high altitudes. Some physiological effects of hypoxia 

on amphibians have been studied, including effects on heart rate and 

degree of dilation in cutaneous and skeletal muscle capillaries 

(Armentrout and Rose, 1971), respiratory patterns (Boutilier and 

Towes, 1977), and metabolic responses such as lactate levels, liver 

glycogen levels, and blood sugar (Armentrout and Rose, 1971; Jones and 

Mustafa, 1973). These studies were concerned with the effect of 

hypoxia on resting oxygen consumption and did not address its effect 

on maximal rates of oxygen consumption. They were also concerned only 

with the effects of acute hypoxia (or anoxia), i.e. exposures were 

less than one day. 

• Maximal oxygen consumption (Vo2 ,max) should be more affected by 

hypoxia than resting oxygen consumption since availability of oxygen 

may become rate limiting for maximum aerobic metabolism at a higher 

critical oxygen tension. Withers (1980) has demonstrated this higher 

critical oxygen tension for v02 ,max than v02 ,rest in lungless 

salamanders. The critical oxygen tension will be equal to ambient 

oxygen tension if maximal oxygen consumption is normally limited by 

the rate of transport of oxygen from pulmonary air to blood, i.e. 



vo
2

,max would decrease with a decline in oxygen tension. This first 

diffusive step of oxygen delivery is dependent on the diffusion 

gradient (i.e. oxygen tension of pulmonary air to blood) and the 

diffusive capacity. Hillman and Withers (1979) have concluded that 

respiratory surface area, "does not impose a maximum limit on gas 

exchange in anuran amphibians". 

Hematological parameters such as hematocrit and hemoglobin 

concentration are known to increase during chronic hypoxic exposure. 

Ventricle and lung size could increase in chronic hypoxia in order to 

increase oxygen delivery. Increases in these parameters should also 

serve to increase v02 ,max. 

8 

This investigation is the first study to evaluate the effects of 

hypoxia on v02 ,max in anuran amphibians and attempts to induce 

physiological adaptations to chronic hypoxia in Xenopus laevis by 

exposing them to decreased oxygen tensions for a period of two weeks. 

After this period of acclimation, Vo2 ,max and several hematological 

and morphological parameters were measured. 

MATERIALS AND METHODS 

Chronie Hypoxia 

A group of eight frogs was acclimated for two weeks at a 

barometric pressure of 500 torr (ambient Po
2 

= 100 torr). The Vo
2

,max 

was measured (see below) for this group after acclimation and compared 

to a control group. The acclimated group was then further exposed for 

two weeks to barometric pressures of 100 torr (ambient P02 = 20 torr). 

Acclimation was accomplished by placing two frogs in each of four 
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Nalgene seven liter desiccators containing one liter of water. The 

desiccators were evacuated to the desired pressure (500 or 100 torr). 

Controls were placed in screened plastic containers with two animals 

each in one liter of water. All animals were kept in the dark and the 

air flushed and low pressure restored daily for two weeks. 

It can be calculated that the frogs used approximately 60\ of the 

available o2 in 24 hours at the acclimation pressure of 100 torr, given 

. -1 -1 a standard v02 of 0.1 ml o2 ·g hr (Hillman and Withers, 1979). The 

level of hypoxic stress was, therefore, actually less than 100 torr. 

Maximal Oxygen Consumption 

The v02 ,max was determined by the method previously described by 

Seymour (1973) and Hillman (1976) • The procedure consists of placing 

the animal in a closed metabolic chamber (volume = 450 ml) and 

evacuating the chamber to the desired experimental Po
2

• The chamber 

was then manually rotated to flip the animal on its dorsum, thereby 

constantly eliciting the righting reflex. A 15 to 20 ml air sample 

was withdrawn into a 50 ml syringe after an activity bout of 5 

minutesi co2 and water vapor removed with Ascarite and Drierite, 

respectively and oxygen content determined with a Beckman OM-14 

polarographic oxygen analyser. Temperature of acclimation and 

activity was 19°c. 

Hematology and Morphology 

Hematological and morphological values were measured for the 

100 torr acclimated and control Xenopus laevis. The animals were 

pithed, ventricle and lungs removed, blotted dry and weighed to the 
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nearest 0.1 mg. A blood sample was taken from the ventricle in a 

heparinized capillary tube which was centrifuged at 3400 RPM for 5 

minutes. Hematocrit is the percent packed red cells. Hemoglobin 

content was determined by the cyanomethemoglobin method and red blood 

cell count was measured on a Coulter counter model ~1 • Mean cell 

volume (MCV), mean cell hemoglobin (MCH) and mean cell hemoglobin 

concentration (MCHC) were determined as: 

MCV = 

MCH = 

MCHC = 

Hematocrit (%) x 10 

RBC count (in millions) 

-1 Hemoglobin (g•lOO ml ) x 10 

RBC count (in millions) 

Hemoglobin (g•lOO ml-l) x 100 

Hematocrit (%) 

RESULTS 

Maximal Oxygen Consumption cv02 ,max) 

The effect of hypoxia on v02 ,max in control and chronically 

acclimated Xenopus laevis is shown in Figure 2. The Vo2,max was 

-1- -1 1.10 ± se 0.07 ml 02·9 --nr (n=lS) at normal ambient Po2 of 159 torr 

and was independent of ambient P02 above approximately 100 torr. The 

• -1_ -1 
Vo2,max was 1.05 ± 0.045 ml 02·9 --nr (n=36) for all frogs at P02 

above the critical P02 of 100 torr. The v02 ,max decreased 

significantly at P02 less than 100 torr and was highly correlated 

with ambient P02 : v02 ,max = 0.084 (± se 0.050) + 0.0023 (± se 0.00017) 
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Figure 2. 

M . 1 . ( • ) . 1 - lh - l axima oxygen consumption rates Vo2,max in m 02·9 r versus 

Po
2 

in torr for chronic hypoxia acclimated and control Xenopus Zaevis. 

Points are means, horizontal and vertical lines are two standard 

errors. 
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x Po
2 

(r2 = 0.79; n=Sl). Two animals died in the 100 torr acclimation 

period. 

Hematology and Morphology 

The effect of chronic hypoxia on hematological parameters is 

shown in Table I. There was a significant increase in RBC count, 

hematocrit, hemoglobin and MCH but no significant change in MCV or 

MCHC. There was no significant difference in ventricle mass or lung 

mass for the two groups. 

DISCUSSION 

The v02 ,max measured for Xenopus laevis at ambient P02 of 100-

159 torr (l.05 ± se 0.045 ml o2 ·g-1hr-1) is in general agreement with 

that of Hillman and Withers (1979) and is approximately ten times 

resting Vo2 for Xenopus laevis (Hillman and Withers, 1979). The 

Vo2 ,max declined at P02 less than 100 torr. Therefore, the critical 

oxygen tension (Pc) for v02 ,max in Xenopus laevis is about 100 torr. 

A similar Po2 dependence has been determined for plethodontid 

salamanders by Withers (1980) in which the critical P02 was 110 torr, 

for Bufo aognatus and Rana pipiens in which the critical Po2 was about 

80 torr (Withers and Hillman, 1982b) and for aquatic salamanders in 

the critical Po2 was also 80 torr (Ultsch, 1973). 

A P02 of 100 torr corresponds to about 3,000 meters in 

altitude; this exceeds the altitudinal distribution of amphibians 

(Hock, 1964). It therefore seems unlikely that Vo
2

,max is limited by 

altitudinally induced hypoxia. These results along with those of 



TABLE I 

Hematological parameters for control and 100 torr chronic hypoxia 

acclimated Xenopus laevis. Values are mean ± standard error. 

Asterisk indicates significant difference (P<0.025) • 

14 
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Withers (1980) and Hillman and Withers (1982), indicate that Vo2 ,max is 

not limited by diffusional exchange across the respiratory surface area 

at Po
2 

normally encountered. Diffusional exchange is described by 

Fick's law of diffusion: 

vo2 = 

(PA - Pao ) 02 2 
D • A • 

d 

where D is the diffusion constant for o2, A is the respiratory surface 

area, PAo
2 

is alveolar P02 , Pa
02 

is average pulmonary capillary Po2 

and d is the diffusion distance. If v02 ,max is limited by diffusional 

exchange across the respiratory surf ace area, then any decline in 

ambient P02 would decrease the oxygen gradient and v02 ,max would 

decline. There is, however, no decrease in v02 ,max with decreased Po2 

until the critical Po2 of 100 torr. 

The Vo2,max declines linearly below the critical P02 of 100 

torr, indicating an o2 transport limitation at very low P02 • The 

intercept of this regression line is -0.084 ± se -0.050 which is not 

different from zero (intercept t-test = -1.68, degrees of freedom = 

49). These data corroborate the findings of Withers and Hillman 

(1982a) which indicate that there is a cardiovascular and not a 

respiratory limit to v02 ,max even at very low P02 (see Figure 3). 

Hematology and Morphology 

Packard and Stiverson (1976) observed no change in hemoglobin 

concentration in anurans along an altitudinal gradient from 1500 to 

3000 meters. The results presented here indicate a slight increase 
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Figure 3. 

• -1 -1 The v02 ,max (ml o2 ·g hr ) versus ambient P02 • Graph shows values 

obtained in this paper (horizontal and vertical bars are two standard 

errors) and the predicted values (x) of Withers and Hillman (1982). 
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in hemoglobin concentration in animals acclimated to about Po2 = 20 

torr, this increase mainly due to polycythemia. There was also a 

slight increase in MCH, however, which might indicate that the new 

19 

population of cells may have had a higher concentration of hemoglobin. 

The significant aspect of this moderate increase in hemoglobin 

concentration is that it was correlated with an increase in Vo2,max at 

the very lowest P02 (Po2 = 38 torr). This is consistent with the 

model of Withers and Hillman (1982a) which predicts that v02 ,max will 

increase with an increase in blood hemoglobin. Individual 

variability at higher P02 makes it impossible to detect small 

increases in Vo2 ,max predicted by the model. 

There was no significant change in lung and ventricle mass, 

indicating that there was no hypertrophy of these organs as a response 

to hypoxia. 



20 

CHAPTER TWO 

INTRODUCTION 

Lactic acid accumulation has generally been considered to be an 

indication of the level of anaerobic metabolism (Bennett and Licht, 

1974; Hutchison and Miller, 1979a; Hutchison and Miller 1979b; Preslar 

and Hutchison, 1978; Hillman and Withers, 1979; Carey, 1979b; Gleeson, 

1980; Gatz and Piiper, 19791 Putnam, 1979b) and has been measured 

during activity in virtually every class of vertebrates (Wardle, 1978; 

Gleeson, 19801 Hutchison and Miller, 1979a; Taigen !.!_al., 1982; 

Bartholomew et al., 1976; Dean and Goodnight, 1964; Gatten, 1975; 

Hermansen and Vaage, 1977; Issekutz !.!_al., 1976). 

A major effect of the accumulation of lactic acid is the 

concomitant decrease in tissue and plasma pH. This disruption of the 

acid-base balance of the tissue can eventually incapacitate the muscle 

and has been implicated as the cause of fatigue (Hermansen and Osnes, 

1972; Mainwood and Worsley-Brown, 1975). Putnam (1979b), however, has 

shown that behavioral recovery in Xenopus laevis and Rana pipiens can 

be accomplished in both the intact organism and isolated gastrocnemius 

muscle without lactate disappearance or recovery from pH imbalance. 

Decreased pH can, however, have a marked effect on many systems 

including oxygen delivery due to the Bohr effect, enzyme function and 

blood bicarbonate buffer system. 

The fate of lactic acid is unclear, despite the plethora of data 



21 

available concerning its production, levels during activity and 

adverse effects. Original studies on the fate of lactate on isolated 

frog muscle indicated that about 80\ of the lactate was reconverted to 

glycogen and 20% oxidized aerobically (Hill, 1922). Later results 

using intact rats fed 11c - labelled lactate revealed that from 10-20% 

of the lactate was oxidized and 21-32% of the lactate was converted to 

liver glycogen (Conant!!_ al., 19411 Vennesland et al., 1942), 

depending on which carbon atoms were labelled. 

The Cori cycle is the most widely accepted model of lactate 

metabolism. According to the Cori cycle, lactate diffuses from the 

muscle to the blood and is transported to the liver where it is 

reconverted to glucose and stored as glycogen (Guyton, 1981). This 

resynthesis is energetically expensive, requiring 6 ATP to convert 2 

lactate molecules to one glucose molecule, whereas the original 

anaerobic yield of glucose catabolism to lactate was only 2 ATP 

(Lehninger, 1975). An advantage of glucose resynthesis in mammals is 

that it restores acid-base balance very rapidly. In lower 

vertebrates, however, very high levels of lactate are accumulated and 

remain for a considerable time, up to 36 hours (Withers and Hillman, 

1981). Consequently acid-base imbalance may also be prolonged for up 

to 36 hours. 

Recent studies concerning the fate of lactic acid after activity, 

essentially all on manunals (Drury and Wick, 1956; Brooks!!_ al., 1973; 

Issekutz et al., 1976; Hermansen and vaage, 1977; McLane and Holloszy, 

1979; Brooks and Gaesser, 1980) have led to the conclusion that the 

Cori cycle cannot account for either lactate disappearance or glycogen 



synthesis and suggest that lactate is either mainly converted to 

glycogen in the muscle itself (Hermansen and vaage, 1977; McLane and 

Holloszy, 1979) or mainly oxidized to co2 (Brooks and Gaesser, 1980; 

Drury and Wick, 1956). Clearly the controversy over the metabolic 

fate of lactate in mammals is not settled, and much more research is 

needed. 

Anaerobic metabolism is of more routine significance in the 
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lower vertebrates, yet there is very little data regarding how these 

animals metabolize lactate. What little has been published is mainly 

on isolated frog muscle (Bendall and Taylor, 1970) or fish (Hochachka, 

1961). Cushman!.!_ al. (1976), in one of the few in vivo studies, found 

that tiger salamanders do not excrete lactate into the aquatic 

environment but gave no indication as to its fate. 

The purpose of this investigation is to determine, using 14c -

labelled lactic acid, the fate of endogenous lactic acid accumulated 

during activity in anurans. The main concerns were; are the labelled 

carbon atoms incorporated into specific tissues; how much of the 

lactate is oxidized aerobically; and how much, if any, of the lactate 

is excreted directly to ameliorate the acid-base disturbance. Three 

species of anurans were studied, each having a different mode of 

energy production. Rana pipiens is a primarily anaerobic frog; Bufo 

americanus is a primarily aerobic toad; and Xenopus laevis is 

intermediate in metabolic strategies, with a high v02 ,max during and 

high lactate concentrations following exercise. Whole body lactate 

concentrations were measured for Xenopus laevis following recovery 

periods of various durations after exhaustive exercise in order to 
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establish a time course for lactate removal. Oxygen consumption was 

also measured over the entire recovery period. 

MATERIALS AND METHODS 

Lactate Removal Rate and Oxygen consumption During Recovery 

Xenopus laevis were manually stimulated to be active by the 

method of Seymour (1973) and Hillman (1976). The animals were placed 

in a closed metabolic chamber (volume = 450 ml) and the chamber 

manually rotated to keep the animal constantly righting itself, after 

it had been flipped on its back. The activity bout was 10 minutes. 

An air sample was withdrawn into a 50 ml syringe following activity. 

The sample was passed through Drierite and Ascarite to absorb water 

vapor and carbon dioxide respectively, and oxygen content measured 

with a Beckman OM-14 polarographic oxygen analyser. 

The animals were immediately placed in 50 ml syringes and held 

in the dark for the recovery period. The air in the syringes was 

analysed for oxygen content after various time intervals in the manner 

described above, and the air in the syringes replenished. Values for 

• -1 -1 oxygen consumption (Vo2> are expressed as ml 02 g hr • 

Animals were sacrificed at various time intervals and whole body 

lactate concentrations measured. The method for determining whole 

body lactate was similar to that of Putnam (1978) and Bennett and 

Licht (1974). Animals were homogenized in 8\ perchloric acid (volume 

= 10 times body mass), centrifuged at 3000 g for 10 minutes and the 

supernatant filtered. The supernatant was then analysed for lactate 

with a commercial lactic acid kit (Sigma Lactic Acid Kit, No. 826-UV). 
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This assay is based on the enzymatic conversion of lactate to pyruvate 

which yields an increase in absorbance at 340 nm due to the reduction 

of NAD+. Optical density at 340 run was determined with a Perkin-Elmer 

model 1240 spectrophotometer. 

14 Fate of C -Lactate 

The fate of lactic acid after exercise was examined for Xenopus 

laevis, Rana pipiens and Bufo americanus using exogenous administration 

14 of C -lactate. 

The animals were injected, following exercise, in the dorsal 

lymph sac with 2 µCi of universally labelled c14-lactate 

cc14H3c14HoH-c14ooH) obtained from New England Nuclear (specific 

activity, 165.2 mCi/mmol). The animals were then placed in SO ml of 

water for 10 minutes. This water was then sampled (50 µl) and 

analysed for c14-lactate to determine the extent of possible leakage 

of c14-lactate from the injection site. The animals were then placed 

in a chamber with 100 ml (for X. laevis and R. pipiens) or SO ml (for 

B. americanus) of water and allowed to recover undisturbed. Recovery 

times were chosen in accordance with the observed values for whole 

body lactate removal (8 hours for X. laevis, see results) and 

literature values for R. pipiens (8 hours; Hutchison and Turney, 197S) 

and B. americanus (3 hours; Hutchison and Miller, 1979a). 

Ambient air was pumped through the chamber during the recovery 

period, and excurrent air was bubbled through two co2 traps, each 

consisting of SO ml of saturated KOH. Sampling of the KOH at regular 

time intervals throughout recovery and analysis for B-emission yielded 
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a quantitative measure of total c14o2 expired by the animal. 

At the end of the recovery period, the animals were weighed, 

then doubly-pithed and a blood sample obtained from the ventricle in a 

heparinized capillary tube. The blood sample was centrifuged for 5 

minutes to obtain a 20 µl plasma sample which was placed directly into 

10 ml of Aquasol-2 scintillation cocktail (New England Nuclear). The 

animal was then dissected and representative tissues and organs 

weighed to the nearest 0.1 mg. Samples included muscle (gastrocnemius 

or posterior thigh muscles), ventricle, lung, liver, skin and 

gastrointestinal tract. The samples were digested with 0.2 ml 

concentrated perchloric acid and 0.4 ml 80\ hydrogen peroxide at 60°c 

in an agitating water bath for 60 minutes. The resulting digest was 

cooled and 10 ml Aquasol-2 scintillation cocktail added. Samples 

were analysed for B-emission using a microprocessor controlled Beckman 

LS-9000 liquid scintillation counter. The machine was standardized 

with Beckman c14 standards and the counting time was 60 minutes or one 

2 S\ error. Results were disintegrations per minute (DPM), converted 

from the counts per minute (CPM). Details of the counting program, 

counting efficiency and DPM calculation are given in Appendix A. 

RESULTS 

Oxygen Consumption Rates and Lactate concentrations During Recovery 

The results obtained for the maximal rate of oxygen consumption 

cv02 ,max) and the rate of oxygen consumption during recovery cv02 ,rec) 

• -1 -1 are given in Figure 4. The v02 ,max was 1.09 (± se 0.14) ml o
2

·g hr 

(n=l6). The Vo2 declined rapidly after activity and was at a standard 
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v
02 

of 0.1 ml o
2

·g-1hr-l at 120 minutes after activity and remained at 

this level throughout the six hour recovery period. 

The results for whole body lactate concentrations are given in 

Figure 5. The regression line for lactate removal was (lactate] = 

-0.26 (± se -0.05) x time+ 113.15 (± se 7.49); Cr
2 

= 0.56; n=23). 

Maximal lactate levels were 128.36 (± se 13.50; n=7) immediately after 

activity (t = 0 and 15 min). Resting lactate levels of 10 mg· 
rec 

100 ml-l (Putnam, 1979b) were not attained by the end of the six hour 

recovery period, but were extrapolated from the regression line to be 

attained at t = 8 hours. rec 

Fate of Lactic Acid 

Results for the fate of lactic acid were calculated as the 

percentage of the injected 14c-labelled lactic acid DPM minus the DPM 

counted in the 10 minute post-activity recovery water (to account for 

leakage from the injection site). Results are given as percent DPM 

(%DPM) and percent DPM per gram (\DPM·g-1) and are summarized in 

Table II. 

The percentage of label recovered as co2 is presented in Figure 

6 for R. pipiens and in Figure 7 for B. ameriaanus. R. pipiens 

oxidized approximately 4% of the injected label and B. ameriaanus 

oxidized approximately 2% of the injected label. 

The liver, lung, ventricle and blood contained significantly 

more lactate, both in absolute amounts (%DPM) and mass specific 

amounts (\DPM·g-1 }, in B, ameriaanus than in R, pipiens, whereas the 

muscle of R. pipiens contains more c14 activity than the muscle of 



. -1 
B, amer-iaanus, in both \OPM and \DPM·g 

DISCUSSION 

OXygen Consumption Rates and Lactate Disappearance During Recovery 

The v02 of Xenopus iaevis dropped rapidly during recovery and 

reached standard levels in all animals within two hours of the end of 

activity. The rate of lactate disappearance does not coincide with 

the v02 • Resting levels of lactate are not achieved after six hours 
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of recovery. By extrapolation of the regression line, time of recovery 

to resting rates of lactate is eight hours. 

Hutchison and Miller (1979b) report return to resting lactate 

levels in Xenopus iaevis at nine hours. Differences in the 

stimulation technique (electrical vs. manual stimulation) may, in part, 

account for the difference. Hutchison and Miller (1979b) also obtained 

higher whole body lactate concentrations of 222 mg·lOO ml-1 • This is 

also possibly due to electrical stimulation (Putnam, 1979b; Hillman 

,!! al., 1979). Putnam (1979b) obtained higher whole body lactate 

concentrations (213 mg·100 ml-1 using manual stimulation. The 

technique used was forced swinuning, a regimen which possibly involves 

more muscle groups and possibly led to fatigue more rapidly. 

Fate of Lactic Acid 

The liver, lung, ventricle and blood contained significantly 

more lactate per gram in Bufo ameriaanus than Rana pipiens, while 

muscle contained more lactate per gram in R. pipiens than B. 

ameriaanus. Rana pipiens depends primarily on anaerobic metabolism 



TABLE II 

The fate of lactic acid in some anuran amphibians. Values are 

means ± standard error for Rana pipiens (n=4) and Bufo ameriaanus 

(n=4). Values for Xenopus laevis for 4 hour (n=2) and 8 hour 

(n=2) recovery are means. 

28 



TA
BL

E 
II

 

-1
 

%
DP

M
 

\D
P

M
·g

 

R.
 

B.
 

X.
 

Z.
ae

vi
s 

X.
 

la
ev

is
 

R.
 

B.
 

X.
 

la
ev

is
 

X.
 

la
ev

is
 

p
ip

ie
n

s 
am

er
>

ia
an

us
 

(4
 h

r)
 

(8
 h

r)
 

p
i p

i e
ns

 
am

er
ia

an
us

 
(4

 
h

r)
 

(8
 h

r)
 

-
-

V
e
n

tr
ic

le
 

0
.0

7
 

±
 

0
.2

3
 ±

 
0

.1
3

 
·0

.1
1

 
2

.0
6

 
±

 
3

.5
9

 
±

 
1

3
.0

 
6

.9
5

 
0

.0
1

 
0

.0
6

 
0

.3
2

 
0

.2
5

 

L
un

g 
0

.1
4

 
±

 
0

.3
4

 
±

 
0

.2
1

 
0

.1
5

 
1

.6
4

 
±

 
2

.3
9

 
±

 
1

2
.3

 
4

.5
9

 
0

.0
4

 
0

.0
3

 
0

.4
1

 
0

.1
8

 

L
iv

e
r 

0
.7

6
 

±
 

1
.5

4
 ±

 
2

.0
0

 
1

.0
7

 
2

.4
6

 
±

 
4

.2
1

 ±
 

8
.7

1
 

7
.3

2
 

0
.1

2
 

0
.2

8
 

0
.3

5
 

0
.2

9
 

G
.I

. 
T

ra
c
t 

0
.6

2
 

±
 

1
.2

1
 ±

 
1

.9
7

 
1

.4
8

 
1

.4
4

 
±

 
2

.0
7

 
±

 
8

.3
1

 
5

.3
2

 
0 

.1
6

 
0

.2
4

 
0

. 
29

 
0

. 
36

 

S
k

in
 

4
.6

6
 

±
 

5
.1

8
 ±

 
5

.5
2

 
5

.6
5

 
2

.3
1

 
±

 
2

.6
5

 
±

 
1

2
.9

 
1

0
. 4

 
0

.6
2

 
o.

 8
0 

0
.4

3
 

0
.1

7
 

M
u

sc
le

 
3

7
.6

 
±

 
1

7
.9

 ±
 

2
5

.9
 

3
1

.6
 

5
.5

6
 

±
 

3
.4

2
 ±

 
9

.8
3

 
1

1
.8

 
2

.5
1

 
3

.6
3

 
0

.4
2

 
0

.2
9

 

B
lo

o
d

 
3

.2
2

 
±

 
6

.5
3

 
±

 
6

.3
 

2
.9

4
 

1
.8

9
 

±
 

3
.6

7
 

±
 

1
6

.5
 

8
.0

6
 

1
.0

0
 

0
.6

5
 

0
.3

2
 

0
. 3

0 

O
x

id
iz

ed
 

4
.0

7
 

±
 

1
.9

1
 ±

 
o.

 3
1

 
0

. 
30

 
0

.6
0

 
0

.0
9

 

H
20 

6
.5

4
 

±
 

6
.6

9
 ±

 
1

6
.7

 
1

1
.4

 
0

.6
3

 
3

.7
0

 
"' '° 



30 

Figure 4. 

The rate of ·oxygen consumption (Vo
2

> in ml o2 ·g-1hr-l during 

recovery from exhaustive exercise versus time of recovery. 
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Figure 5. 

Whole body lactate concentrations (mg·lOO ml-l) during recovery 

from exhaustive exercise versus time of recovery (in minutes). 
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Figure 6. 

'l'he percentage of c14 
label injected (%DPM) recovered as expired 

14 . f R • • C o2 versus time of recovery (hours) or ana p~p~ens. 
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Figure 7. 

The percentage of c14 label injected (%DPM) recovered as expired 

c14 o2 versus time of recovery (hours) for Bufo ameriaanus. 
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during activity. It is necessary, therefore, that a readily available 

supply of glucose is available in the muscle tissue for burst activity. 

Although the experiments presented here do not include biochemical 

assays to determine the nature of the molecules that the labelled 

carbon is incorporated into, it is likely that a significant portion is 

in glycogen. Previous studies of mammalian systems have indicated that 

a large percentage of endogenous lactate is converted to glycogen 

(Hermansen and Vaage, 1977; McLane and Holloszy, 1979). Bendall and 

Taylor (1970), working with isolated frog sartorius muscle, concluded 

that almost 80\ of the endogenous lactate was converted to glycogen, 

either within the muscle or by another tissue such as the liver in the 

Cori cycle. The animal, therefore, has adequate muscle glucose for 

subsequent burst anaerobic metabolism. Storing the carbons from 

lactic acid in other compounds such as fatty acids or proteins would 

be of little value for a principally anaerobic species such as R. 

pipiens, because fat and protein are not suitable substrates for 

anaerobiosis. When large fat bodies were found during dissection, 

they were dissolved in 10 ml of scintillation cocktail and analysed 

for c14 • Very little of the c14 (approximately 0.8 \DPM·g-l) was 

incorporated into fat. 

Less c14 activity was found in the muscle of B. ameriaanus and 

more activity was found in the lung, liver, ventricle and blood. This 

species has a primarily aerobic metabolic strategy, therefore the 

demand for readily available muscle glucose reserves is less. 

Apparently more of the lactate is metabolized by tissues other than 

the muscle in B. ameriaanus. 
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Aerobic oxidation accounted for approximately 4\ of the lactate 

in R. pipiens and about 2\ in B. ameriaanus. These are much lower than 

reported values for the fate of lactate, which range from 10\ expired 

in rats (Vennesland .!.!,!.!_., 1942) to 80-90\ expired in rabbits (Drury 

and Wick, 1956). Bendall and Taylor (1970) found that isolated frog 

sartorius muscles oxidized 20\ or less of the lactate that accumulated 

during activity. Oxidation of lactate directly would, a priori, appear 

to be a likely fate of lactate. The lactate removal rate is slow, and 

the v02 is low in anurans compared to manunals, after anaerobic 

activity. Resynthesis of one molecule of glucose from two molecules of 

lactate is energetically expensive, requiring 6 ATP, therefore direct 

oxidation appears energetically favorable. 

Lactate does not appear to be oxidized by these anurans, however, 

and it appears that lactate is not preferentially metabolized. The 

animals were injected with 0.012 µmoles of labelled lactate. In a 20 

g frog which accumulated 128 mg·llO ml-l of lactate, the ratio of 

unlabelled to labelled lactate is approximately 2.4 x 10
4 : 1. Over 

the recovery period, the frog consumed about 16 ml of oxygen (0.2 ml 

-1 -1 o
2

·g hr for 8 hours). Assuming an RQ of 1, 16 ml or 710 µmoles of 

14 co2 are produced. The mean values for µmoles of c o
2 

produced for 

. . -4 R. p~p~ens was 4.4 x 10 • The ratio of unlabelled to labelled co
2 

was, therefore, 1.6 x 10
6 

: 1. This value is 67 times greater than 

the unlabelled to labelled lactate ratio. It, therefore, seems 

unlikely that the exogenous, labelled lactate is simply equilibrating 

with the general body carbon pool. Lactate appears to be 

preferentially removed by some pathway other than aerobic metabolism1 
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the endogenous lactic acid is presumably removed in the same manner. 

Sample sizes for the two groups of X. laevis are, of course, too 

small to be of significance; nevertheless, some trends are suggested 

which are of interest. After 4 hours of recovery, over one-half of the 

recovered label is found in the ventricle, lung, liver and blood. All 

of these tissues decline in %DPM·g-l after 8 hours recovery, and there 

is a slight increase in the muscle \DPM·g-l In X. laevis the amount 

of c14 recovered as co2 is negligible (less than 0.5 \DPM); this is 

consistent with other X. laevis analysed in preliminary experiments not 

reported here. It is, therefore, apparent that X. laevis oxidizes 

almost no lactate during recovery. 

There has been very little data concerning the fate of lactate, 

especially in amphibians. It has generally been assumed on energetic 

grounds, that the majority of the lactate accumulated after activity 

was oxidized (Preslar and Hutchison, 1979; Withers and Hillman, 1981). 

The data presented here indicate that oxidation contributes very little 

to the removal of lactate. 

The carcass remaining after the dissection was dissolved in 

saturated KOH in order to determine the total recovery of the c14 

activity. Total recovery was determined as the sum of the tissue 

samples \DPM, the oxidized c14o2 \DPM, the recovery waters \DPM, 

the carcass \DPM and an extrapolated estimation of the fluid lost in 

dissection (based on the difference in initial body mass and the sum 

of the tissue masses after dissection). 14 Total recovery of the c 

activity was 80.l ± 5.8\ for R. pipiens and 90.3 ± 13.0% for B. 

ameriaanus. Mahin and Lofberg (1966) report that the digestion 



technique used here may be accompanied by a 10\ loss of c14 
activity 

due to the production of c14o2• 
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APPENDIX A 

A copy of the counting program is on the following page. 

Counting efficiencies were calculated internally by the following 

formula: 

CPM (observed) - background 
% efficiency = x 100 

DPM (in sample) 

Counting efficiency was based on calibration with Beckman c14 
standards 

and was determined as: 

t . ff' . 2 3 coun ing e ic1ency = A + Bx + Cx + Ox 

where x = H number and A, B, c, D = Quench mode coefficients. 

Disintegrations per minute (DPM) is then calculated by: 

CPM (sample) - background 
DPM = ~-----------------------

counting efficiency 

The error factor a(%) error is the real error calculated and 

based on actual counting data: 

200 
± 2 a(%) = ± 

~ 
Where N is the total number of counts obtained at the time of 

calculation. 
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PROO 1 USER 

CNT CH H123 1 TI"ES 
css 1 TIMES 
SCR =2/~ 
AOC =YES 
RCH •NO 
CALC= 4 
f'ST = 60.00 MIN 
OCF = 0 HI 
CH 1 10.00 :? SIGMA 7. 

.O L.SR 

.O BKO 
.00 2 SIGMA B 

0 LL 
39"7 UL 

CH 2 10.00 2 SIGMA ~ 
.O LSR 
• 0 -B•CG 

.00 2 SIGMA E4 
0 LL 

655 lJL 
CH 3 1.00 2 SIOMA X 

.O LSR 

.O BKG 
.00 2 SIOMA 11 
397 LL. 
655 UL 

SINGLE LABEL DPM-VERS108/01/76 

1. STANDARDS ID: BUCK"AN C14 
2. UNK IIta TCJAD LACTATE 

UNt<NOUN HOR"AL IZAllON ff\Cl Ot:~:: 1 .OOfH>OOOO 
J. DATA CHANNELi 3 
4. QUENCH ftOrtE I H 

BKGRt• CONSTANT OUCNCU'!' Y 
:5. HALF LJFE<DAYS>a 0.0000 
6. CALCULATE COEFF.? N 
? • AVG Bt<GRD: 

CHAN "31 13.7900 
0. QUENCH COEFFS<A,B,C,D>: 

81.889491,- ().14BO~d. 0.0010';>2.·- 0.00000".304 
9. OUEMCH Ll"lTS<LOU,HlOU>1 :w.000000, :)B2.00000000 
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