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Abstract 
 

The desert-adapted frogs Cyclorana platycephala and Cyclorana maini survive long periods of 

inhospitably hot and dry conditions by retreating underground and aestivating. While 

aestivating they suspend food and water intake as well as physical activity, depress their 

metabolic rate by ~80 %, and form cocoons that protect them against desiccation. How 

these frogs function during this exceptional state is largely unknown. This work 

characterized a number of physiological parameters in three metabolic states spanning their 

natural metabolic range: during aestivation (depressed metabolism), at rest (normal 

metabolism), and where possible, during exercise (elevated metabolism). The primary 

objective was to identify by comparison, physiological adjustments in these parameters to 

metabolic depression, as well as the scope of these parameters in frogs capable of 

aestivation. The parameters measured for C. maini were (a) the glucose transport kinetics 

and (b) the fluid balance of an extensive number of their individual organs. For 

C. platycephala, the parameters measured were (a) the activity of the cardiovascular system as 

indicated by heart rate and blood pressure and (b) the roles of pulmonary and cutaneous 

respiratory systems in gas exchange 

 

Glucose uptake kinetics of individual organs measured using the deoxyglucose  (2-DG) 

technique were similar between the rest/fasted and the aestivation states. The technique 

therefore could not quantify relative changes in organ-specific metabolism with aestivation. 

During aestivation, as at rest, the carcass (comprised mostly of skeletal muscle and the 

skeleton), the skin, and liver were the dominant glucose using organs. On a mass-specific 

basis, the brain, heart, and kidney had the highest glucose use. Some organs exhibited 

differences in 2-DG uptake or storage: during aestivation, mass-specific glucose uptake for 

the pelvic skin, pectoral skin, and kidney was lower than at rest. The extension of the 
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technique to 48 h of 2-DG exposure revealed a greater capacity for liver, brain, and heart 

to store glucose during aestivation.  

 

Extracellular fluid spaces (ECS) of individual organs of C. maini measured using a standard 

inulin distribution technique did not change for most organs during aestivation and 

exercise. During aestivation, the skin and fat bodies had a lower ECS, however, effects 

apart from aestivation, solute redistribution during dehydration for skin and organ size for 

fat bodies could explain the differences. A lower ECS found for the skin during exercise 

could not be explained.  

 

The contributions of the skin and lungs to gas exchange were determined for C. platycephala 

by separately measuring pulmonary and cutaneous VO2 and VCO2 via flow-through 

respirometry. Resting frogs had a typical anuran skin/lung partition; the lungs exchanged 

the majority of O2 and the skin exchanged the majority of CO2. During aestivation, 

cutaneous gas exchange was profoundly reduced. No cutaneous O2 exchange could be 

detected, and cutaneous CO2 exchange was reduced to ~5 % of the total. This exceptional 

pattern in gas partitioning was presumed to be due to the impermeable nature of the 

cocoon.  

 

Heart rate was measured non-invasively via superficial Doppler cardiotachometry for 

C. platycephala during up to 19 months of aestivation. Heart rate decreased ~50 % by two 

weeks and did not change further. Blood pressure during the first month of aestivation was 

measured using an occlusive systemic arch catheter. Aestivating frogs maintained blood 

pressure at resting levels, however, the experimental method may have disrupted normal 

cardiac function. Measurements of heart rate and blood pressure for exercised 

C. platycephala did not reveal exceptional cardiovascular function for an anuran, but exercise 

heart rate was ~60 % of that reported for other similarly small frogs.  

 

These studies (a) contribute to our understanding of glucose use and extracellular fluid 

distribution in the major frog organs over a wide range in metabolic rates, (b) reveal that 

cardiovascular function in a cocoon-forming frog is similar to that of other small non-

cocoon-forming frogs during aestivation, and (c) demonstrate an exceptional pattern in 

respiratory physiology among the anura.  
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Chapter 1  

General introduction 

Frogs are unexpected inhabitants of water-scarce environments. As amphibians, not only 

do most frogs, unlike other terrestrial vertebrates, require standing water for egg deposition 

and larval development, but they are also uniquely susceptible to rapid dehydration. This 

susceptibility is due to some extent to the amphibian renal system, which cannot produce a 

concentrated urine, but is also related to the fact that amphibian skin is a poor barrier for 

reducing evaporative water loss (see Shoemaker et al. 1992). Frog skin is permeable, 

permitting ready diffusion of water and other substances. This characteristic is used to 

advantage when in contact with moist soil, as frogs in such conditions can take up water 

directly from the substrate and do not require free-standing water to replenish lost body 

water (McClanahan & Baldwin 1969, Stille 1958). However, in dry soil or in air that is not 

saturated with water vapor, frogs dehydrate rapidly (Thorson 1955). Consequently, frogs 

living in arid regions may be expected to have distinct behavioural and physiological 

adaptations that allow them to exist in an environment where water is typically scarce. 

 

A common strategy used by frogs to avoid drying conditions is burrowing. In soil with 

sufficient moisture frogs can remain hydrated (McClanahan 1972). Surface activity can then 

be limited to times when temperatures and humidity are favorable. However, if above-

ground conditions are dry and stay dry for long periods (which is often the case in arid 

regions), then burrowed frogs may spend months or even years underground (van Beurden 

1980, McClanahan 1967). During such times the soil dries, and unless action is taken, frogs 

will lose body water to the surrounding soil and desiccate. Some frogs solve this problem 

by burrowing deeper into the substrate where soil moisture is greater (McClanahan 1972, 

Cartledge et al. 2006).  Other xeric-adapted frogs form a cocoon comprised of accumulated 
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layers of shed skin (Lee & Mercer 1967). The cocoon is highly resistant to water flux and 

thus slows the rate at which the frog dehydrates (Withers 1998, Ruibal & Hillman 1981, 

Withers 1995, McClanahan et al. 1976). However, the cocoon imposes a number of 

limitations. Physical movement through the soil is impossible, as this would damage the 

cocoon. Thus, while non-cocooned anurans can burrow deeper following the hygric profile 

to moister soil (Shoemaker et al. 1969), cocooned anurans cannot. The excretion of wastes 

(other than CO2) and consumption of food are also not possible as cocoon is sealed over 

the cloaca and mouth (Lee & Mercer 1967). Cocooned frogs must therefore be able to 

tolerate and store the non-CO2 wastes they produce and be entirely reliant on body 

reserves of energy and water. It is remarkable that these frogs are able to survive with such 

restrictions on normal physiological function. 

 

For some frogs, the long periods of inactivity undertaken to avoid drying conditions are 

coupled with a pronounced metabolic depression – a reduction in oxygen consumption to 

20 – 30 % of resting (Seymour 1973a, Withers 1993). Such a reduction economizes the use 

of energy reserves and greatly extends the time a frog can spend in its inactive state. In 

extreme cases, aestivating frogs (i.e. metabolically depressed inactive frogs in a dry/hot 

environment) may survive in this state for many years (van Beurden 1980). With respect to 

reproductive success, the conservation of energy stores is very important, as frogs may 

have to quickly resume activity when conditions become favorable, as such conditions are 

often ephemeral.  

 

Aestivating within a cocoon is a survival strategy represented in a surprising number of 

anuran families. Tree frogs (Hylidae) are particularly well represented. In North America, 

the genera Smilisca and Pternohyla have cocoon-forming representatives (Ruibal & Hillman 

1981, Withers & Richards 1995, McDiarmid & Foster 1987) and in Australia, most if not all 

species within the genus Cyclorana are cocoon-formers (Withers 1995). Likewise, among the 

Australasian ground frogs (Myobatrachidae), all members of the genus Neobatrachus are also 

thought to be cocoon-formers (Withers 1995).  Other cocoon-formers are found in South 

America (Ceratophryidae) and in Africa (Hyperoliidae and Ranidae) (McClanahan et al. 

1976, Loveridge & Crayé 1979, Loveridge & Withers 1981). Metabolic data for many of 

these frogs are unavailable, but it is very likely that they all reduce metabolism similar to 

Cyclorana and Neobatrachus (Withers 1995) while cocooned. Thus, a diversity of anurans 

across several continents have independently adopted a cocoon formation survival strategy 

(which may include metabolic depression) in arid habitats. 
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It is of great interest how these animals function during aestivation, as their strategy has 

permitted continued evolutionary success in the face of environmental stressors. Their 

ability to interrupt normal physiological activities for months or years challenges standard 

views of what constitutes “normal” vertebrate function. Studies on cocoon-forming frogs 

have thus tended to focus on energy use (including the mechanisms of intrinsic metabolic 

depression), water, solute and ion balance, the structure and function of the cocoon, and 

the maintenance of tissues during disuse. These studies document similarities in cocoon 

structure, and a similar high resistance of the cocoon to water flux (Ruibal & Hillman 1981, 

McClanahan et al. 1976, McDiarmid & Foster 1987, Withers 1998, Withers 1995). Where 

metabolic rates were measured, cocoon-forming frogs had typical anuran metabolic rates 

while at rest, and achieved variable but relatively similar levels of metabolic depression 

while cocooned (Figure 1.1) (van Beurden 1984, Loveridge & Withers 1981, Withers 1993). 

Other studies stressed the importance of bladder reserves in maintaining water and ion 

balance as well as their tolerance of increases in plasma osmolality during aestivation 

(Cartledge et al. 2006, McClanahan et al. 1976, Withers & Guppy 1996).  

 

A few studies focused on tissue and cellular function during or following aestivation with 

the aim of understanding the mechanisms of metabolic depression. These studies 

established that Na+ and K+ gradients are maintained between intracellular and extracellular 

compartments during aestivation (Flanigan et al. 1993), and documented decreased activity 

in the two glycolytic enzymes examined (aldolase and glyceraldehyde-3-phosphate 

dehydrogenase) (Flanigan et al. 1990). In vitro studies of tissue-specific metabolism also 

showed decreases in metabolism for some tissues (Flanigan et al. 1993, Flanigan et al. 1991). 

Other studies demonstrated changes in the maximal activites of a number of metabolic 

enzymes, and demonstrated changes in the activity of some regulatory enzymes (protein 

kinases and protein phosphatases) which either active or deactive metabolic enzymes 

(Cowan et al. 2000). This latter observation in particular suggests an important role for the 

phosphorylation/dephosphorylation of key enzymes as a reversible mechanism for 

decrerasing metabolism during aestivation (Storey 2002). However, none of these studies 

revealed an overall mechanism or trigger for metabolic depression. More recently the focus 

has been on the maintenance of skeletal muscle function which, despite its disuse during 

aestivation, is able to resume normal or near-normal function rapidly after long periods of 

inactivity (Hudson & Franklin 2002, Hudson et al. 2006). 
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Figure 1.1 – Relationship between metabolism and body mass for anurans during exercise, at 

rest, and during aestivation at 20 ºC. Exercise and rest data (open symbols) were compiled by 

Gatten et al. (1992). Aestivating frogs (closed symbols) are represented by members of the 

genera: Cyclorana (Withers 1993), Neobatrachus (Withers 1993, Flanigan et al. 1991, Flanigan 

et al. 1993), Pyxicephalus (Loveridge & Withers 1981), and Scaphiopus (Seymour 1973a). A 

dormant Bufo (closed symbols, 200 g) is also included (Bícego-Nahas et al. 2001). Regression 

lines for rest and aestivation from Guppy and Withers (1999).  

 

In contrast to the minimum whole body metabolism during aestivation is the high 

metabolism occurring physical activity. Exercise is physiologically challenging for animals 

requiring continuous production of large amounts of ATP to power muscular contraction. 

Although there are a number of sources of ATP that are utilized during activity, including 

phosphocreatine and glycolysis (Gatten et al. 1992), ATP production is ultimately sustained 

aerobically, both during exercise via complete oxidation of metabolic substrates, or during 

recovery from exercise by oxidizing or converting incompletely metabolised products 

(lactate) into glucose or glycogen (Withers et al. 1988b). The cardiovascular and respiratory 

systems must act to meet O2 demand by greatly increasing activity. During exercise of 

extended durations, metabolic substrates must also be delivered by the circulation to 

muscle tissues. The production of CO2 and metabolic acids further challenge the 

cardiovascular and respiratory systems to maintain acid/base balance. The net effect of 

these responses with respect to metabolism, is an increase of 5 - 10 times that of rest 

(Grafe & Thein 2001, Gatten et al. 1992). In general the hypermetabolic state experienced 

during exercise defines the maximum whole body metabolic rate experienced by a frog. It 
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is considerable deviation from the basal metabolic state and even more so, from the 

hypometabolism of aestivation.  

 

My thesis expands our understanding of metabolic depression in cocoon-forming frogs 

through an examination of the function of the organs and organ systems that support 

whole organism function, specifically the cardiovascular and respiratory systems, and by the 

characterization of metabolism, metabolic substrate use (glucose use), and fluid distribution 

(extracellular fluid spaces) in a range of individual organs. I used two Australian cocoon-

forming hylid frogs: Cyclorana maini (Tyler and Martin 1977) and C. platycephala (Günther 

1873) as experimental models (Figure 1.2). Both of these frogs have resting metabolic rates 

within the normal range for anurans and each greatly depresses metabolism during 

aestivation (Withers 1993). They are common species in arid Australia and are easily 

collected from breeding choruses or temporary pools. Importantly, they readily initiate 

aestivation in the laboratory. Where possible, experiments were extended from the 

metabolically depressed state (aestivation) to a hypermetabolic state (exercise) to cover the 

physiological range of naturally occurring metabolic rates. The overall objective was to 

reveal how the changes in the functions of organs and organ systems together contribute to 

whole animal function during metabolic depression.  

 

The results of the study address the following questions: 

 

1. To what extent do specific organs alter glucose use during aestivation, and can 

these alterations be used to quantify organ-specific metabolic depression? 

A greatly depressed metabolism (80 % reduction) is one critical element in the cocoon-

forming strategy that allows frogs to make the most of limited lipid stores (van Beurden 

1980). However, whether organs share the same or different degrees of metabolic 

depression is not known. Clearly some organ systems, for example those that are essentially 

nonfunctional during aestivation such as the digestive system, may be downregulated to a 

greater degree than those that retain important functions such as the cardiovascular system. 

Yet, previous in vitro studies of organ-specific metabolic depression failed to show 

predicted decreases, as most organs (small and large intestine, liver, and fat) did not 

significantly decrease metabolism during aestivation (Flanigan et al. 1991). In vitro 

metabolism of aestivating skeletal muscle decreased less than expected to 45 – 60 % of rest, 
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and skin decreased a lesser amount, 30 – 45 %, or not at all (Flanigan et al. 1991, Flanigan et 

al. 1993).  

 

An appreciation of how individual organs and systems function during metabolic 

depression is important for a comprehensive understanding of metabolic depression in 

vertebrates. However, few methods are available for quantifying tissue-specific metabolism, 

especially in vivo. One in vivo method uses deoxyglucose (2-DG), a relatively 

unmetabolizable analogue of glucose, to calculate relative rates of glucose metabolism in 

tissues (Sokoloff et al. 1977, Reivich et al. 1982). The technique relies largely on the 

principle that cellular glucose uptake is regulated at the plasma membrane, that is, the rate 

of glucose (or its 2-DG analogue) entry into cells is proportional to cellular metabolism 

(Elbrink & Bihler 1975). Differences in rates of intracellular accumulation of 2-DG in 

organs in different states (e.g. rest vs. aestivation) may thus reveal relative differences in 

organ-specific metabolism. In glucose uptake terms, organs that maintain important 

functions during aestivation (e.g. the heart) should show a smaller decrease in glucose 

accumulation compared to organs that become inactive (e.g. digestive organs, skeletal 

muscle).  

 

In Chapter 2, I apply the deoxyglucose technique to quantify the relative metabolic rates of 

specific organs in aestivating, resting, and exercised C. maini. In aestivating frogs, It was 

predicted that inactive organs would show a reduction in glucose uptake proportional to 

their metabolic rate, while organs that retain important functions were predicted to show 

little or no reduction. Unexpectedly, glucose use was found to be similar for most organs 

between rest and aestivation states. The implication is that for most organs glucose 

transport and metabolism is de-coupled during aestivation. The use and storage of glucose 

for individual organs are discussed for individual organs. During exercise, active tissues 

(skeletal muscle and heart) were expected to show large increases proportional to increased 

metabolic rate. The results did not show an increase for the M. gastrocnemius but the carcass, 

which was comprised largely of skeletal muscle, increased glucose use roughly proportional 

to metabolism. 

 

2. How does  the  cardiovascu lar sys t em funct ion  during aes ti vat ion? 

Given the central role of the cardiovascular system in overall organism function – 

distributing the O2 necessary for aerobic metabolism, removing excess CO2 from the 



Chapter 1: General Introduction          

 

29 

tissues and distributing metabolic substrates and cell products – an understanding of 

cardiovascular physiology is critical to understanding organism function. Few studies, 

however, have considered cardiovascular responses to aestivation in cocooning-frogs. 

Studies of heart rate responses in cocoon-forming frogs are limited to the large African 

bullfrog, Pyxicephalus adspersus, which did not decrease heart rate during aestivation even 

though metabolism decreased 80 % (Loveridge & Withers 1981). However, non-cocooning 

frogs such as Scaphiopus markedly reduce heart rate during metabolic depression (Seymour 

1973b) and the toad Bufo paracnemis reduces heart rate to a lesser degree during seasonal 

dormancy1 (Bícego-Nahas et al. 2001). Blood pressure responses to aestivation are nearly 

unknown for anurans, but were unchanged in B. paracnemis while dormant (Bícego-Nahas et 

al. 2001). 

 

In Chapter 3, I compare the function of the cardiovascular system in C. platycephala during 

aestivation, at rest, and during exercise with respect to blood pressure and heart rate. Blood 

pressure measured from an arterial catheter in individual frogs is described for the first 

month of aestivation, whereas heart rate measured non-invasively by a superficial Doppler 

flow probe is described for up to 19 months of aestivation. Predicting the cardiovascular 

response to aestivation is complex but given the 80 % decrease in metabolic demand the 

overall cardiovascular function was expected to decrease. Heart rate was expected to be 

lowered, and mean arterial blood pressure was also expected to decrease in the absence of 

compensation via increased stroke volume, ventricular contraction force, or increased 

peripheral resistance. Systolic arterial pressure might be expected to remain constant, but 

diastolic pressure to decline because of a lower heart rate. These expectations were 

confirmed for heart rate, but no consistent changes in blood pressure were observed in the 

measurement period (3 – 4 weeks of aestivation). Exercise was expected to elicit heart rate 

and blood pressure responses similar to that of other frogs of a similar size.  

 

3. Does  the  cocoon af fe c t  gas  exchange? 

Coupled to the gas distribution function of the cardiovascular system are the organs of gas 

exchange. The skin is typically the major CO2 exchange organ in frogs, excreting ~75 % of 

the total resting CO2 (Hutchinson et al. 1968, Whitford 1973). The skin also has an 

                                                
1 Dormancy is characterized by a lesser reduction in metabolism; B. paracnemis reduces 

metabolism by ~45 % during dormancy 



      Physiological Adjustments to Aestivation and Activity in Cocoon-forming Frogs 

 

30 

important role in O2 uptake: ~45 % of total resting O2 uptake occurs across the skin 

(Hutchinson et al. 1968). A cocoon may present a significant barrier to normal cutaneous 

gas exchange (Loveridge & Withers 1981), but this has not been experimentally 

determined. If so, this would represent a substantial deviation from the typical anuran 

condition. 

 

In Chapter 4, I explore the relative importance of the lungs and skin in gas exchange. I 

simultaneously measured pulmonary and cutaneous VCO2 and VO2 in C. platycephala to 

determine if C. platycephala had a typical anuran pattern of skin/lung respiration while at 

rest, and to determine what impact the cocoon had on respiration partitioning. There was 

no reason to expect that resting C. platycephala has a respiratory system different from most 

frogs, thus a typical anuran skin/lung partitioning pattern was expected. While cocooned, it 

was expected that cutaneous gas exchange would be reduced. The lungs therefore would 

have a greater role in meeting total gas exchange. These expectations were confirmed.  

 

4. Is  there a redi s t r ibution o f  extrace l lu lar f lu id during aes t i vat ion? 

In principle, extracellular fluid spaces (ECS) could be altered during aestivation or activity if 

there are changes in blood perfusion, capillary filtration (a consequence of capillary 

pressure and permeability), lymphatic drainage or solute accumulation (Guyton & Hall 

2000). It is not known if changes in ECS occur during aestivation, as extracellular fluid 

spaces for most tissues have not been successfully measured. In a single experiment 

addressing organ ECS, muscle ECS was preserved (Flanigan et al. 1993). In Chapter 5, I 

examine the distribution of extracellular fluids for a number of organs in aestivating, resting 

and exercised C. maini. Values are compared among states to reveal if fluid distribution 

changes with physiological state. Values were not necessarily expected to change, but could 

if blood flow, capillary filtration or lymphatic function are altered. Changes may also be 

apparent if solutes are accumulated intracellularly versus extracellularly. The results 

establish that the ECS of most organs is conserved during aestivation and exercise.  

 

In Chapter 6, the general discussion, I explore how the function of different organs and 

organ systems contribute to the function of the whole organism in the context of its 

aestivation strategy.  
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Figure 1.2 – C. platycephala, C. maini and examples of their habitats. Top left: active 

C. platycephala, Bulloo Downs Station, Pilbara Shire, Western Australia. Top right: 

Cocooned C. platycephala after 15 months of aestivation. Middle left: Active C. maini (calling 

male), Bulloo Downs. Middle right: Anterior half of C. maini cocoon, removed at 6 months 

aestivation. Bottom left: Habitat of C. platycephala and C. maini following cyclonic rain, 15 

km South of Minilya, Carnarvon Shire, Western Australia, and during the dry season 

(bottom right), Bulloo Downs. Photographs by the author. 





 

 

Chapter 2  

Whole frog and organ-specific glucose metabolism at rest, following 
exercise and during aestivation for Cyclorana maini 

2.1 Introduction  

 

Significant reductions in oxygen consumption during aestivation are well described for a 

number of species across several families of anurans (Glass et al. 1997, Seymour 1973a, 

Withers 1993, Loveridge & Withers 1981). Metabolism is typically depressed to 40 – 20 % 

of resting levels. However, very little is known about how individual organs respond 

metabolically to aestivation. Clearly, organs that become inactive (e.g. digestive organs) 

could potentially reduce their metabolism to a greater extent than organs that remain active 

(e.g. heart or lungs). Observations of reduced mass and morphological complexity of 

digestive organs (Cramp et al. 2005) suggest that greater reductions in metabolism for these 

organs are probable. However, quantitative in vitro studies of organ-specific metabolic 

depression in aestivating Neobatrachus pelobatoides (a cocoon-former) did not reveal 

differences in metabolism for most organs, including digestive organs (small and large 

intestines, heart, skin, and fat body) (Flanigan et al. 1991). A significant decrease in skeletal 

muscle was apparent (M. iliofibularis decreased oxygen consumption by ~70 %). The 

reduction in muscle VO2, when extrapolated, could account for about approximately 70 % 

of the reduction in whole frog VO2. A similar study in Neobatrachus wilsmorei revealed 

smaller changes in muscle metabolism with aestivation (40 – 50 %) but did document a 30 

– 45 % decrease in skin metabolism (Flanigan et al. 1993). 

 

Radio-labeled 2-deoxy-D-glucose (2-DG), an analogue of D-glucose, is a molecular marker 

commonly used to measure regional metabolism in the brain (Sokoloff et al. 1977, Reivich 
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et al. 1982). Related analogues have important clinical applications: 18F-2-DG is used 

extensively to image local metabolism of the brain, heart, and in tumors via standard 

positron emission tomography (PET scans). The validity of the technique relies on the 

principles that: (1) the organ or tissue’s metabolism is correlated with glucose uptake, (2) 2-

DG is transported into cells similarly compared to glucose, and (3) 2-DG, or at least the 

radioactive portion of the marker, remains in the cell. These conditions are met by brain 

tissue, especially during the first hour of 2-DG exposure (Nelson et al. 1986). Although all 

of these conditions are not always met for other tissues, the general inability of cells to 

metabolise 2-DG has allowed the technique to be more broadly applied. This technique 

was successfully employed to measure organ-specific glucose utilization for a number of 

tissues (e.g. heart, skeletal muscle, skin) under many different conditions: exercise, anoxia, 

glucose load, toxin exposure, muscle disuse, and fasting (Issand et al. 1987, Blasco et al. 

1996, Mészáros et al. 1987, Ihlemann et al. 2000, Rodnick et al. 1997, Washburn et al. 1992).  

 

Glucose is an ever-present substrate in plasma. Although not necessarily the major 

metabolic substrate for all cells under all circumstances, glucose is a universal energy source 

and an important substrate for anabolic reactions. Given that it exists in limited quantities, 

cellular glucose utilization must be tightly regulated. The point of regulation for most cells 

is at the cellular uptake step, i.e. at the plasma membrane. It is the type, number, and 

activity of the facilitated glucose transporters in the plasma membrane that limits the flux 

of glucose into the cell, and the influx should be tuned to the metabolic demands of the 

cell (Elbrink & Bihler 1975). This relationship between glucose transport and cellular 

metabolism has the potential to reveal changes in organ-specific metabolism that occur 

during hypometabolic states like aestivation, or at times of high metabolic states such as 

during physical activity. 

 

This study examined the in vivo glucose uptake kinetics for selected organs (brain, fat 

bodies, foregut, heart, hindgut, kidneys, liver, lungs, M. gastrocnemius, ovaries, oviducts, red 

blood cells, skin, spleen, stomach, testes, and tongue) in the cocoon-forming frog, Cyclorana 

maini. Comparisons of acute (1.3 h) organ-specific glucose utilization in different metabolic 

states (resting, aestivation, and exercise) were made with the objective of identifying 

differences in relative organ-specific metabolism. Comparisons between rest and aestivating 

frogs over a longer period of 2-DG exposure (24 – 48 h) were also made to characterize 

differences in glucose utilization or storage. Oxygen consumption was concurrently 

measured to identify correlations between whole frog VO2 and glucose utilization.  
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2.2 Materials and Methods 

 

2.2.1 Animals 

Wild-caught Cyclorana maini (East Pilbara and Carnarvon Shire, CALM permit: SF004848) 

were housed at 22 ºC (12:12 photoperiod) in plastic tubs containing 1 cm of sand, leaves 

and bark from Eucalyptus sp., and a dish of water. They were fed cockroaches and/or 

crickets weekly. After several months in captivity, groups of frogs were randomly selected 

for aestivation. These frogs were placed in dry, empty 1 L plastic containers (with a 0.5 cm 

hole in the lid) and stored in 24 h darkness at 22 ºC for 6 months. They were checked 

several times during the first month and occasionally thereafter. Those that did not 

aestivate within the first week or awoke from aestivation were removed from the 

experiment. In total, two groups of frogs were put into aestivation. Frogs in resting and 

exercise treatment groups were housed together and were selected at random at the 

beginning of each trial. Food was withheld for 5  – 10 days prior to experiments.  

 

2.2.2 Experimental procedures 

(a) 1.3 h deoxyglucose uptake experiments.  

Frogs were given a single 50 µL intraperitoneal injection of a tracer amount of C14 radio-

labeled 2-deoxy-D-glucose (2-DG; specific activity = 11.1 – 13.5 GBq mmol-1, Moravek 

Biochemicals, Brea, CA) solution (600 Bq/µL 2-DG in 0.7 % saline) and placed in a sealed 

metabolic chamber (1.1 L – 1.2 L) for 1.3 h at 22 ºC. Aestivation (n = 6) and rest (n = 8) 

treatment frogs were placed in a quiet dark room and left undisturbed. Exercise treatment 

frogs (n = 8) were subjected to a series of ten exercise bouts alternating with a recovery 

period. During exercise bouts, the metabolic chamber (diameter = 12 cm) was turned by 

hand at 12 rpm for 3 minutes. A scored plastic lining inside the chamber prevented animals 

from sliding. Each bout was followed by a 5-minute recovery period.  The total time in the 

metabolic chamber was 80 minutes. This regime was chosen because frogs were able to 

walk or make short hops for the exercise duration and remained upright. As the chamber 

was sealed and the frogs possessed normal bladder volumes when placed in the chamber, 

dehydration during the exercise bouts was considered not to be factor. It was also noted 
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that frogs typically possessed bladder reserves at the end of the experiment. At the end of 

the 2-DG uptake period, VO2 was determined from a 60 mL sample of the chamber air. 

The sample was injected through a column containing 3 mL of Carbosorb (BDH 

Laboratory Supplies, Poole, England) followed by 9 mL of Drierite (W.A. Hammond 

Drierite Company, Xenia, Ohio, USA) and into a Servomex oxygen analyser (Model 574, 

Crowborough, England). Metabolic rates are expressed in mL O2 g
-1 h-1 ± SEM at standard 

temperature and pressure. It is recognized that expressing physiological variables such 

metabolic rate as a function of body mass (i.e. as a ratio) is not always appropiate and has 

the potential introduce bias into statistical tests (Packard & Boardman 1999). This is 

especially true when there are large differences in body mass between individuals. However 

it is a standard practice to express metabolism as a ratio of body mass, and in cases where 

body mass between animals is not large (as is the case for the animals in this work), the 

potential for error is small.  

 

Following the 2-DG uptake period the urine was drained using a blunt ended dissection 

probe through the cloaca and collected. For aestivating frogs the cocoon was removed and 

weighed. Body mass was measured, then frogs were double-pithed and the heart 

immediately exposed. A small incision was made in the ventricle and the blood collected in 

heparinized capillary tubes. Blood was transferred to a microcentrifuge tube and 

centrifuged for 30 minutes. The plasma and a 30-50 mg sample of the packed cells were 

analysed separately. Right and left gastrocnemius muscles, pelvic skin (~1 cm2), pectoral 

skin (~1 cm2), the remaining skin, the tongue, bladder, heart, lungs, stomach, fat bodies, 

foregut, hindgut, spleen, reproductive organs (ovaries with eggs if present, oviducts, testes), 

and the eyes, were excised. Each was rinsed briefly with water, momentarily laid flat (twice 

on each side) on filter paper to remove excess water, and placed in a pre-weighed 

scintillation vial. I made three lengthwise incisions in the bladders, and rinsed them twice 

before blotting them dry. These additional steps were taken to ensure that no urine 

remained in the bladders. All samples were weighed to ± 0.1 mg (Sartorius model AC210S, 

Goettingen, Germany). 

 

Whole organs were collected where possible; exceptions were brain, carcass, ovaries, fat 

bodies and liver. As much of the brain tissue as could be found was collected (the organ 

itself being damaged from pithing) while subsamples of the other organs were collected 

and the total Bq organ-1 extrapolated. For the ovaries, often full of eggs, half of the total 

mass was collected. For the liver, 3-4 small pieces from different lobes (30 – 50 mg total) 
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were collected. Subsamples of fat bodies ranged from 30 to 200 mg. Fat body subsample 

mass was larger for the aestivation and exercise groups than for the rest group. The carcass 

was homogenized with 50 mL of water in a blender for 30 minutes; 2 mL of the solution 

was then collected.  

 

In general, tissues were solublized in 1 mL of Soluene-350 (PerkinElmer, Waltham, 

Massachusetts, USA) at 35 ºC overnight and needed no further processing. Liver, eye, and 

ovaries required bleaching, which was accomplished by adding eight 25 µL aliquots of 

30 % H2O2 (allowing each to react before adding the next). The carcass samples, 

remaining-skin samples, and several of the larger egg samples required a total of 4 mL of 

Soluene to solublize. Subsamples of 1 mL of the latter two were taken and bleached as 

above.  

 

The radioactivity of each sample was determined by scintillation counting. For this step 

4 mL of Hionic Fluor liquid scintillation counting fluid (PerkinElmer) was added to the 

final samples, vortex mixed, allowed to stand for 4 h, vortex mixed again, and counted in a 

liquid scintillation counter (Packard model TriCarb 2300TR, Canberra, Australia). 

Quenching was corrected for using external standards. With few exceptions, the 

radioactivity of all samples was greater than 1,000 cpm as recommended by Packard for 

accurate quench correction. 

 

(b) 24 h and 48 h deoxyglucose uptake experiments  

I followed the same procedures as for the 1.3 h experiments but with the following 

differences. First, the frogs were allowed to take up 2-DG for a period of either 24 h 

(resting frog group n = 5) or 48 h (resting frog group n = 8 and aestivation frog group n = 

7). There was no exercise group. Air samples from the metabolic chambers were taken at 

24 h intervals. I presumed that if the chamber air reached a high humidity then aestivating 

frogs might arouse from dormancy, so a small amount of silica gel (~1 cm3, Nuplex 

Industries, Seven Hills, NSW, Australia) was placed in the metabolic chambers to reduce 

chamber air humidity. The injection site was the dorsal lymph sac. Fat bodies were included 

with carcass tissue. The bladder samples were not properly treated to remove urine 

contamination and were not included in the analysis.  
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2.2.3 Calculations and statistics 

(a) Deoxyglucose uptake calculations 

Total 2-DG uptake and mass-specific 2-DG uptake were calculated for each organ and for 

whole frogs. As the experimental method could only account for the 2-DG present in the 

tissues at the end of the exposure period, the term “uptake” is being used in the context of 

net uptake, i.e. it is synonymous with final intracellular 2-DG content. The measured 

radioactivity value for each organ would represent net uptake only if all 2-DG was located 

in the intracellular compartment. It was immediately apparent from the plasma radioactivity 

values that not all 2-DG had been taken up by cells. Thus, to arrive at each organ’s 

intracellular 2-DG content, the 2-DG of the organ’s extracellular fluid (ECF) had to be 

accounted for. This correction was made based on the principle that for each organ the 

total 2-DG content was equal to the sum of the intracellular fluid (ICF) 2-DG content and 

the ECF 2-DG content, so that  

 

! 

2DG
ICF

= 2DG
total

" 2DG
ECF

 .                   Equation 2.1 

The total ECF 2-DG content for each organ was calculated by assuming the concentration 

of 2-DG of the ECF was equal to the concentration of 2-DG of the plasma.  An organ’s 

total ECF content was then equal to the product of the mass of the ECF and the plasma 2-

DG concentration 
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          Equation 2.2 

The mass-specific 2-DG uptake for each organ was calculated by dividing the total amount 

of 2-DG in the ICF by the ECF-free organ mass 
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 . 

            Equation 2.3 

 

All uptake calculations relied on accurate values of ECF. I used mean treatment group 

values for Cyclorana maini organs as described in Chapter 5. This resulted in slightly different 

ECF corrections being made for organs in different treatment groups. It is possible that the 

true ECF values were actually the same for organs from different treatment groups 

(excluding skin and fat bodies where the significant differences were established), so there 

was the potential to introduce slight artificial differences into the 2-DG uptake values 

based on the different treatment ECF values used. I addressed this possibility by also 

calculating 2-DG uptake using the mean ECF for all treatments combined. When 
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comparing 2-DG uptake between treatments, significant differences found using the two 

ECF values are reported. ECF values for eyes are inaccurate, and no accurate eye ECF 

values could be found in the literature, thus comparisons do not include eyes.  

 

Total 2-DG uptake for whole frogs was equal to the sum of the organ 2-DG uptake values 

(not including eyes for the reason mentioned above, and plasma and urine because they are 

extracellular). The mass-specific uptake for whole frogs was equal to the quotient of the 

total frog uptake and the sum of the ECF-free organ masses (in addition to excluding eyes, 

plasma, and urine, the ovaries with eggs were excluded). Final values were generally 

expressed per h, per 24 h or per 48 h as appropriate (exceptions are noted).  

 

(b) Comparisons between treatment groups 

Data were analysed for the effect of treatment on metabolic rate, organ 2-DG uptake, and 

on whole frog 2-DG uptake. Differences in 2-DG uptake between organs within treatment 

groups were also assessed. Uptake was analysed both in terms of total organ uptake and 

mass-specific organ uptake. All analyses were made using Prism 4 for Macintosh 

(GraphPad Software, San Diego, CA) or, where noted, StatistiXL 1.6 (StatistiXL, Crawley, 

Western Australia). An α of 0.05 was considered significant unless otherwise noted (for 

Bonferroni correction). Equal variances were confirmed by Bartlett’s tests. In cases of 

unequal variance, data were log transformed and equal variances confirmed. 

 

Rates of oxygen consumption, standard body mass, and fat body and egg-free body mass, 

and organ fresh tissue mass, were compared for differences between treatments by 

ANOVA.  Student Newman-Keuls (SNK) post-hoc multiple comparison tests were then 

used to establish differences between treatments.  

 

Organ and whole frog mass-specific 2-DG uptake data were examined for general patterns 

of 2-DG distribution between 1.3 and 48 h in rest and aestivation treatment frogs. 

Differences between mean uptake values were assessed by ANOVA with SNK post-hoc 

multiple comparison tests.  
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Some organs initially had a high intracellular 2-DG content that decreased over time. Other 

organs continued to increase 2-DG content between 1.3 and 48 h. It was therefore 

necessary to make comparisons between the 1.3 h treatment groups independent from the 

48 h treatment groups, and vice versa as follows. 

 

Whole frog 2-DG uptake was assessed for differences between 1.3 h rest, exercise and 

aestivation treatment groups by ANOVA with a SNK post-hoc multiple comparison test. 

The 2-DG uptake responses of different organs were compared first by repeated measures 

2-way ANOVA. Total organ uptake was significantly affected by both factors, treatment (P 

< 0.01) and organ type (P < 0.001), and there was a significant interaction between the 

factors (P < 0.001). Comparisons between treatments were therefore made separately for 

each organ by 1-way ANOVA followed by SNK post-hoc multiple comparison tests. Mass-

specific 2-DG uptake of organs for different treatment groups was similarly compared by 

repeated measures 2-way ANOVA. Uptake was affected by organ (P < 0.001) but not by 

treatment (P = 0.34), and there was a significant interaction between the factors (P < 

0.001). Therefore, mass-specific 2-DG uptake was compared as above. Dunnett’s post-hoc 

test was also performed following repeated-measures ANOVA, using plasma 2-DG 

concentration as a control.  

 

Relationships between metabolic rate and the mass-specific uptake for organs in 1.3 h 

treatment groups were assessed by regression. For some organs, exponential association 

models were a better fit than liner models and are presented instead. Organs with a 

significant relationship were re-analysed by ANCOVA (StatistiXL 1.6) using VO2 as a 

covariate. This was done to determine if metabolic rate had a significant effect on 2-DG 

uptake. 

 

(c) Comparisons within treatment groups 

Comparisons of 2-DG uptake between organs within treatment groups were made by 

repeated measures ANOVA followed by Tukey-Kramer post-hoc multiple comparison 

test. Tukey-Kramer was used here instead of SNK because of the larger number of 

comparisons made. ANOVA was performed first with the carcass included to determine its 

significance, then carcass was removed and ANOVA conducted again to determine 

significant differences between the organs. This was done since the carcass was not a single 
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organ but a combination of various organs. Differences in sex organs were assessed by 

analysing males and females separately.  

 

Comparisons of whole frog 2-DG uptake between 48 h treatment groups were made with 

2-sided student’s t-tests. Comparisons between treatments for individual organs were made 

as above by repeated measures 2-way ANOVA. However, for both mass-specific and total 

organ uptake, treatment overall was not found to affect uptake, but uptake was different 

between organs. There was not a significant interaction between the factors. I then 

compared the uptake between treatments for each organ by 2-sided student’s t-tests, but 

reduced α for significance to 0.05/n (Bonferroni correction). Earlier exploratory data 

showed that brain, heart, kidney, liver, and skin had the highest levels of mass-specific 

uptake activity, so for these organs P values ≤ 0.01 were considered significant (α = 

0.05/5). Other organs were compared and P values if ≤ 0.05 are given, but are not 

considered significant. Relationships between metabolic rate and mass-specific uptake were 

assessed as above. 

 

Comparisons between organs within 48 h treatment groups were assessed by repeated 

measures ANOVA with Tukey-Kramer multiple comparison post-hoc test as above. 

Dunnett’s post-test was performed following repeated-measures ANOVA as above using 

plasma as a control.  

 

2.3 Results 

 

2.3.1 Metabolism 

The metabolic rate of exercise group frogs was ~3 times higher than 1.3 h rest frogs and 

~16 times that of 1.3 h aestivation group (ANOVA, P < 0.001, Figure 2.1). The metabolic 

rates of aestivation group frogs were lower than resting frogs (P < 0.01). Metabolic rates 

for frogs in the 48 h aestivation group were lower compared to 1.3 h aestivation group, and 

24 and 48 h rest group frogs had lower metabolic rates compared to 1.3 h rest frogs (P < 

0.05). 
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2.3.2 Body and organ masses 

Standard body mass and fatbody and egg-free body mass of frogs in 1.3 h treatment groups 

were similar (8.4 ± 0.4, 8.4 ± 0.7, and 8.3 ± 0.9 g for rest, exercise, and aestivation groups 

respectively, ANOVA). Frogs in the 48 h aestivation treatment group weighed more on 

average than 1.3 h group frogs but were not different from 24 or 48 h rest group frogs 

(12.1 ± 1.3 vs. 9.32 ± 0.6, and 9.7 ± 0.2 g). 

  

 
 

Figure 2.1 – Metabolic rates for frogs in rest, exercise, and aestivation treatment groups for 

1.3, 24 and 48 h durations. Oxygen consumption between groups was different (ANOVA, 

SNK, P < 0.05) except differences between 24 h and 48 h groups were not significant. Mean ± 

SEM. 

 

There were several differences in organ size with treatment. Foregut mass for aestivation 

frogs was ~40 % lower than for rest or exercise group frogs (60 vs. 105 and 97 mg, 

ANOVA, SNK, P < 0.001 and 0.01). Stomach mass was 23 % lower for aestivation frogs 

compared to rest frogs (180 vs. 243 mg, P < 0.01). Lungs weighed slightly (1.3 times) more 

for aestivation frogs compared to rest and exercise frogs (77 vs. 60 vs. 57 mg, P < 0.05). No 

other differences in fresh tissue mass were found between organs in different treatment 

groups. On average, aestivating frogs had 2 – 3 times more bladder urine at the time of 

dissection than rest or exercise group frogs (830 vs. 450 vs. 250 mg, P < 0.05).  
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2.3.3 Resting frog deoxyglucose uptake 

There were large differences in 2-DG uptake between organs for resting frogs (repeated 

measures ANOVA with Tukey-Kramer post hoc test, P < 0.05). With respect to total 2-

DG uptake, nearly all organs took up a similar, comparatively low amount (Figure 2.2 and 

Figure 2.3). The exceptions were the carcass, which always took up more than other organs 

(it was the largest “tissue” by mass), the liver, and the skin. Both liver and skin had 

relatively high total 2-DG uptake for 1.3 h frogs. For 48 h frogs, the total uptake for the 

skin remained high, but the intracellular content of the liver was similar to most other 

organs. 

 

In terms of mass-specific uptake, the majority of resting frog organs showed a relatively 

low uptake activity. For 1.3 h frog organs, the kidneys, brain, and heart had the highest 

uptakes (Figure 2.4), while a few organs had a moderate uptake activity (liver, pelvic skin, 

foregut, and tongue). For 48 h frogs, the pelvic skin, skin and kidneys had the highest 

intracellular 2-DG content (Figure 2.5), while the pectoral skin, brain, and hindgut had a 

moderate intracellular content. 

 

Comparisons of mass-specific 2-DG uptake over the three experimental durations, 1.3, 24, 

and 48 h show different patterns of intracellular 2-DG accumulation for different organs 

(repeated measures ANOVA, with Tukey-Kramer post hoc test, P < 0.05). Uptake for the 

carcass, spleen, skin, and pelvic skin all increased between 1.3 and 48 h of 2-DG exposure 

(Figure 2.10). In contrast, plasma 2-DG concentration, heart and liver content was 

decreased between 1.3 and 24 h and remained lower at 48 h (Figure 2.11). The brain, 

hindgut, M. gastrocnemius, kidneys, lungs, ovaries, oviducts, pectoral skin, testes, and tongue 

(not presented in figures) had no significant differences in intracellular content after 1.3 h 

of uptake.  

 

Using average ECF values to correct for extracellular 2-DG changed the significance of 

some comparisons. Non-significant increases in pectoral skin uptake became significant 

(the pattern is the same as for skin, see Figure 2.10); the increase in stomach uptake 

between 1.3 and 24 h for rest frogs also became significant (Figure 2.11).  
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Figure 2.2 – Total organ 2-DG uptake for 1.3 h rest group frog organs. Symbols indicate 

significant differences by repeated measures ANOVA with Tukey-Kramer post hoc test: (*) 

different from all other organs, (**) different from organs with uptake ≤ skin, and (***) 

different from organs with uptake ≤ tongue. Carcass was analysed separately. Mean ± SEM. 
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Figure 2.3 – Total 2-DG uptake for 48 h rest treatment group frog organs. Symbols indicate 

significant differences by repeated measures ANOVA with Tukey-Kramer post hoc test: (*) 

different from all other organs, and (**) different from organs with uptake ≤ liver. Carcass w/ 

fat bodies was analysed separately. Mean ± SEM. 
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Figure 2.4 – Mass-specific 2-DG uptake for 1.3 h rest treatment frog organs. Symbols indicate 

significant differences by repeated measures ANOVA with Tukey-Kramer post hoc test: (*) 

different from all organs, (**) different from organs with uptake ≤ liver, (***) different from 

organs with uptake ≤ red blood cells, (****) different from organs with uptake ≤ bladder, and 

(*****) different from organs with uptake ≤ fat bodies. Closed columns indicate significant 

differences from plasma by repeated measures ANOVA followed by Dunnett’s post-test 

(plasma as control). Mean ± SEM. 
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Figure 2.5 – Mass-specific 2-DG uptake for 48 h rest treatment group frog organs. Symbols 

indicate significant difference by repeated measures ANOVA with Tukey-Kramer post hoc 

test: (*) different from organs with uptake ≤ pectoral skin, (**) different from organs with 

uptake ≤ brain, (***) different from organs with uptake ≤ spleen, (****) different from organs 

with uptake ≤ tongue, (*****) different from organs with uptake ≤ stomach, and (******) 

different from organs with uptake ≤ liver. Closed columns indicate significant differences 

from plasma by repeated measures ANOVA with Dunnett’s post-test (plasma as control). 

Mean ± SEM. 
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2.3.4 Aestivating frog deoxyglucose uptake 

There were large differences in total 2-DG between organs for aestivating frogs. The 

carcass took up the most 2-DG in both 1.3 and 48 h treatments, and the liver and skin 

took up significant amounts. For 1.3 h frogs, total liver and skin uptake was similar; for 

48 h frogs, total liver uptake was lower than skin. Most other organs took up a similar and 

relatively small amount of total 2-DG (repeated measures ANOVA, with Tukey-Kramer 

post hoc test, Figure 2.6 and Figure 2.7).  

 

In terms of mass-specific uptake, the brain and kidneys had the highest intracellular 2-DG 

contents compared to organs in their respective treatment groups (Figure 2.8 and Figure 

2.9). In addition to the brain and kidneys, the mass-specific uptake for heart in 1.3 h frogs 

was significantly higher than for most organs.  

 

The comparison of mass-specific uptake between 1.3 and 48 h showed that net uptake 

increased for the carcass, spleen, skin, pelvic skin, and red blood cells (Figure 2.10). In 

contrast, both plasma 2-DG concentration and liver content was lower in 48 h frogs as 

compared to 1.3 h frogs (Figure 2.11). The brain, heart, hindgut, M. gastrocnemius, kidneys, 

lungs, ovaries, oviducts, pectoral skin, and testes (not presented in figures) had no 

significant differences in intracellular content after 1.3 h of uptake. The distribution for the 

tongue was similar to these latter organs, except for the anomalous negative uptake value 

(Figure 2.11) (this was presumably the consequence of an inaccurate ECF value for the 

tongue, I suspect that the ECF content within the lymph sinus in the tongue is variable, see 

Chapter 5). 

 

When mass-specific uptake was corrected using average ECF values, non-significant 

increases in hindgut, pectoral skin, and stomach 2-DG uptake became significant (Figure 

2.11).  
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Figure 2.6 – Whole organ 2-DG uptake rates for 1.3 h aestivation treatment group frogs. 

Carcass was compared separately. Symbols indicate significant differences by repeated 

measures ANOVA with Tukey-Kramer post hoc test: (*) different from all other organs, and 

(**) different from organs with uptake rate ≤ brain. Errors bars: ± SEM. 
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Figure 2.7 – Total 2-DG uptake for 48 h aestivation group frog organs. Symbols indicate 

significant differences by repeated measures ANOVA: (*) different from all other organs, (**) 

different from organs with uptake ≤ liver, and (***) different from organs with uptake ≤ M. 

gastrocnemius. Carcass with fat bodies was analysed separately. Errors bars: ± SEM. 
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Figure 2.8 – Mass-specific 2-DG uptake for 1.3 h aestivation treatment frog organs. Symbols 

indicate significant differences by repeated measures ANOVA with Tukey-Kramer post hoc 

test: (*) different from organs with uptake ≤ hindgut, (**) different from organs with uptake ≤ 

stomach, and (***) different from organs with uptake ≤ red blood cells. Closed columns 

indicate significant differences from plasma by repeated measures ANOVA with Dunnett’s 

post-test (plasma as control). Errors bars: ± SEM. 
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Figure 2.9 – Mass-specific organ 2-DG uptake for 48 h aestivation group frogs. Symbols 

indicate significant differences by repeated measures ANOVA with Tukey-Kramer post hoc 

test: (*) different from organs with uptake ≤ foregut. Closed columns indicate significant 

differences from plasma by repeated measures ANOVA with Dunnett’s post-test (plasma as 

control). Errors bars: ± SEM. 
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Figure 2.10 – Mass-specific 2-DG uptake for whole frogs and selected organs in rest and 

aestivation group frogs. Carcass w/fat bodies, red blood cells, spleen, skin, and pelvic skin 

increased intracellular 2-DG concentration (kBq g-1) over time for rest and/or aestivation 

group frogs (ANOVA, SNK, P < 0.05). Mass-specific 2-DG uptake for whole frogs was not 

different between groups. Points sharing a letter are significantly different from each other; * 

indicates point significantly different from the others. Mean ± SEM. 
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Figure 2.11 – Plasma 2-DG concentration and mass-specific 2-DG for selected organs for rest 

and aestivation groups. Plasma concentration and 2-DG uptake (kBq g-1) for liver and heart 

decreased over time for rest and/or aestivation frogs (ANOVA, SNK P < 0.05). Tongue values 

were not different excluding a problematic 1.3 h aestivation value. Points sharing a letter are 

significantly different from each other; * indicates point significantly different from the 

others. Mean ± SEM. 
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2.3.5 Exercise frog deoxyglucose uptake 

Similar to the other treatment groups, most exercise treatment group frog organs took up 

relatively very little total 2-DG (repeated measures ANOVA with Tukey-Kramer post hoc 

test, Figure 2.12). The carcass took up ~6 times more than any other organ; skin and liver 

also took up significantly more than most other organs. 

 

In terms of mass-specific uptake, a number of organs showed a high to moderate uptake 

activity. The heart had the highest mass-specific uptake, followed by the kidneys and pelvic 

skin (Figure 2.13).  

 

2.3.6 Comparisons between treatment groups  

(a) Whole frog deoxyglucose comparisons 

In light of the differences in body mass between 1.3 h treatment groups and 48 h 

aestivation group frogs (see Section 2.3.2), I did not compare total 2-DG uptake between 

all groups. The comparison between 1.3 h treatment groups indicated that exercise frogs 

took up more total 2-DG than rest or aestivation group frogs (ANOVA, SNK, P < 0.05, 

Figure 2.14).  Total uptake between 48 h treatment group frogs was similar (P = 0.41, 2-

sided student’s t-test) and greater than 24 h rest frog uptake (ANOVA, SNK, P < 0.05). 

 

Whole frog mass-specific 2-DG uptakes (kBq g-1) were similar between all treatment 

groups (ANOVA, SNK, Figure 2.15).  Although mass-specific uptake appeared to increase 

with the duration of 2-DG exposure for both rest and aestivation frogs, the increases were 

not significant. The variance between groups was different and remained different after log 

transformation (Bartlett’s test). Removing the 48 h rest group from the comparison 

resulted in equal variance; non-significance remained unchanged. 
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Figure 2.12 – Whole organ 2-DG uptake rates for exercise group frogs. Symbols indicate 

significant differences by repeated measures ANOVA with Tukey-Kramer post hoc test: (*) 

different from all other organs, (**) different from organs with uptake ≤ liver, and (***) 

different from organs with uptake ≤ ovaries. Carcass was analysed separately. Errors bars: ± 

SEM. 
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Figure 2.13 – Mass-specific 2-DG uptake for exercise treatment frog organs (kBq g-1 h-1).  

Symbols indicate significant differences by repeated measures ANOVA with Tukey-Kramer 

post hoc test: (*) different from organs with uptake ≤ pelvic skin, (**) different from organs 

with uptake ≤ liver, (***) different from organs with uptake ≤ spleen, (****) different from 

organs with uptake ≤ stomach, and (*****) different from organs with uptake ≤ fat bodies. 

Closed columns indicate significant difference from plasma 2 by repeated measures ANOVA 

with Dunnett’s post-test (plasma as control). Errors bars: ± SEM. 
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Figure 2.14 – Total 2-DG uptake for whole frogs in all treatment groups. Exercise frogs took 

up more 2-DG than did other 1.3 h treatment groups (ANOVA, SNK, P < 0.05). There was no 

difference in total uptake between 48 h groups (P = 0.4, 2-sided student’s t-test). 48 h groups 

took up more than 24 h rest frogs (ANOVA, SNK, P < 0.05). Values are expressed per 1.3, 24 

or 48 h. Errors bars: ± SEM. 

 

 
 

Figure 2.15 – Mass-specific 2-DG uptake for 1.3 h, 24 h and 48 h treatment groups. Mean 

uptakes were not significantly different between treatment groups by ANOVA, SNK (values 

are expressed per 1.3, 24 or 48 h). Errors bars: ± SEM. 
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(b) Comparisons between 1.3 h treatment groups 

Compared to rest, aestivating frog organs often took up a similar total amount of 2-DG 

(ANOVA, SNK, Table 2.2). Some organs took up less (bladder, foregut, testes, and 

tongue) but the carcass took up ~3 times more. Total 2-DG for the urine of aestivation 

frogs was also notably lower than for other groups. Using average ECF values to correct 

for extracellular 2-DG made the lower total uptake for the liver of aestivation frogs 

significantly different from rest. Compared to exercise, aestivating frog organs generally 

took up less total 2-DG. This was true for bladder, carcass, foregut, M. gastrocnemius, pelvic 

skin, tongue, and urine. Liver was an exception. Liver for exercise frogs took up less than 

for aestivation or rest frogs. Comparisons of total uptake between rest and exercise frog 

organs showed higher total 2-DG uptake for bladder and carcass, while foregut, liver, 

stomach and tongue had a lower total uptake (Figure 2.16).  

 

There were differences in mass-specific 2-DG uptake between 1.3 h treatment groups for a 

number of organs (Figure 2.17, values for organs without significant differences are listed 

in Table 2.2). Differences in mass-specific uptake between rest and aestivation groups were 

found for the foregut, pelvic skin, tongue, and urine (tongue uptake was negative; 2-DG 

concentration in urine was low, but aestivating frog bladders contained more urine than 

other group frogs). Using average ECF values to correct uptake values resulted in a loss of 

significance for the difference in foregut uptake, and differences for the kidneys and 

pectoral skin became significant (Figure 2.17).  

 

More differences were apparent between aestivation and exercise group frogs, and in 

general were greater in magnitude than between aestivation and rest frog organs, or 

between rest and exercise frog organs. Uptakes for a number of these organs were 

significantly related with metabolic rate by regression: bladder, carcass, gastrocnemius 

muscle, and pelvic skin (r2 = 0.23 to 0.51, Figure 2.18), and brain, hindgut, liver, spleen, and 

plasma uptakes were significantly but weakly negatively related to VO2 (r
2 = 0.21 to 0.29, 

Figure 2.19). ANCOVA did not however indicate a significant effect of metabolic rate on 

2-DG uptake for any organs. The relationship was due to a treatment effect and not to a 

VO2 effect. Using average ECF values did not alter the significance of these relationships, 

but did change the significance of three comparisons: the difference between aestivation 
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and exercise for pectoral skin, and for testes became significant, while the difference for 

hindgut became non-significant. 

 

Four differences in mass-specific uptake were found between rest and exercise groups 

(Figure 2.17). The carcasses of rest frogs took up less 2-DG than those of exercise frogs, 

the tongue and foregut took up more, and the plasma 2-DG concentration of rest frogs 

was higher. Using average ECF values to make the ECF-corrections made the uptake for 

kidneys and testes significantly different between groups, and the differences in foregut 

non-significant. 

(c) Comparisons between 48 h treatment groups 

There were differences in total uptake between organs of 48 h rest and aestivation 

treatment groups (ANOVA, SNK, Figure 2.20). The brain, heart, and liver took up more 

total 2-DG for aestivation frogs than for rest frogs. Using average ECF values to make the 

ECF-correction did not change the significance of the comparisons. Total uptake values 

for other organs are listed in Table 2.3. 

 

There were differences in mass-specific uptake between 48 h treatment groups for brain 

and heart (Figure 2.21). Mass-specific uptake was lower in these organs for aestivation 

frogs than for rest frogs. The lower uptake for brain and heart organs was weakly but 

significantly related to the lower metabolic rates of aestivating frogs by regression (r2
brain = 

0.71, r2
heart = 0.41). Similar relationships by regression were identified for plasma, liver, red 

blood cells, and spleen (Figure 2.22). However, ANCOVA did not indicate a significant 

effect of metabolic rate on 2-DG uptake for any organs. Because of the number of 

consecutive t-tests that would be required, I did not consider the significance between 

other organs. P-values less than α = 0.05 significance level are however listed with total 

uptake values in Table 2.4. Using average ECF instead of group ECF to correct for 

extracellular 2-DG did not alter the significance of any comparisons. 
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Figure 2.16 – Total 2-DG uptake for organs with significant differences between rest, exercise 

and aestivation 1.3 h treatment group frogs (Bq organ-1 h-1). Values were ECF corrected using 

treatment group ECF values. Letters indicate significant differences between treatment 

groups by ANOVA, SNK. P value = subscript, + or – preceding letter indicates gain or loss of 

significance when corrected using average ECF. Errors bars: ± SEM. 
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Table 2.1 – Total 2-DG uptake for organs with no significant differences between rest, 

exercise and aestivation 1.3 h treatment group frogs. Values were ECF-corrected using 

treatment group ECF means and comparisons made by ANOVA, SNK. Units are Bq organ-1  

h-1 ± SEM, n = 8 for rest, 8 for exercise, and 6 for aestivation 

 

Organ 
Rest 
(Bq organ-1 h-1) 

Exercise 
(Bq organ-1 h-1) 

 Aestivation 
(Bq organ-1 h-1) 

Brain 99.5 ± 15.2 51.8 ± 8.9  97.6 ± 24.9 
Eyes 293 ± 38 199 ± 26  230 ± 67 
Fat bodies 11.9 ± 4.6 8.47 ± 3.38  4.49 ± 5.33 
Heart 78.0 ± 10.1 109 ± 29  66.3 ± 16.4 
Hindgut 34.6 ± 4.4 22.8 ± 4.6  39.2 ± 6.6 
Lungs 29.4 ± 6.6 29.0 ± 4.4  40.9 ± 4.2 n = 4 

Ovaries w/eggs 139 ± 98 n = 2 159 ± 150 n = 2  40.2 ± 86.9 n = 3 
Oviducts 3.58 ± 7.13 n = 2 -15.6 ± 6.1 n = 2   -19.2 ± 29.5 n = 3 
Pectoral skin 13.7 ± 3.2 14.2 ± 2.6  6.4 ± 4.8 
Plasma 1312 ± 136 1009 ± 176  1526 ± 298 
RBC 72.2 ± 8.1 65.3 ± 5.4  69.4 ± 17.0 
Skin 722 ± 159 977 ± 155  595 ± 99 
Spleen 2.66 ± 1.26 2.59 ± 1.41  1.56 ± 0.77 

 
Table 2.2 – Mass-specific 2-DG uptake for organs with no significant differences between 

1.3 h treatment groups. Values were ECF-corrected using treatment group ECF means and 

comparisons made by ANOVA, SNK. Units are kBq g-1 h-1 ± SEM, n = 8 for rest, 8 for 

exercise, and 6 for aestivation.  

 

Organ 
Rest 
(kBq g-1 h-1) 

Exercise 
(kBq g-1 h-1) 

Aestivation 
(kBq g-1 h-1) 

Bladder 0.98 ± 0.15 3.51 ± 0.95 0.62 ± 0.65 
Brain 4.8 ± 0.7 2.9 ± 0.5 5.7 ± 1.6 
Eyes 2.0 ± 0.3 1.3 ± 0.2 1.4 ± 0.4 
Fat bodies 0.016 ± 0.001 0.031 ± 0.016 0.025 ± 0.027 n=5 

Heart 4.8 ± 0.8 5.8 ± 1.2 4.2 ± 0.9 
Liver 2.7 ± 0.4 1.7 ± 0.2 2.7 ± 0.5 
Lungs 0.62 ± 0.24 0.74 ± 0.14  0.97 ± 0.11 n=4 

Ovaries w/eggs 0.18 ± 0.09 n=2 0.11 ± 0.09 n=2 0.08 ± 0.12 n=3 
Oviducts 0.04 ± 0.07 n=2 - 0.21 ± 0.15 n=2 - 0.22 ± 0.32 n=3 

RBC 0.81 ± 0.08 0.72 ± 0.08 0.81 ± 0.17 
Skin (remaining) 1.7 ± 0.4 2.3 ± 0.4 1.3 ± 0.2 
Spleen 0.70 ± 0.17 1.0 ± 0.3 0.46 ± 0.09 
Stomach 0.85 ± 0.14 0.48 ± 0.07 0.94 ± 0.54 
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Figure 2.17 – Mass-specific 2-DG uptake for organs with significant differences between rest, 

exercise and aestivation 1.3 h treatment group frogs. Values were ECF corrected using 

treatment group ECF means. Letters indicate significant differences between treatment 

groups by ANOVA, SNK. P value = subscript, a + or – preceding letter indicates gain or loss 

of significance when corrected using average ECF. Mean ± SEM. 
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Figure 2.18 – Mass-specific 2-DG uptake for organs in 1.3 h treatment groups with a 

significant positive relationship between uptake and metabolic rate by linear or curvilinear 

regression. In all cases however, ANCOVA did not identify VO2 as having a significant 

effect on 2-DG uptake, i.e. there is a treatment effect but not a VO2 effect. 
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Figure 2.19 – Mass-specific 2-DG uptake for organs in 1.3 h treatment groups with a 

significant negative relationship between uptake and metabolic rate by linear or curvilinear 

regression. In all cases however, ANCOVA did not identify VO2 as having a significant 

effect on 2-DG uptake, i.e. there is a treatment effect but not a VO2 effect. 
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Figure 2.20 – Total 2-DG uptake for organs with significant differences between 48 h rest and 

aestivation groups. P values indicate significant differences by 2-sided student’s t-test: P  ≤ 

0.01 was considered significant brain, heart, kidney, liver, and skin. Values were ECF-

corrected using treatment group ECF means. Using average ECF means did not change the 

significance of the comparisons. Mean ± SEM. 

 

 
 
Figure 2.21 – Mass-specific 2-DG uptake for organs with significant differences between 48 h 

rest and 48 h aestivation groups (Bq organ-1 48 h-1). Using average ECF values did not alter 

significance. P-values indicate differences by 2-sided student’s t-test: P ≤ 0.01 was considered 

significant for brain, heart, kidney, liver, and skin. Mean ± SEM. 
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Table 2.3 – Total 2-DG uptake for organs with no significant differences between 48 h rest 

and 48 h aestivation groups. Values ECF-corrected using treatment means. P-values ≤ 0.05 are 

given (comparisons by 2-sided student’s t-tests) but are not considered significant due to the 

number of t-test performed. 

 
Organ 
 

Rest n = 8 

(Bq organ-1 48 h-1) 
 Aestivation n = 7 

(Bq organ-1 48 h-1) 
Carcass w/fatbodies 7189 ± 1110  6015 ± 1027 
Eyes 222 ± 55  485 ± 88 P = 0.021 
Foregut 195 ± 29  181 ± 28 
Hindgut 138 ± 28  135 ± 14 
Kidneys 281 ± 168  228 ± 95 
M. gastroc. 79.3 ± 21.6  55.0 ± 10.6 
Lungs 47.2 ± 9.6  105 ± 24 P = 0.002 

Ovaries w/eggs 248 ± 96  n = 4  205  n = 1 
Oviducts 109 ± 35 n = 5  16.2 ± 8.6 n = 2 
Pectoral skin 72.0 ± 18.3  37.7 ± 8.9 
Plasma 186 ± 38  461 ± 98 P = 0.021 
RBC 65.9 ± 14.8  84.4 ± 30.4 
Skin 3385 ± 570  2533 ± 602 
Spleen 10.1 ± 4.6  31.4 ± 13.3 P = 0.037 
Stomach 289 ± 54  296 ± 48 
Testes 19.6 ± 7.5 n = 3  71.3 ± 42.3 n = 5 
Tongue 132 ± 28  259 ± 61 
Urine 4916 ± 2820  2211 ± 532 

 
Table 2.4 – Mass-specific organ 2-DG uptake for organs with no significant differences 

between 48 h rest and 48 h aestivation group frogs. P values ≤ 0.05 (2-sided student’s t-tests) 

are given but not considered significant due to the number of t-test performed.  

 
Organ 
 

 Rest n = 8 

(kBq g-1 48 h-1) 
Aestivation n = 7 

(kBq g-1 48 h-1) 
Carcass w/fatbodies 1.61 ± 0.213 1.43 ± 0.30 
Foregut 2.01 ± 0.29 3.96 ± 0.98 
Hindgut 3.84 ± 0.62 3.80 ± 0.87 
Kidneys 17.3 ± 10.5 12.8 ± 4.9 
Liver 1.18 ± 0.22 3.14 ± 0.60 P = 0.016 
Lungs 0.92 ± 0.17 1.58 ± 0.31 

M. gastroc. 1.30 ± 0.34 0.95 ± 0.19 
Ovaries w/eggs 0.67 ± 0.18 n = 4 0.58 n = 1 
Oviducts 1.23 ± 0.32 n = 5 0.12 ± 0.02 n = 2 
Pectoral skin 4.55 ± 0.84 2.81 ± 0.62 
Pelvic skin 13.9 ± 3.1 7.65 ± 1.99 
Plasma 0.57 ± 0.09 1.87 ± 0.21 
Red blood cells 0.89 ± 0.17 2.41 ± 0.17 P = 0.004 

Skin 7.00 ± 1.34 4.14 ± 1.00 
Spleen 3.04 ± 0.70 7.2 ± 1.6 P = 0.027 
Stomach 1.50 ± 0.25 2.31 ± 0.48 
Testes 1.41 ± 0.25 n = 3 4.45 ± 2.04 n = 5 
Tongue 1.84 ± 0.34 3.63 ± 0.89 
Urine 6.67 ± 2.07 1.89 ± 0.36 
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Figure 2.22 – Mass-specific 2-DG uptake for 48 h treatment group frog organs significantly 

related to oxygen consumption by linear or curvilinear regression. ANCOVA did not 

identify VO2 as having a significant effect on 2-DG uptake, i.e. there is a treatment effect but 

not a VO2 effect. 
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2.4 Discussion 

 

2.4.1 Organ-specific metabolism during aestivation 

The primary objective of this study was to identify the contribution of different organs to 

total metabolic depression during aestivation. Descriptions of the metabolic activities of 

particular organs are intended to identify patterns of metabolic depression among organ 

systems that ultimately allow the frog to function at very low levels of O2 consumption. 

The technique used relies on changes in organ metabolism being proportional to organ 

glucose uptake. If all tissues experience a similar degree of metabolic depression during 

aestivation, then tissues should decrease glucose uptake in proportion to the decrease in 

whole body metabolism. If some organs do not metabolically depress during aestivation (or 

so do to a lesser degree than others) then glucose utilization in the remaining organs must 

have an even larger proportional decrease.  

 

The metabolic rate of aestivating frogs (1.3 h treatment group) was 80 % lower than resting 

frogs. If all organs decreased metabolism by 80 %, then 2-DG uptake for aestivating frog 

organs should be about 80 % lower compared to rest.  However, most organs did not have 

an uptake difference of this magnitude, if even a difference. In fact, the sum of all 

aestivation organ 2-DG uptakes shows that overall glucose uptake was similar to rest 

(Figure 2.15). Of the organs that did significantly decrease 2-DG uptake during aestivation, 

only the tongue, pelvic skin, bladder and foregut decreased uptake to a degree proportional 

to or greater than whole animal metabolic depression (112, 100, 70 and 67 % lower than 

rest, respectively). Although M. gastrocnemius uptake was also in this range (82 % lower than 

rest) it was statistically non-significant due to the high variability in rest values.  

 

I conclude that the 2-DG method as it was applied here is not useful for characterizing 

relative decreases in metabolism for most organs during aestivation. The method failed to 

quantify a reduction in metabolism. It seems that glucose simply is not a major substrate 

for aerobic energy production for most organs during aestivation, and hence its uptake is 

not correlated with oxygen consumption. However, the observation that most organs 

readily took up 2-DG indicates that glucose does continue to have an important role for 

most organs during aestivation. Blood glucose levels are also maintained during aestivation. 
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In Cyclorana platycephala blood glucose concentration was 1.03 ± 0.1 mmol L-1 at three 

months of aestivation, compared to 2.1 ± 0.4 mmol L-1 at rest (± SEM, n = 8 and 5 

respectively, V Cartledge, Animal Biology, UWA, personal communication). These values 

are similar to values reported for Rana pipiens at rest, 1.2 – 1.6 mmol L-1 (Fournier & 

Guderley 1993b, Hutchinson & Turney 1975). If not completely oxidized, glucose must be 

used as an anabolic substrate or stored.  

 

2.4.2 Organ-specific metabolism during exercise 

Oxygen consumption of exercised frogs was 3.2 times higher than that of resting frogs 

(0.44 vs. 0.14 mL O2 g
-1 h-1). If glucose utilization increased proportionally with metabolic 

rate, then total 2-DG uptake would be expected to increase about three fold during 

exercise. The observed increase was 2.1 times that of rest (Figure 2.16).  The sample with 

the greatest increase in uptake during exercise was the carcass, which took up 4.5 times 

more 2-DG than rest carcass. If oxygen consumption were correlated with 2-DG uptake, 

then total carcass uptake accounts for the equivalent of ~0.31 mL O2, which is 

approximately 70 % of exercise VO2 and roughly the difference between exercise and rest 

VO2. Given that the higher metabolism during exercise is due mostly to the higher 

metabolic activity of skeletal muscle (which makes up about 60 % of the carcass in this 

study2) the method appears to quantify relative organ-specific metabolism. However, 

although the gastrocnemius muscle did take up nearly twice the 2-DG during exercise 

compared to rest (1.39 ± 0.38 vs. 0.72 ± 0.28 kBq g-1 h-1), the difference was not significant 

(Figure 2.17).  Also problematic was the failure to identify metabolic rate as having a 

significant effect on carcass or gastrocnemius muscle uptake by ANCOVA (Figure 2.18).  

 

2.4.3 Organ-specific metabolism at rest 

If all resting frog organs took up glucose based on their metabolism, a correlation between 

total glucose uptake and whole frog metabolic rate would be expected. In this study, no 

such relationship was found; the linear regression of VO2 vs. mass-specific 2-DG content 

                                                
2 Whole frogs have a skeletal muscle content of approximately 30 % (Putnam 1979). The 

carcass in this study was ~52 % of the fat body and egg-free frog body mass.  
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revealed no relationship (r2 = 0.09). However, this is not necessarily evidence that the 

glucose uptake activity of individual organs is independent of organ-specific metabolic rate, 

only that overall, whole-frog uptake does not predict total oxygen consumption. If the 

metabolic rate of some organs was proportional to glucose uptake, the relationship might 

be obscured by those that were not. By assuming that glucose uptake was proportional to 

whole frog metabolism, estimates of organ-specific metabolism were calculated  
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                   Equation 2.4 

Expressed in mL O2 g-1 h-1, these estimated organ-specific metabolic rates were then 

compared to organ metabolic rates measured for other anurans by in vitro respirometry 

(Figure 2.23). The estimates agree with measured values for muscle, foregut, hindgut, and 

stomach (Adolph 1929, Fenn 1927, Flanigan et al. 1991). In contrast, the 2-DG data greatly 

overestimates heart, liver and skin oxygen consumption to lesser degrees, and it greatly 

underestimates the metabolic rate of adipose tissue. These tissues have already been 

identified as having a high or low affinity for glucose in this study. They also then, have a 

very high or low affinity especially with respect to their probable metabolic rate.    

 

2.4.4 Glucose transport and utilization in vertebrates 

Although the 2-DG method does not appear to be useful for determining the relative 

contribution of each organ to whole body metabolism particularly during aestivation, 2-DG 

uptake for some organs may nevertheless be valid indicators of relative metabolism for 

some organs. Frog organs display a broad range of glucose uptake activities and that uptake 

activities for many organs do change with metabolic state. In order to discuss further the 

results in terms of changes in glucose utilization during aestivation or exercise, a more 

detailed discussion of glucose use and of the method employed here is warranted.  
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Figure 2.23 – Organ-specific metabolic rates as measured by in vitro respirometry in several 

anurans, and as calculated from 2-DG uptake values. Values calculated from 2-DG uptake 

values assume a proportional relationship between whole animal VO2 and 2-DG uptake. 

This study1; Flanigan et al. 19912; Fenn 19273; Adolph 19294. It is implied that “Frog” is R. 

pipiens. 

 

The characteristic glucose uptake activity of a cell is a consequence of the number, activity 

and type of glucose transporters in the plasma membrane (Elbrink & Bihler 1975). 

Transporters are necessary to support the movement of glucose into or out of cells since 

hydrophobic plasma membrane is a high resistance barrier for polar molecules such as 

glucose (reviewed by Gould & Holman 1993, Mueckler 1993). Glucose transport proteins 

are classified into two functional categories: facilitative transport proteins and cotransport 

proteins or symports. Facilitative glucose transporters support the passive movement of 

glucose across the plasma membrane in all cells – the concentration gradient provides the 

driving force and determines the direction of net movement. In contrast, cotransporters 

utilize the Na+ gradient across the plasma membrane to transport glucose against its 

concentration gradient. Cotransporters occur in cells with specialized functions and 

typically work in series with facilitative glucose transporters. For example, cotransporters 

move glucose from renal filtrate on the apical side of proximal convoluted tubule cells into 
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the cytosol. The subsequent movement of glucose from the cytosol into the ECF on the 

basolateral side of the cell is accomplished by facilitated transport.  

 

All facilitative transport proteins belong to the GLUT family of proteins (GLUT1 through 

GLUT12) of which GLUT1-GLUT4 are the best-characterized and the most important for 

glucose transport. The other proteins are involved in glucose transport to a lesser degree, 

and/or the transport of other sugars (e.g. fructose) or biochemicals. The different affinities 

of GLUT transporters for glucose, their expression in different cell types, and in some 

cases their regulatable nature (e.g. by insulin3 or hypoxia) are all important for controlling 

the fluxes of glucose into or out of cells. Although the structure and affinity for glucose of 

GLUT transporters differ between animals, the functional types of transporters appear to 

be largely conserved across vertebrate species and classes (Hall et al. 2004). 

 

The rate of flux for this class of transporters can be expressed as the product of the driving 

force for movement and the conductivity (i.e. permeability) of the cell membrane (which 

includes its transporters) for glucose (flux = ∆C•P). For most cells, the ∆C (concentration 

gradient) for glucose across the membrane varies almost entirely with the extracellular 

glucose concentration. This is because glucose is typically phosphorylated immediately by 

hexokinase(s) upon entry and consequently free glucose is essentially not present in the 

cytosol of most cells. As long as plasma glucose is maintained, and enzymes like hexokinase 

remain active, ∆C will be relatively constant. The flux of glucose will be determined by the 

permeability of the membrane. Such a system supports the supposition that a cell’s glucose 

transport proteins are regulated to permit glucose entry based on cellular metabolic 

demand, and that regulation is based largely on the number, type and activity present in the 

plasma membrane.  

                                                
3 The insulin/glucagon blood sugar regulatory system of anurans appears similar to that of 

mammals, e.g. insulin increases glucose uptake in muscle and decreases hepatic glucose 

release (Miller 1961, Packard & Randall 1976, Narahara & Green 1983).  
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Figure 2.24 – Simplified diagram showing the uptake of glucose via facilitated transport and 

the major metabolic pathways of glucose in a hypothetical cell. Glucose is free to diffuse 

across the membrane until phosphorylated. Conversion of glucose to G-6-P is catalysed by 

hexokinase (2); the conversion of G-6-P to glucose is catalysed by glucose-6-phosphatase (1).  

 

Alternatively, the net flux of glucose into or out of a cell can be regulated by the activity of 

key cellular enzymes. Liver cells are very permeable to glucose (hepatocytes are high in 

GLUT2, which has a high Vmax) and are the best example. The high permeability supports 

rapid glucose flux, such that the concentration of free glucose in these cells can match that 

of the ECF even at high plasma glucose concentrations. In these cells, the rate of 

phosphorylation of glucose will determine the rate of net influx by directly modifying ∆C 

for glucose. High rates of glucose phosphorylation reduce the intracellular glucose 

concentration and increase the driving force for glucose entry, while low rates of 

phosphorylation result in a small concentration gradient and a low flux. Net glucose efflux 

from these cells occurs by the same mechanism but in reverse. The production of free 

glucose from other substrates (glycogen e.g.) can increase the intracellular glucose 

concentration to levels higher than that of the ECF, creating a ∆C in favour of net loss of 

glucose from the cell.  
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2.4.5 Deoxyglucose transport and metabolic fate in vertebrates 

Deoxyglucose differs structurally from glucose by the replacement of a hydrogen atom in 

place of a hydroxyl group on a single carbon. The missing hydroxyl group retards or 

prevents specific enzyme-catalysed reactions, rendering 2-DG a relatively unmetabolizable 

substrate. Its structure does not however, greatly alter its transport kinetics compared to 

glucose, so it is similarly transported across the plasma membrane as glucose (Idström et al. 

1986). Once inside cells it competes with glucose for phosphorylation by hexokinase 

(Figure 2.24). The product of this reaction (2-deoxyglucose-6-phosphate, 2-DG-6-P) 

cannot proceed further in the glycolytic pathway, nor can it be transported back across the 

plasma membrane. In most cells, this means that it remains trapped in the cytosol. There 

are at least three exceptions. 

 

(1) The enzyme glucose-6-phosphatase (G6Pase) is particularly active in organs that release 

glucose, i.e. the liver, the kidney cortex, and intestinal mucosa during starvation at least in 

some mammals (reviewed by Schaftingen & Gerin 2002). Importantly, it can remove the 

phosphate group from 2-DG-6-P. Unphosphorylated 2-DG is no longer intracellularly 

trapped and may diffuse out of the cell. Because most tissues appear to have a low G6Pase 

activity, glucose release is assumed to be of minor importance especially in the short term 

(Nelson et al. 1996, Hawkins et al. 1988). It is, however, of major significance for organs 

with high G6Pase activity, and potentially results in greatly underestimated glucose uptake 

rates.  

 

(2) A second fate of 2-DG-6-P is conversion to glycogen (Colwell et al. 1996, Virkamaki et 

al. 1997). In rats, most tissues synthesize glycogen from 2-DG or regular glucose at similar 

rates. Since 2-DG-glycogen probably remains in the cell, it will be accounted for by the 

experimental method used in this work. Presumably 2-DG-glycogen can undergo 

glycogenolysis and be converted back into 2-DG-6-P. For organs with a high G6Pase 

activity, it would then have the potential to be de-phosphorylated and released from the 

cell.  

 

(3) Lastly, 2-DG-6-P may be dehydrogenated by glucose-6-phospate dehydrogenase in the 

first step of the pentose phosphate pathway (Beutler & Morrison 1967). The fate of the 2-

DG product of this reaction is unknown, but the amount metabolised in this way is 
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probably relatively small for most cells. The method used in this study will account for 2-

DG that enters this pathway as long as the products remain in the cell. 

 

These metabolic pathways have the potential to invalidate the 2-DG method. However, as 

the metabolic products of the latter two reactions likely remain in the cell, the method of 

ECF-correction used in this work will account for 2-DG metabolised in these ways. The 

more serious concern is the potential of G6Pase to de-phosphorylate trapped 2-DG-6-P 

allowing it to escape back into circulation, and ultimately resulting in an underestimated 2-

DG content. The magnitude of this underestimation will be related to the rate of loss of 2-

DG from the cell. If the loss rate were low compared to the uptake rate, then the 

difference between total uptake and total accumulation would be small. This idea has 

experimental support, for example rat skeletal muscle showed little ability to 

dephosphorylate 2-DG-6-P and release it back into the plasma in vivo (estimated loss was 

~5 % of uptake per 45 minutes), thus for short experimental durations the underestimation 

is small (Jenkins et al. 1986).  Liver and brain, on the other hand, showed maximum rates of 

2-DG-6-P to 2-DG conversion of 18 and 16 % of total uptake in 45 minutes. The loss rate 

of 2-DG products was probably lower as the method used would not have counted non-

phosphorylated 2-DG products like glycogen. 

 

Considering the above limitations of the 2-DG method, I conclude that 1.3 h experiments 

for 2-DG uptake will not be greatly underestimated for most organs. In rats, liver and brain 

had the greatest potential for underestimation (Jenkins et al. 1986) and I assume that the 

same is true for frogs. Using the same estimate of 2-DG-6-P loss as Jenkins et al. found for 

rats (~16 – 18 % per 45 minutes) results in an underestimation of ~28 – 32 % (for 1.3 h). 

The actual rate of loss should be lower because the method I used for ECF-correction will 

account for conversion of 2-DG-6-P to other metabolites that remain in the cell. For 

experiments of a duration of 24 or 48 h, it is expected that tissues that are capable of 

exporting glucose or other metabolites will continually lose intracellular 2-DG (and its 

products) over time. Thus, long-term accumulation of 2-DG is not expected to be a valid 

indicator of glucose utilization in organs like liver. On the other hand, organs that do not 

normally export glucose-derived products are expected to continue to uptake 2-DG from 

the plasma and store it either as 2-DG-6-P, glycogen or some other metabolite.  
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2.4.6 Glucose utilization at rest 

There were large differences between organs in 2-DG uptake activity. In resting frogs, 

brain and heart tissue on a mass-specific basis took up much more than skeletal muscle (6.7 

times as much) and 300 times more than fat bodies during 1.3 h trials. Other organs with a 

high initial uptake activity were the kidneys and liver. Some organs continued to have high 

2-DG uptake activities at 24 and 48 h, while others showed no net accumulation or even 

net effluxes of intracellular 2-DG.  

 

After 48 h, only the carcass and skin made significant relative contributions to total glucose 

uptake (all other organs having accumulated similar low total amounts). The skin did not 

have particularly high mass-specific uptake at 1.3 h, but continued to accumulate 2-DG 

over time. By the end of the 48 h, resting skin and its subsamples were the largest single 

organs contributing to uptake and also had high mass-specific contents (especially pelvic 

skin). The implications are that skin has a very low G6Pase activity and is a major glucose-

using organ in frogs. On mass-specific basis, the carcass showed a low uptake activity 

similar to muscle, but since the mass of carcass was approximately 50 % of the total body 

mass, it is responsible for much of the total uptake. 

 

The liver and heart had the opposite pattern of the carcass and skin. Liver accumulated a 

significant total amount of 2-DG by 1.3 h, and subsequently released it over time. This 

observation is consistent with the high G6Pase activity of the liver (Jenkins et al. 1986), and 

its role in blood glucose maintenance. The similar pattern of accumulation followed by 

efflux for heart indicates that enzymatic activity of cardiac cells (likely G6Pase) supports 

the release of glucose.  

 

Comparing organ-specific glucose uptake data for C. maini to glucose utilization in other 

animals is problematic as only relative glucose uptake activities were obtained by the 

method used here. However, by expressing mass-specific uptake values as a percent of 

brain 2-DG content, some comparisons can be made with other studies that also included 

brain (Figure 2.25). No equivalent data could be found for an amphibian, but relative 

organ-specific glucose uptake could be calculated for trout (Blasco et al. 1996, Blasco et al. 

2001, Washburn et al. 1992) and rats (Issand et al. 1987, Jenkins et al. 1986). As was found 

for C. maini in this study, uptake activities for trout and rat organs range broadly. In 
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general, resting skeletal muscle and adipose tissue had low activities (<10 % and <2 % of 

brain, respectively). Notable were high activities of rat postural muscles (~170 % of brain) 

and heart compared to both C. maini and fish.  

 

2.4.7 Glucose utilization during aestivation 

Aestivating frogs experience a prolonged fast. The mammalian paradigm for metabolic 

substrate use during the fasted state is one of a profound reduction in carbohydrate use, 

and increased reliance on fatty acid metabolism. Some tissues continue to utilize 

carbohydrate (e.g. brain, red blood cells, renal medulla) but for these tissues, ketone bodies 

(β-hydroxybutyrate and acetoacetate) become the dominant fuel sources (reviewed in Cahill 

2006). A similar pattern is expected for aestivating frogs, but limited information on 

carbohydrate and ketone body metabolism is available. That lipids are the primary substrate 

for energy production has been demonstrated for a number of aestivating frogs (see Pinder 

et al. 1992). In Cyclorana platycephala, that most energy is derived from fat body lipid reserves 

is evident from both body composition studies (van Beurden 1980) and the respiratory 

exchange ratio (RER) during aestivation. The RER (ratio of CO2 production to O2 

consumption) for C. platycephala (0.69 ± 0.02) indicates a predominance of lipid metabolism 

during aestivation and contrasts with the RER of 0.86 for rest frogs (5 – 14 day fasted; see 

Chapter 4). That muscle protein is largely spared during aestivation is indicated by the 

maintenance of muscle performance characteristics (maximum force production, time to 

peak force, latency period, e.g.) after 3 months of aestivation in C. alboguttata (Hudson & 

Franklin 2002). After longer periods of aestivation (6 – 9 months), maximal force 

production was unchanged in gastrocnemius muscle but endurance did decrease. These 

observations matched histological examination of fiber type cross-sectional area in cruralis 

muscle: glycolytic fiber cross-sectional area was unchanged while oxidative fiber cross-

sectional area decreased (Hudson et al. 2006).  
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Figure 2.25 – Mass-specific glucose utilization relative to brain for selected organs in resting 

trout, rats and (1.3 h treatment group) C. maini. This study1; Jenkins et al. 19862; Washburn et 

al. 19923; Blasco et al. 19964; Blasco et al. 20015; Issad et al. 19876. 

 

Most organs had a similar short-term (1.3 h) glucose uptake activity during aestivation 

compared to the resting state. Carcass, skin and liver continued to be the dominant organs 

of total uptake, while brain, heart and kidney had the highest per mass activity. Of the few 

differences between states were mass-specific pelvic and pectoral skin subsamples, which 

showed significantly lower glucose utilization during aestivation (70 to 80 % lower than 

rest). The kidneys and foregut also had lower uptakes depending on the ECF-correction 

values used. The much lower total 2-DG content of the urine of aestivating frogs (90 % 

lower) probably indicates reduced renal filtration.  

 

It has already been noted that skeletal muscle (and the carcass, which is comprised of 

~60 % skeletal muscle after dissection) did not exhibit a difference in glucose utilization 

between aestivation and rest states. Although aestivation muscle 2-DG uptake was on 

average 80 % lower than rest, it was not significantly different (the variability especially for 

rest frog muscle was high). A significant reduction might be expected based on: the 

observed decrease of oxidative fibers in some muscles after 6 months of aestivation in C. 

alboguttata (Hudson et al. 2006), and the decreased in vitro  metabolic rate of skeletal muscle 

during aestivation in Neobatrachus (Flanigan et al. 1991). Long-term starvation (8 – 10 
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months) significantly decreased hexokinase concentration in Rana esculenta gastrocnemius 

muscle reducing it by ~60 % per wet weight (Grably & Piéry 1981). The prolonged fast 

during aestivation is different from starvation, in part by the 80 % reduction in metabolism, 

but decreases in hexokinase activity may be expected during aestivation, potentially 

contributing to a glucose sparing effect for skeletal muscle. Indeed, it is suspected that 

skeletal muscle hexokinase is inhibited during starvation in mammals by a series of 

inhibitory effects when free fatty acids (FFA) are the primary metabolic fuels (Roden 2004, 

Randle 1998). 

 

A failure to detect a significant change in glucose use in muscle has been reported in non-

working rat muscles after shorter duration fasting (Issand et al. 1987). In these experiments, 

large decreases (60 – 90 %) in glucose uptake for high glucose using organs such as 

postural muscles, heart and diaphragm, were easily detected by the 2-DG method, while 

non-working muscles, which already had a low glucose utilization, decreased glucose use 

(~30 %), but not significantly (Issand et al. 1987). In addition to muscle, glucose uptake 

decreased for other organs, like brain, but this was also non-significant. In 3-day fasted vs. 

18-day fasted trout, muscle as well as a number of other organs (brain, kidney, gills, 

intestines, skin, caecum) all used similar amounts of glucose (except hindgut, which was 

higher in the longer fast group) (Blasco et al. 2001). A failure to detect a change in skeletal 

muscle in this study could be compounded by the fact that my resting group frogs had 

been fasted for 5 – 10 days. If there was a glucose-sparing effect at this time in skeletal 

muscle, or other tissues with aestivation, a decrease in glucose uptake (or a portion of it) 

may already have been in effect for the rest group. This might explain the high variability in 

the rest group values.  

 

Over the course of 48 h, aestivating brain (Figure 2.26) and heart (Figure 2.21) accumulated 

significantly more radio-labeled product than did their rest group counterparts. For the 

brain, the rest group did not show any additional net uptake at 24 or at 48 h, while 

aestivating brain continued to accumulate 2-DG. The same pattern occurred in red blood 

cells (Figure 2.10). Such patterns could be due to slightly higher aestivation uptake activity 

for these organs that was detected only after the organs had accumulated enough 2-DG 

sometime after 1.3 h.  It could also indicate enhanced “cellular trapping” during aestivation, 

for example if G6Pase was downregulated during aestivation.  Higher G6Pase activity 

during rest would result in higher efflux rates of 2-DG from these organs. Increased 

hexokinase activity during aestivation could also enhance “cellular trapping”. However, 
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heart muscle hexokinase activity did not change during long-term fasting in R. esculenta 

(Grably & Piéry 1981).  

 

2.4.8 Glucose utilization during exercise 

Exercise greatly stimulates glucose transport and utilization by muscle cells (reviewed by 

Hayashi et al. 1997). Increased uptake is mediated by increased membrane permeability to 

glucose by the translocation of additional transporters (GLUT4) into the plasma membrane 

(Lund et al. 1995, Fushiki et al. 1989). Although much of the detail of the system has been 

established for mammals, the system appears to be similar for amphibians. Not only do 

isolated frog muscles increase glucose permeability and uptake with contraction (Booz & 

Bianchi 1993, Holloszy & Narahara 1965) as in mammals (Idström et al. 1986, Ploug et al. 

1984, Berger et al. 1975), but GLUT4 transporters have been described for fish muscle and 

adipose tissue (Capilla et al. 2004, Planas et al. 2000).  However, a difference was not found 

between rest and exercised glucose utilization for M. gastrocnemius in this work. Carcass 

glucose use was 5 times that of rest (~60 % of the dissected carcass was skeletal muscle).   

 

 

Figure 2.26 – Brain mass-specific 2-DG uptake for rest and aestivation frogs. Points sharing a 

letter were significantly different (ANOVA , SNK, P < 0.05).  Mean ± SEM. 

 

There are reports of skeletal muscle in frogs producing and exporting glucose to the plasma 

following exercise, especially during recovery. Such effluxes from muscle could result in a 

decrease of the intracellular content of 2-DG in the skeletal muscles, resulting in 

underestimated glucose uptake. Support for glucose production and release from muscle 
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comes from the observation that intracellular glucose concentration is higher than plasma 

concentration after burst activity and during the first hour of recovery (Fournier & 

Guderley 1993a). Such high concentrations could only occur by intracellular glucose 

production from glycogen breakdown (active transport of glucose from plasma into the 

muscle could also explain the observation but there is no evidence for such transporters in 

skeletal muscle). Since frog muscle remains permeable to glucose after exercise (Holloszy & 

Narahara 1965) glucose would diffuse out of cells. Given the alternating bouts of exercise 

and rest C. maini underwent in this work, glucose production and efflux likely occurred in 

the M. gastrocnemius resulting in underestimation of glucose uptake.  

 

The other main differences in organ glucose utilization during exercise were the lower 

activities of the liver and kidneys compared to rest. The number and types of facilitated 

transporters in the liver (especially GLUT2) should make it very responsive to changes in 

the concentration of glucose in the ECF. The lower 2-DG uptake of the liver may be a 

result of the lower plasma concentration of 2-DG during exercise. In fact, for both states 

the concentration of plasma is a reasonable predictor of liver 2-DG content (Figure 2.27).  

 

Figure 2.27 – Relationship between plasma 2-DG concentration and liver 2-DG content for 

1.3 h treatment groups. Exercise and rest frog plasma concentration is significantly related to 

liver concentration (r2 = 0.75, P < 0.006 and r2 = 0.89, P < 0.004 for exercise and rest, 

respectively). There was no relationship for aestivation frogs (r2 = 0).  
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2.4.9 Summary 

This study characterized the relative glucose uptake kinetics for a number of different 

organs in C. maini at rest (5 – 10 day fasted), during aestivation and following sustainable 

exercise. Major glucose using organs are identified in terms of total glucose uptake and 

mass-specific affinity for glucose. For all treatments, the carcass, skin and liver contributed 

the most to total uptake, but were also the largest tissues by mass. In mass-specific terms 

the brain, kidney, and heart had high affinities for glucose, although the brains during 

exercise had a much lower relative role. The 2-DG technique as applied here did not 

quantify the relative decreases in organ specific metabolism occurring with aestivation as 

glucose uptake was similar for most organs between the two states. This indicates that with 

respect to glucose utilization, fasted frogs and aestivating frogs have similar transport 

kinetics and initial enzymatic reactions (e.g. phosphorylation of 2-DG). However, higher 2-

DG accumulation for liver and brain after 48 h during aestivation shows a difference in 

function. The difference could be due to a greater capacity for these organs to store glucose 

during aestivation and is interpreted as a probable consequence of downregulation of 

pathways that permit glucose efflux (e.g. G6Pase activity).  





 

 

Chapter 3  

Cardiovascular physiology of Cyclorana platycephala at rest, during 
aestivation and following exercise   

3.1 Introduction 

 

Aerobic metabolism in C. platycephala is maintained during aestivation at a remarkably low 

rate. Compared to resting frogs at the same temperature, aestivating frogs use 70 – 80 % 

less O2 (Seymour 1973a, Withers 1993). A likely consequence of a lowered demand for O2 

uptake and CO2 excretion is a reduction in cardiovascular function, with decreases in 

cardiac output (decreased heart rate and/or stroke volume), the force of ventricular 

contraction, and adjustments in total peripheral resistance, all potential responses.  

 

Previous experiments describing cardiovascular function in aestivating or dormant anurans 

(Bufo, Scaphiopus, Pyxicephalus) typically measured heart rate (Whitford 1969, Seymour 1973b, 

Loveridge & Withers 1981) and sometimes blood pressure (Glass et al. 1997, Bícego-Nahas 

et al. 2001). However, these studies did not reveal a consistent pattern among the few 

species studied. A decrease in heart rate proportional to the metabolic decrease was found 

for some anurans. For S. couchii and S. hammondii, an 80 % decrease in metabolism was 

accompanied by a 70 – 80 % decrease in heart rate (Seymour 1973a, Seymour 1973b), while 

for Bufo paracnemis, a 45 % decrease in metabolism occurred with a 35 % decrease in heart 

rate (Glass et al. 1997, Bícego-Nahas et al. 2001). The only cocoon-forming species 

previously studied, Pyxicephalus adspersus, had a large metabolic decrease (75 %), but not a 

decreased heart rate (Loveridge & Withers 1981). Blood pressure during aestivation has 

been measured for Bufo paracnemis, and it was similar to rest (Glass et al. 1997). The 

maintenance of normal blood pressure during bradycardia in B. paracnemis suggests that 
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autonomic regulation is not depressed, at least in anurans that modestly depress 

metabolism and heart rate during aestivation (B. paracnemis depresses metabolism ~45 % of 

rest).  

 

In addition to the effect of decreased metabolic demand, changes in the respiratory system 

function may also have the potential to adjust cardiovascular system function.  In 

C. platycephala, the normal combination of cutaneous and pulmonary gas-exchange is 

disrupted by the presence of a cocoon (see Chapter 4). The cocoon, which is comprised of 

many layers of shed skin, restricts evaporative water loss from the skin – an indispensable 

function in the dehydrating conditions in which these frogs aestivate (van Beurden 1982, 

Withers 1995).  Yet the cocoon also restricts nearly all cutaneous gas exchange. As the skin 

is normally the major avenue for CO2 excretion, compromising cutaneous gas exchange 

may place an additional demand on the cardiovascular system during aestivation/metabolic 

depression. The flow of blood to the skin (from the pulmocutaneous arch) is known to 

decrease when the skin is exposed to environmental hypoxia (Boutilier et al. 1986), such a 

change being the result of an alteration in vascular resistance (either increased cutaneous 

resistance or decreased pulmonary resistance). Given that the cocoon effectively prevents 

diffusion of O2, the skin under the cocoon may be relatively hypoxic. It is predicted that 

similar changes in vascular resistance may then occur.  

 

I aimed to characterize cardiovascular system function in the cocoon-forming C. platycephala 

by measuring blood pressure and heart rate during aestivation. Heart rate was predicted to 

decrease in proportion to metabolic depression as observed in other small aestivating frogs. 

It was assumed that this would occur without a large change in stroke volume and thus 

would reflect decreased cardiac output. It was predicted that the well developed autonomic 

regulatory systems of anurans (see West & Van Vliet 1992) would remain active during 

aestivation. Thus, adjustments to peripheral resistance or force of contraction would 

attenuate changes in normal blood pressure. On the other hand, a greatly altered blood 

pressure would reflect changes in autonomic regulation. Since anurans appear to respond in 

different ways to aestivation, any predictions were tentative. This study also characterized 

the metabolic scope of C. platycephala and examined the cardiovascular response to exercise, 

a physiological state with a high metabolism.  
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3.2 Materials and Methods 

 

3.2.1 Animals 

Wild-caught Cyclorana platycephala (Carnarvon and East Pilbara Shire, Western Australia, 

collected under CALM permit No. SF004848) were housed at 22 ºC with a 12-12 

photoperiod. They were kept in groups of 4 – 8 in 55 L plastic tubs either positioned at an 

angle and partially filled with water such that there was a dry area at one end and a pool at 

the other, or partially filled with sand with a 2 L container of water. In tubs without sand a 

small Eucalyptus sp. branch provided cover. In both situations, frogs appeared to spend 

most time in or adjacent to the water, although some did burrow in the containers with 

sand. Frogs were fed cockroaches or crickets once per week. Food was withheld for 5 – 14 

days before experimentation. Frogs were selected for experiments after several months in 

captivity. The selection was not entirely random as frogs with a larger body mass (> 20 g) 

were favoured due to the larger size of their systemic arch for cannulation. 

 

3.2.2 Superficial Doppler cardiotachometry 

Heart rate was measured non-invasively using a clinical 8 MHz vascular Doppler (Model: 

IMEXDOPCT+, Nicolet Vascular / VIASYS Healthcare, Madison, WI, USA). A layer of 

petroleum jelly (~2 mm) was applied to the Doppler probe tip which was positioned on the 

dorsal surface of the frog roughly 5 mm from the midline, adjacent to or on the posterior 

margin of the skull. The occipital artery is located in this region and was presumed to be 

the vessel from which the signal was obtained, but this was not verified. During 

measurement, the probe was held in place using an adjustable laboratory flask clamp 

(model unknown but similar to model C300, CR Scientific, Lebanon, NJ, USA). The 

laboratory clamp was attached to the stage mechanism of a microscope, allowing fine 

control of the probe tip in the verticle plane. The jelly on the probe tip was thick enough 

such that the probe tip was not in physical contact with the frog. A sheet of plastic wrap 

was placed over the container to minimize air movement over the frog. Raw audio output 

from the Doppler was digitally recorded (Figure 3.1; Audacity software, v1.2.2, lead 

developers: M. Brubeck, J. Haberman, D. Mazzoni). Audio files were then later amplified 

(Cyberamp 380, Axon Instruments Inc, Foster City, CA, USA) and re-recorded using a 

MacLab data acquisition system (ADInstruments Pty. Ltd., Bella Vista, NSW, Australia).  
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Figure 3.1 – A 1 min selection of a superficial Doppler audio recording of an aestivating 

C. platycephala. Pulses of blood were easily identified. Ordinate units are dB.  

 

Aestivation was initiated by putting frogs (n = 29, average mass: 23.3 g, range: 12 – 34 g) 

individually in empty 1 L plastic containers with a small hole (0.5 cm diameter) in the lid. 

They were housed at 22 ºC with a 24 h dark photoperiod for up to 19 months. I monitored 

them several times a week for the first few weeks and once per month thereafter. Those 

that did not form a cocoon or aroused from aestivation before measurement were removed 

from the experiment. At all times, efforts were made to minimize disturbance. 

Measurements were made in the constant temperature room used to house aestivating 

frogs. The room was kept completely dark, except for a very dim light used during the 

positioning of the probe; the light was turned off afterwards. Only the experimenter ever 

entered the room, and did so only when necessary. Frogs were not removed from their 

aestivation containers for measurement (the lids were removed to provide access).  

 

Heart rate was measured between 2 to 575 days after initiating aestivation. Each frog was 

measured once. On average, 17 continuous hours of data were collected for each frog 

measurement (range = 1.2 – 27 h, median = 21 h). However, especially during the first 2 

weeks of aestivation, some frogs shifted their position away from the probe and the signal 

was lost, and on a few occasions, frogs awoke from aestivation. Following measurement, 

oxygen consumption was determined by closed system respirometry. The frog in its 

aestivation container was sealed in a 1.2 L container for 6 – 8 h. A 60 mL sample of the 

chamber air was then removed through a stopcock.  The air sample was injected through a 

column containing 3 ml of Carbosorb (BDH Laboratory Supplies, Poole, England) 

followed by 9 ml of Drierite (W.A. Hammond Drierite Company, Xenia, Ohio, USA) and 

into a Servomex oxygen analyser (Model 574, Crowborough, England). Metabolic rates are 

expressed in ml O2 g
-1 h-1 ± SEM at standard temperature and pressure.  
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3.2.3 Blood pressure 

Arterial blood pressure was measured from the left systemic arch using an occlusive 

catheter, standard small animal pressure transducers (model MLT0380, ADInstruments; 

model P23XL, Spectramed, Oxnard, CA, USA), amplifiers (model ML110, 

ADInstruments), and a MacLab data acquisition system using Chart software 

(ADInstruments). Transducers were filled with sterile 0.7 % saline solution and calibrated 

before and after measurements using a column of water (2-point calibration at 0 and 40 cm 

of water). The transducer was connected to the catheter during blood pressure 

measurement with a length of saline-filled PE-90 tubing. The catheter consisted of a 10 cm 

length of Micro-Renathane tubing (.025 inch O.D., MRE-0.25, Braintree Scientific Inc. 

Braintree, MA, USA) the ends of which were heat flared. When not connected to the 

transducer, the catheter was occluded with a removable plug made from a 27-gauge 

disposable syringe needle. To make the plug, the needle was filled with silicone and then 

cut from its mounting. Catheters and plugs were sterilized in 95 % ethanol and catheters 

were filled with 100 IU heparinized 0.7 % saline solution prior to use. During 

measurement, the frog in its container was placed on a raised platform so that the heart 

was at the same level as the transducer.  

 

Frogs were anaesthetized for surgery in an aqueous pH 7 solution of MS-222 (0.25 %).  A 2 

cm incision was made first through the skin, and then through the body wall. The incisions 

extended from the ilium to near the posterior margin of the skull along the upper edge of 

the lateral aspect of the body. The left systemic arch was drawn out of the body cavity and 

permanently ligated with a loop of suture at its downstream connection with the dorsal 

aorta (Figure 3.2). Two loops of suture (6-0 or 7-0 silk suture was used throughout; 

Atlantic Pacific International Inc, Atlanta, GA, USA) or a disposable arterial clamp (model 

TKS-1, AROS Surgical Instruments Corp, Newport Beach, CA, USA) were used to 

temporarily stop blood flow upstream from the point of catheter entry into the vessel. A 

small cut was made in the vessel and the catheter was inserted, and advanced cranially 

(approximately 5 – 10 mm). Two loops of suture were then gently tightened around the 

vessel and catheter and the clamp, if used, removed. The catheter was anchored to the 

musculature of the anterior surface of the ilium using two loops of suture, and then the 

incision in the muscle wall closed. Lastly, the catheter was anchored to the skin adjacent to 

the ilium, and the incision in the skin closed. Frogs were revived in running tap water and 

allowed to recover for 24 – 48 h before measurement. 
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Reliable pressure signals were obtained from most catheters for the initial 1 – 6 days 

following surgery. However, some gave intermittent or attenuated signals and these frogs 

were removed from the experiment. Catheters that were patent at day 6 typically remained 

functional for 2 – 3 weeks.  

 

Measurement began between 11 AM and noon and was concluded by 4 to 6 PM. 

Measurements were made in a controlled temperature room at 22 ºC in darkness. Before 

and after measurement, catheters were flushed with sterile saline and refilled with 

heparinized saline solution. Metabolic rates were measured the following day by closed 

system respirometry using the same procedure as in superficial Doppler experiments.  

 

Aestivating frog blood pressure (n = 10, standard mass = 16.9 – 25.0 g, mean = 22.9 ± 1.7 

g) was measured 3 – 6 days after aestivation was initiated, and every 3 days thereafter for 

the functional life of the catheter. Some frogs appeared visibly alert at day 3; measurements 

were therefore delayed until day 6 of aestivation. Aestivation was initiated by placing frogs 

in dry 1 L containers fitted with lids as in non-invasive experiments. Frogs were not 

removed from their containers for measurement, as the catheter could be accessed by 

removing the lid. To reduce airflow over the frogs during measurement, the lid was set on 

top of the container. Other efforts made to minimize disturbance during measurement 

were similar to those used in non-invasive experiments, including using a very dim light for 

illumination when connecting the catheter to the transducer. In addition, frog containers 

were placed inside a wooden or metal cabinet and covered with a cloth. When not being 

measured, aestivating frogs were kept in a cabinet lined with sound absorbing material in 

the same constant temperature room in which measurements were made. 
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Figure 3.2 – Schematic diagram of the anuran arterial system. Blood pressure was measured 

from an occlusive catheter surgically implanted in the left systemic arch (II). The vessel was 

ligated at 1, the catheter entered the vessel at 2, and was advanced to 3. Carotid arch, I; 

pulmocutaneous arch, III; occipital artery, occ; subclavian artery, sub; mesentaric artery, mes; 

vertebral artery, vert. Adapted from Ecker (1889). 

 

Resting frog blood pressure (n = 17, standard mass range = 21.9 to 44.1 g, mean = 30.3 ± 

1.8 g) was measured under similar conditions as aestivating frogs. Resting frog catheters 

typically did not perform well 3 – 6 days after the rest measurement, and these frogs were 

therefore not used in aestivation experiments. Exercise blood pressure was measured from 

15 of the rest frogs immediately following the 4 – 7 h rest measurement period. After 

disconnecting the catheter, frogs were exercised for 3 min, and then re-connected to the 

transducer for measurement. Frogs were exercised in a 55 L plastic tub, partially filled with 

water and positioned at an angle so that there was a pool at one end and a dry area at the 

other, by encouraging them to hop and swim continuously about the arena by touching 

their posterior. Frogs appeared to be near exhaustion between 2 – 3 min. A few refused to 

move after 2 min. After the exercise period, or at the point where a frog refused to move, 

the catheter was re-connected and the frog placed back in the 1 L container. This took 30 

to 60 s. The first 30 s of data collected after reconnecting the catheter was used as 

representative of the exercised state.  

 

Additional oxygen consumption and Doppler heart rate data were also collected for 

comparative purposes. Metabolic rate was measured for a number of similarly fasted, but 

non-outfitted resting frogs (n = 58, standard mass 14.3 – 37.2 g, mean 23.4 ± 0.6 g) using 
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the same closed respirometry procedure as for other rest frogs. To measure the metabolic 

rate during exercise, I sealed non-outfitted frogs (18 of the 58 frogs used for rest 

metabolism, standard mass 27.8 ± 2.0 g) in a metabolic chamber (500 mL) and rotated the 

chamber so that the frog was continuously forced to right itself. This was done for 3 min 

and all frogs appeared visibly exhausted using this protocol.   A 60 mL sample of the 

chamber air was sampled through a stopcock in the chamber lid and processed as above. In 

another group of non-outfitted frogs (n = 8, standard mass 21.4 ± 1.4 g), the same exercise 

protocol was followed as used for catheterized frogs, except the superficial Doppler 

method was used to measure heart rate. The Doppler probe was manually held in place for 

3 min following exercise. Mean heart rate was calculated over 30 s intervals for 3 min. 

Heart rate decreased an average of 0.5 beats min-1 per 30 s interval. The frogs used in these 

experiments came from the general population of frogs being maintained and were 

eventually returned after measurement, thus it is likely that some of these frogs were later 

used for other experiments.  

 

3.2.4 Analysis 

Average heart rates were calculated over 3 min intervals for non-invasive Doppler data4, 

and over 5 min intervals for blood pressure data using Chart software v5.5 

(ADInstruments Pty. Ltd.). An overall average heart rate for each trace was calculated from 

the 3 or 5 min averages. The lowest heart rate over a 1 h period was calculated for frogs in 

Doppler experiments. Blood pressures were similarly calculated over 5 min intervals and an 

average for the whole measurement period calculated. Mean arterial pressure (MAP) was 

calculated using the standard mammalian formula ((2xdiastolic) + systolic))/3. The first 30 

min of data was disregarded to allow time for frogs to calm down after being connected to 

the transducer. The lowest average MAP over a continuous 30 min period was also 

calculated. Averages are given with ± SEM unless otherwise stated. 

 

                                                
4 Three min was chosen instead of 5 for the Doppler traces because the instrument 

automatically turned off every 3 min. An improvised override turned the machine 

immediately back on, but also created a spike in the recording that interfered with the rate-

counting function in Chart.  
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Differences in heart rate and metabolic rate for Doppler experiments were assessed by first 

assigning frogs to one of four categories based on the time spent in aestivation: week 1 – 2, 

week 3 – 4, month 3 – 6, or 12+ months. Differences between category means were then 

compared by ANOVA with Student-Newman-Keuls post-hoc multiple comparison tests 

(Prism v4.0 for Macintosh). As there were no resting heart rate measurements for frogs in 

the Doppler experiment, I compared Doppler heart rates to resting heart rates from blood 

pressure experiments. 

 

Differences in MAP, heart rate and metabolic rate for the blood pressure experiment were 

analysed twice. First, aestivation MAP, heart rate and oxygen consumption data for six 

frogs for which data were collected for at least 18 days were analysed by repeated measures 

ANOVA with SNK. In the second analysis, the weekly average for each frog was 

compared to resting frog values by ANOVA with Dunnett’s test. I used 2-sided paired t-

tests to compare the exercise blood pressure and heart rate to resting values.  

 

Outfitting frogs with an occlusive arterial catheter could potentially alter cardiovascular 

function and metabolic depression. To assess this possibility I compared invasive heart rate 

and metabolism to equivalent data collected non-invasively. Aestivation heart rate of 

catheterized frog was compared to that measured by superficial Doppler by ANOVA with 

SNK. A similar comparison between exercise heart rates was made by 2-sided t-test. 

Average metabolic rates were compared for all groups by ANOVA. 

 

3.3 Results 

 

3.3.1 Resting frogs 

Heart rate for catheterized resting frogs was variable, ranging between 10.4 – 39.7 beats 

min-1 with an average of 19.0 ± 1.8 beats min-1 (Figure 3.3 and Table 3.1). MAP was 21.8 

mm Hg at rest and was also variable (range: 16.3 – 26.6 mm Hg; Figure 3.4 and Table 3.1). 

Frogs outfitted with a catheter had a mean resting metabolic rate of 0.031 mL O2 g
-1 h-1, 

which was significantly lower than that of non-outfitted frogs (0.060 mL O2 g-1 h-1) 

(ANOVA, SNK, P < 0.001; Figure 3.5). 
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Figure 3.3 – Rest and exercise heart rates for individual catheterized frogs. Rest values are 

means for 4 – 7 h between 11 AM and 6 PM, error bars: ± SD. Short line above and below 

individual rest values indicate continuous 30 min maximum and minimum, group means are 

indicated by horizontal lines. Individuals are ordered from lowest resting heart rate to 

highest.  
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Table 3.1 – Cardiovascular variables for catheterized frogs and exercise Doppler experiment 

frogs. Mean ± SEM. Rest and aestivation heart rate and blood pressure were similar 

(ANOVA, Dunnett’s test). Aestivation metabolic rates were lower than rest, but not different 

from each other (ANOVA, SNK, P < 0.01). * Exercise heart rate and diastolic blood pressure 

increased significantly with exercise (2-sided paired t-tests, P < 0.001, P = 0.0029). ** Exercise 

heart rate for catheterized frogs was higher than exercised frogs measured by Doppler (2-

sided t-test, P = 0.009). 

 
 No. of 

frogs 

Standard 

Mass (g) 

Metabolic Rate 

(mL O2 g-1 h-1) 

Ave HR 

(beats min-1) 

Ave Systolic 

(mm Hg) 

Ave Diastolic 

(mm Hg) 

Rest 17 28.9 ± 1.7 0.032 ± 0.001 19.0 ± 1.8 31.7 ± 1.03 17.0 ± 2.8 

Exercise 16 29.4 ± 1.7 *** 56.5 ± 1.8* 32.2 ± 1.5 20.5 ± 0.7* 

Exercise  

(Doppler) 

8 21.4 ± 1.5  
 

48.5 ± 1.8**   

Week of  

Aestivation 

   

1 10 22.8 ± 1.7 0.025 ± 0.001 11.0 ± 0.5 33.0 ± 1.0 21.3 ± 0.7 

2 9 22.1 ± 1.7 0.023 ± 0.001 12.1 ± 0.7 33.8 ± 1.1 21.3 ± 0.7  

3 7 23.1 ± 2.0 0.024 ± 0.001 12.6 ± 0.8 39.7 ± 0.4 28.0 ± 0.8 

4 2 19.3 ± 2.4 0.019 ± 0.001 11.1 ± 1.2 40.0 ± 2.4 19.6 ± 1.5 

5 1 21.7 0.023 17.8 24.6 12.6 

*** Exercise VO2 for a different group under a 3 min righting reflex routine = 0.413 ± 0.023, n = 16 
 

 

Figure 3.4 – Resting blood pressure for individual catheterized frogs. Values are means for 

4 – 7 h between 11 AM and 6 PM. Ordered from lowest MAP on left to highest on right. Error 

bars are SD. Horizontal lines are group means.  
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3.3.2 Exercised frogs 

Heart rate and blood pressure were both elevated following 3 min of exercise. Catheterized 

frog heart rate increased ~3 times from a resting rate of 19 to 56 beats min-1 (2-sided paired 

t-test, P < 0.0001, Figure 3.3 and Table 3.1). Diastolic pressure increased 18 % (P = 0.0013; 

Figure 3.6) resulting in a significant ~10 % increase in MAP from 21.9 to 24.6 mm Hg (P 

= 0.009); systolic pressure did not change with exercise (P = 0.66). Exercise heart rate 

measured by Doppler probe was lower than that of catheterized frogs (60 – 90 s post-

exercise, mean = 48.5 beats min-1, P = 0.009). During the 3 min exhaustive exercise bout 

frogs had a metabolic rate of 0.413 mL O2 g-1 h-1, this was ~6.5 times higher than the 

average rest values of 0.060 mL O2 g
-1 h-1 for non-outfitted frogs (Figure 3.5).  

 

3.3.3 Aestivating frogs 

Heart rate determined by Doppler probe decreased from an average 15 beats min-1 during 

the first 2 weeks of aestivation to an average of 9.9 beats min-1 by week 3 (Figure 3.7, see 

for representative traces Figure 3.9). Average heart rate did not decrease further between 3 

and 82 weeks of aestivation (mean = 9.2 beats min-1, Table 3.2). In contrast, heart rate for 

catheterized frogs did not significantly decrease during weeks 1 – 5 of aestivation, but 

remained similar to resting catheterized frogs (ANOVA, SNK). Doppler heart rate at week 

1 – 2 was not different from either rest or aestivating catheterized frogs (Figure 3.7).  

 

Neither systolic nor diastolic blood pressure decreased during aestivation as compared to 

rest (ANOVA, Dunnett’s tests; Figure 3.8 and Table 3.1). Likewise, comparison by 

repeated measures ANOVA did not show any overall changes in blood pressure between 3 

and 18 days of aestivation (Figure 3.10).   

 

The metabolic rate of frogs measured by Doppler probe was 17 mL O2 g
-1 h-1 after 1 – 2 

weeks of aestivation. This was lower by ~70 % compared to non-outfitted rest frogs; 

further decreases were not significant (Figure 3.5). The metabolic rate in the first 2 weeks 

of aestivation was similar to non-catheterized rest frogs. Metabolic rate of catheterized frog 

decreased ~20 % in the first week of aestivation compared to rest, decreasing from 31 to 

25 mL O2 g
-1 h-1; metabolism did not decrease further. All aestivating frogs measured by 
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Doppler probe had a cocoon when measured. All catheterized frogs formed cocoons 

between 3 and 9 days of aestivation (Figure 3.8).  

 

 
 

Figure 3.5 – Metabolic rates for non-outfitted exercise and rest frogs, catheterized frogs, and 

frogs in Doppler cardiotachometry experiments. * Exercise metabolism was higher than for 

all groups (ANOVA, SNK, P < 0.01). ** For frogs measured by Doppler, metabolism at 1 – 2 

weeks of aestivation was similar to non-catheterized rest frogs, and decreased after 1 – 2 

weeks of aestivation (P < 0.01, ANOVA, SNK). *** Metabolic rate was lower for resting 

catheterized frogs than for non-outfitted resting frogs and Doppler frogs at 1 – 2 weeks of 

aestivation (P < 0.001). Among catheterized frogs, aestivation metabolism was lower than rest 

(ANOVA, Dunnett’s test, P < 0.05). Mean ± SEM. 
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Figure 3.6 – Exercise blood pressure for individual frogs. Values are 30 s means measured 

30 s – 90 s after a 3 min bout of exercise. Ordered from lowest MAP on left to highest on 

right. Error bars are SD. Horizontal lines are group means. 

 

 

 
Figure 3.7 – Rest and aestivation heart rate as measured by arterial catheter or by superficial 

Doppler cardiotachometry. Mean ± SEM. For catheterized frogs, heart rate did not decrease 

compared to rest (ANOVA, Dunnett’s test). * For Doppler frogs, heart rate decreased 

significantly by 3 weeks of aestivation but did not decrease further (ANOVA, SNK P < 0.01).  

During the first 2 weeks of aestivation heart rate was similar to that of rest frogs (as 

measured by arterial catheter).  
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Figure 3.8 – Mean arterial pressure at rest and during weeks 1 – 5 of aestivation. Mean ± SEM. 

MAP did not change significantly with aestivation (ANOVA, Dunnett’s test).  
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Table 3.2 – Standard mass, metabolism, mean and minimum heart rate at 2 to 575 days of 

aestivation for frogs in Doppler cardiotachometry experiment.  

 
Days of 

Aestivation 

Standard 

Mass 

(g) 

Metabolic rate 

(mL O2 g-1 h-1) 

Min. 1 h heart rate  

(beats min-1) 

Mean heart rate 

± SD (beats min-1) 

Duration 

(h) 

2 20.2 - 13.1 14.4 ± 1.5 4.2  
6 19.0 0.0377 14.8 18.9 ± 7.1 2.2  
7 16.2 0.0691 19.5 22.1 ± 3.4 23.7  
11 31.5 0.0781 9.3 10.9 ± 2.5 17.3  
13 32.0 - 6.7 9.5 ± 2.0 1.3  
16 30.9 0.0119 7.4 9.1 ± 2.1 26.4  
17 20.1 0.0182 10.2 11.1 ± 2.5 4.4  
18 31.0 - 9.9 12.2 ± 3.0 28.1  
19 21.0 0.031 9.6 12.0 ± 4.4 8.4  
21 30.9 - 8.7 12.1 ± 4.8 9.3  
22 25.0 0.0140 5.6 6.2 ± 1.3 30.8  
28 27.6 0.0141 6.7 7.8 ± 1.2 22.8  
33 27.6 0.0140 8.8 8.7 ± 1.3 23.9  
91 18.2 0.0159 11.1 11.9 ± 2.2 20.9  
91 20.0 0.0113 4.2 4.9 ± 1.1 15.0  
97 16.1 0.0126 7.2 8.25 ± 1.7 24.4  
98 14.7 0.0147 6.4 7.7 ± 2.8 6.5  
100 34.7 0.0112 5.9 6.5 ± 0.9 24.5  
101 30.9 0.0121 6.1 8.1 ± 2.8 24.6  
102 20.0 - 8.5 9.8 ± 2.4 24.1  
127 22.2 0.0113 7.4 8.0 ± 0.9 27.95  
224 26.5 0.0110 12.0 12.8 ± 1.4 9.9  
365 27.0 0.0890 6.8 7.45 ± 1.6 25.1  
399 32.8 0.0139 11.3 11.9 ± 1.4 7.25  
432 24.6 0.0113 7.0 7.9 ± 1.5 19.6  
437 11.9 0.0439 7.8 10.9 ± 2.4 21.6  
443 18.0 0.0112 5.3 7.2 ± 3.3 24.2  
*449 12.0 0.0239 30.9 32.6 ± 1.9 21.3  
575 17.4 0.0139 5.8 9.3 ± 6.1 14.7  

* this frog had no fat bodies or urine in its bladder.     
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Figure 3.9 – Examples of heart rate traces for frogs at 1 week to 19 months of aestivation as 

measured by ultrasonic Doppler cardiotachometry. Arrows indicate points that the 

experimenter entered the room. 
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Figure 3.10 – Blood pressure, metabolic rate, and heart rate of individual catheterized frogs 

that aestivated for at least 18 days. Overall, blood pressure and heart rate did not change 

significantly during aestivation (repeated measures ANOVA, SNK). Mean ± SD. Arrows 

indicate point at which cocoon was clearly present. 
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3.4 Discussion 

 

Aestivating C. platycephala decrease heart rate by 50 % of rest after 2 weeks of aestivation, 

and maintain this lowered rate for up to 19 months. Blood pressure was maintained at rest 

levels for up to 4 weeks after the initiation of aestivation, but catheterized frogs did not 

reduce heart rate. Since the Doppler technique was non-invasive and did not appear to 

disturb most frogs, particularly after 2 weeks of aestivation, the conflicting heart rate results 

indicates that data from catheterized frogs are not representative of the normal aestivation 

state. Although I am reluctant to draw a firm conclusion with respect to blood pressure 

during aestivation, I found no evidence that it is altered. Aerobic scope was modest and 

similar to ranid frogs, though the exercise-induced tachycardia was lower than for frogs of 

similar size.  

 

3.4.1 Critique of methods 

The method used to measure blood pressure, i.e. an occlusive systemic arch catheter, may 

have altered normal cardiovascular function. Since the main objective of this study was to 

describe changes in cardiovascular function during aestivation, it was presumed that even if 

normal function were somewhat altered, changes in function with aestivation might still 

occur, even in catheterized frogs. However, the presence of the catheter may have altered 

normal function to such a degree that any cardiovascular adjustment to aestivation was 

obscured or prevented. A potential effect of the catheter is an increase in arterial pressure, 

the magnitude of which is unknown but was probably small. In Rana pipiens occluding one 

systemic arch increased systolic pressure by ~2 mm Hg and diastolic pressure by ~0.3 mm 

Hg (Jones & Shelton 1972) and a similar occlusion in Bufo marinus did not alter dorsal aortic 

blood flow (Withers et al. 1988a). Presumably changes in peripheral resistance 

accommodate the occlusion of one arch. It should be noted that in the present study 

systemic arch blood flow was also not completely restricted, as vessels upstream from the 

catheter were not obstructed, that is, the subclavian and occipital arteries (Figure 3.2). 

Nevertheless, with respect to the measurements made in this study, arterial pressure may be 

slightly elevated.  
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It should also be noted that under conditions of greatly elevated systemic pressure, the 

pulmo-cutaneous artery baroreceptors (West & Van Vliet 1992) may depress heart rate and 

peripheral resistance (and consequently blood pressure). The main function of this 

response seems to be to limit overall systemic pressure, presumably to protect pulmonary 

capillaries. If occluding one systemic arch resulted in high pulmocutaneous pressure, then 

the increase would be reflexively limited by the pulmocutaneous baroreceptors. Under rest 

and aestivation conditions at least, it seems unlikely that pressures would reach such a 

threshold.  

 

3.4.2 Cardiovascular function and metabolism at rest 

The heart rate of resting C. platycephala (~20 beats min-1) was somewhat lower but similar to 

that of similarly sized anurans such as Scaphiopus couchii (21 g) and Xenopus laevis (36 g) at 27 

and 25 beats min-1 respectively (Hillman 1976). Values for other anurans were typically 1.5 

– 3.5 times higher (~30 – 70 beats min-1 for Bufo cognatus, B. punctatus, P. paradoxus, R. pipiens, 

S. couchii) (Bicher 1962, Miller & Mizell 1972, Seymour 1973b, Burggren & Moalli 1984, 

Whitford 1969, Burggren et al. 1992, Hillman 1976). However, it is known that heart rate 

responses of anurans are very sensitive to environmental stimuli. For example, Dumsday 

(1990) reports resting heart rates much lower than those of other studies (Wahlqvist & 

Campbell 1988, Withers et al. 1988a, McDonald et al. 1980) by recording for longer than 6 

hours in a laboratory environment with minimal disturbance. In B. punctatus, very low 

resting heart rates are reported (10 beats min-1 after 1 day) when the toads were allowed to 

burrow (Whitford 1969), although it was not verified if they entered a dormant state. It is 

reasonable to suggest that the conditions of measurement in the present study, that is, total 

darkness without disturbance for several hours, resulted in values at the lower end of the 

normal resting heart rate range for C. platycephala. The observed low resting metabolic rate 

of catheterized frogs is compatible with the conclusion that the frogs were resting.  

 

Little blood pressure data for similarly sized frogs measured under similar conditions could 

be found for comparison. Most anuran blood pressure studies in the literature used large 

frogs or toads, or the conditions of measurement were very different; for example, frogs 

were restrained, anaesthetized, or measured at much colder temperatures. Some studies 

used an occluding cuff to measure blood pressure (a technique that does not allow 

continuous measurement). Nevertheless, the occluding cuff method yielded similar blood 

pressures for Rana (Bieter & Scott 1929, Bicher 1962) but were higher for Scaphiopus couchii 
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(McClanahan 1967). For the similarly sized Pseudis paradoxus resting on the water surface 

(Burggren et al. 1992) MAP, as measured by sciatic artery catheter, blood pressure was 1/3 

higher than for C. platycephala (Table 3.3). The higher pressure was accompanied by a heart 

rate that was nearly double.  

 
Table 3.3 – Cardiovascular data for resting anurans similar in size to C. platycephala 

measured at similar temperatures (20 – 27 ºC). Mean ± SEM. 

 
Technique / 

species 

Mass 

(g) 

Heart rate 

(beats min-1) 

Systolic  

(mm Hg) 

Diastolic 

(mm Hg) 

MAP 

(mm Hg) 

Ref. 

Catheter       

C. platycephala 29 ± 2 19 ± 2 32 ± 2 17 ± 1 24 ± 1 1 

P. paradoxa 30 ± 6 38 ± 1 42 ± 5 29 ± 4 32 ± 5 2 

       

Leg cuff       

R. pipiens 30 – 50 - 31 21 24 3 

R. ridibunda 40 69 31 ± 2 - - 4 

S. couchii - - 37 - - 5 

1. This study; 2. Burggren et al., 1992; 3. Bieter and Scott, 1929; 4. Bicher, 1962; 5. McClanahan, 1967 

 

Resting metabolism of catheterized frogs was 50 % lower on average than non-outfitted 

rest frogs in this study and others (Withers 1993), although it is not clear why. Catheterized 

frogs had adequate time to recover from anaesthesia following surgery (Anderson & Wang 

2002) and appeared normal when measured. Moreover, the resting metabolism of 

catheterized frogs was higher than for 1 – 2 week aestivating Doppler experiment frogs. 

Even so, catheterized frog values were within the normal range, albeit the lower end, for 

resting C. platycephala (Figure 3.11).  

 

3.4.3 Cardiovascular function during exercise 

Cardiovascular responses to exercise in terms of heart rate and blood pressure are variable 

among anurans, but typically heart rate increases are between 2 – 4 times rest and blood 

pressure increases are between 10 – 40 % (Table 3.4) (Withers et al. 1988a, Wahlqvist & 

Campbell 1988, McDonald et al. 1980, Hillman 1976). Similarly sized anurans increased 

heart rate to higher levels compared to C. platycephala, for example Bufo, Rana and Xenopus 

all increased heart rate to ~100 beats min-1 versus ~60 beats min-1 for C. platycephala. As a 
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multiple of rest the increases were similar (3 – 4 times rest) (Hillman 1976) as resting heart 

rates for C. platycephala were lower.  

 

 

 

Figure 3.11 – Resting metabolic rates for frogs with catheters and without catheters. Average 

catheterized frog metabolic rate was lower (2-sided t-test, P = 0.0015) but was within the 

normal range. Catheterized frog mean ± SEM = 0.031 ± 0.001 mL O2 g-1 h-1, n = 16.  Un-

outfitted frog mean ± SEM = 0.060 ± 0.005, n = 56.  

 

Exercise increased MAP by 10 % in C. platycephala; a modest increase compared to most 

reports for cane toads. The significance of this is not clear in part due to differences in 

exercise routine and catheter placement. In B. marinus, when the catheter was occlusively 

placed in the systemic arch, the MAP increase was also ~10 % (Withers et al. 1988a). When 

placement was a non-occlusive T catheter (Wahlqvist & Campbell 1988) or was in the 

femoral artery (McDonald et al. 1980), MAP increases were much higher (Table 3.4). It is 

not known if the catheter had a limiting effect on exercise blood pressure in the present 

study or in that of Withers et al. (1988a), but if pulmocutaneous baroreceptors did respond 

to high blood pressure, a reflexive bradycardia did not occur, as post-exercise heart rate as 

measured by Doppler in non-catheterized frogs was lower (7 beats min-1 lower). It is 

interesting that heart rate was higher in exercised frogs outfitted with a catheter. If stroke 

volume was similar, the result is a higher cardiac output following a similar bout of 

exercise. This agrees with the observation that dorsal aortic blood flow did not decrease in 

B. marinus with an occlusive systemic arch catheter (Withers et al. 1988a).  
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Anurans have a wide range in aerobic capacity (Gatten et al. 1992). The metabolic rate of 

C. platycephala during non-sustainable exercise (0.413 mL O2 g
-1 h-1) was at the lower end of 

the range for anurans and was similar to that of Rana and Discoglossus of a similar size (20 – 

38 g, VO2exercise for D. pictus, R. palustris, R. pipiens ranges from 0.273 – 0.529 ml O2 g
-1 h-1) 

(Taigen et al. 1982, Seymour 1973c, Pough & Kamel 1984). This contrasts to the relatively 

high exercise metabolism of Bufo (e.g. B. americanus, 27 g, VO2exercise = 1.03 ml O2 g-1 h-1) 

(Taigen et al. 1982).  

 

3.4.4 Cardiovascular function during aestivation 

Aestivating or dormant frogs exhibit a variable heart rate response. In general, small frogs 

such as S. hammondii, and S. couchii decrease heart rate to 4 – 10 beats min-1 during 

aestivation (Table 3.5) (Whitford 1969, Seymour 1973b). This is similar to the response for 

C. platycephala. Expressed as a percent reduction from rest however, C. platycephala reduced 

heart rate much less (50 %) than other small frogs (75 – 85 %) due in part (but not always) 

to the lower resting heart rate of C. platycephala. Larger frogs such as Bufo paracnemis decrease 

heart rate less during dormancy (~35 %) (Glass et al. 1997, Bícego-Nahas et al. 2001) and 

Pyxicephalus adspersus, the only other cocoon-forming frog for which there is heart rate data, 

does not significantly decrease heart rate even though metabolic rate decreases ~80 % 

(Loveridge & Withers 1981).  

 

The observation by Whitford (1969) that toads decrease heart rate in a similar manner as 

C. platycephala while burrowed (e.g. Bufo punctatus decreases heart rate from 38 to 10 beats 

min-1) suggests that heart rate reductions may not necessarily be an aestivation response. 

Since metabolism was not measured in Whitford’s study, it is possible the toads were 

metabolically depressed. However, the bradycardia occurred within 24 h of burrowing — 

thus a very rapid decrease in metabolism would be required. It may be that resting heart 

rates were elevated in this study even though Whitford waited several hours to measure 

heart rate after attaching EKG electrodes. Dumsday (1990) shows that low resting heart 

rates are achieved in Bufo marinus by EKG only after 6 hours of continuous measurement. 

Dumsday reports resting heart rates for B. marinus of about half of what is reported in other 

studies (14 beats min-1 compared to ~32 beats min-1, see Table 3.4). The effect of 

burrowing/disturbance for toads cannot be reconciled here, but for C. platycephala the non-

invasive Doppler technique coupled with a low disturbance environment did not result in a 

rapid decline in heart rate.  
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Table 3.4 – Cardiovascular data for exercised anurans. TSA = non-occlusive T catheter in 

systemic arch; OSA = occlusive systemic arch catheter; OFA = occlusive femoral artery 

catheter; S = sustainable treadmill exercise; US = unsustainable exercise, e.g. 3 min 

exhaustive activity. Mean ± SEM, 20 – 28ºC, * significant difference compared to rest. 

 
Species and 

Catheter position 

Mass 

(g) 

Exercise 

type 

Heart rate 

(beats min-1) 

Blood pressure 

systolic/diastolic : MAP (mm Hg) 

Ref 

   Rest Exercise Rest Exercise  

C. platycephala OSA 29 ± 2 US 19 ± 2 56 ± 2 32/17 : 22 32 / 21 : 24 1 

B. cognatus 27.1 US 32 ± 4  105 ± 3*   2 

B. marinus TSA 70 – 140 S 42 55* 25/15 : 18 38/32 : 34* 3 

B. marinus OSA 252 ± 21 US 26 ± 1 47 ± 1* 31/20 : 24 38/20 : 26 4 

B. marinus OFA 270 – 600 S 28 ± 2 45 ± 2*  : 25  : 40* 5 

R. pipiens 50.2 US 35 ± 2 100 ± 3*   2 

S. couchii 21.4 US 27 ± 3 103 ± 3*   2 

X. laevis 36.4 US 25 ± 3 99 ± 3*   2 

1. This study; 2. Hillman, 1976; 3. Wahlqvist and Campbell, 1988; 4. Withers et al., 1988; 5. McDonald et al., 

1980 

  

The relationship between metabolism and heart rate at each metabolic state can be 

described for C. platycephala using oxygen pulse, that is, the ratio of oxygen consumption to 

heart rate (mlO2 g
-1 beat-1). It must be noted that because heart rate and metabolism were 

never measured simultaneously in the same animal, oxygen pulse values were calculated 

from mean values of each state. The mean oxygen pulse for C. platycephala at rest was 5.2 × 

10-5, during aestivation it was 2.8 × 10-5, and following activity was it 1.2 × 10-4. Oxygen 

pulse values for Scaphiopus can also be calculated. Resting oxygen pulse values for S. 

hammondi and for S. couchii at 21ºC were calculated as 3.2 × 10-5 and 2.2 × 10-5, respectively 

(Seymour, 1973b). Resting oxygen pulse appeared lower compared to C. platycephala, but 

this may be due to elevated heart rates due to disturbance during measurement. Resting 

heart rate for S. couchii was reported as ~38 beats min-1 compared to ~19 beats min-1 for C. 

platycephala. The oxygen pulse for dormant S. couchii was 3.7 × 10-5, and was similar to C. 

platycephala. Also similar was the increase in oxygen pulse during activity for S. hammondii, 

which had an oxygen pulse of 9.7 × 10-5 while burrowing. 

 

There is a paucity of blood pressure data in the literature for aestivating or dormant frogs. 

This combined with the uncertainty of whether the blood pressure results obtained in this 
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study are representative of aestivation for C. platycephala, prohibit me from reaching 

conclusions with respect to an anuran blood pressure response to aestivation. I interpret 

the observation that catheterized C. platycephala did not decrease heart rate (as did frogs 

measured by superficial Doppler) as indicating that the frogs were disturbed during 

experiments. The routine of connecting the catheter to the transducer every 3 days and the 

required flushing of the catheter was likely a stimulus. If cardiovascular adjustments (e.g. 

bradycardia) normally occur over the course of a few days as suggested by the Doppler 

data, then the recurring disturbances may have precluded the adjustments from taking 

place. It is my experience that C. platycephala are somewhat aware of their surroundings and 

responsive even during aestivation; for example my presence in the control temperature 

room during Doppler heart rate measurements elicited an increase in heart rate (Figure 

3.9). In spite of this interpretation, B. paracnemis (which does not form a cocoon and 

decreases metabolic rate by ~45 % during dormancy) did not decrease blood pressure 

either, but did significantly reduce heart rate (Table 3.5) (Bícego-Nahas et al. 2001, Glass et 

al. 1997).  

 

There are no other aestivating anuran data available for comparison, but blood pressure 

data during aestivation are available for the African lungfish (Protopterus aethiopicus). 

Although its response to aestivation may be different than that of anurans, MAP decreased 

gradually by 15 to 38 % in the initial weeks of aestivation  (from 24.5 to 15 mm Hg 

depending on the method of inducing aestivation) (Delaney et al. 1974). Heart rate 

gradually decreased by 50 % within 6 weeks of aestivation, and stayed at that level for 283 

days of aestivation.  
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Table 3.5 – Cardiovascular data for aestivating or dormant anurans and lungfish at 20 – 25ºC. 

* significantly different from resting value.  

 
Species  Mass 

(g) 

Heart rate 

(beats min-1) 

Blood pressure 

systolic/diastolic : MAP (mm Hg) 

Ref 

  Rest Aest. Rest Aest.  

Cocoon-forming anurans      

C. platycephala 

Catheter 

29 ± 2 19 ± 2 17 ± 2 32/17 : 22 39/22  : 28 1 

C. platycephala 

Doppler 

23.7 ± 1.2  9.2*   1 

P. adspersus  10 – 1030 6 ± 1 5 ± 1   2 

Non-cocoon-forming anurans      

B. paracnemis  100 – 430 35 ± 5 23 ± 2* 32/21 : 24 35/22 : 27 3 

B. paracnemis  150 – 250 28 ± 2 18 ± 2*           : 29           : 26 4 

B. punctatus Not given 38 10*   5 

S. couchii Not given 38 8*   6 

S. hammondii  Not given 26 4*   5 

Lungfish (cocoon-forming)      

P. aethiopicus  2000 – 

6000 

25 13.5*          : 24        : 15* 7 

       
1. this study; 2. Loveridge and Withers, 1981; 3. Glass et al., 1997; 4. Bícego-Nahas et al., 2001; 5. 

Whitford, 1969; 6. Seymour, 1973a; 7. Delaney et al., 1974 

 

3.4.5 Summary 

This study has characterized cardiovascular system function during metabolic depression in 

a desert burrowing frog by describing blood pressure during the first weeks of aestivation, 

and heart rate up to 575 days. Heart rate was reduced to 50 % of rest after 2 weeks of 

aestivation, and this bradycardia was maintained throughout the 19 months of aestivation. 

Blood pressures did not change compared to rest from 1 to 4 weeks of aestivation, but it is 

likely that catheterized frogs did not aestivate normally and thus blood pressure data may 

not be representative of the aestivation state. The aerobic scope was comparable to 

similarly sized frogs in the lower range of aerobic scopes for anurans.  

 



 

 

Chapter 4  

Partitioning of pulmonary and cutaneous respiration at rest and 
during aestivating for Cyclorana platycephala 

4.1 Introduction 

 

The respiratory system must convey enough O2 from the external environment to the 

circulation to meet aerobic metabolic demand and permit excess CO2 in the blood to 

diffuse into the external environment while maintaining normal blood acid/base status. 

Adult anurans rely heavily on both the lungs and skin to meet these gas exchange demands. 

The contribution that each makes to total exchange is dynamic, being responsive to 

internal and environmental conditions, but operating within the physical constraints of 

each system (Feder & Burggren 1985, Shoemaker et al. 1992). Although these conditions 

lead to a great deal of variability in the relative contributions of each system, the following 

general pattern of skin-lung partitioning holds for most resting anurans in normoxia and 

normocapnia.  

 

With respect to O2, the cutaneous system maintains a relatively constant uptake rate or 

changes uptake little, whereas the pulmonary system (which includes the buccopharyngeal 

surfaces) modifies its O2 uptake with demand. In relative terms, when total demand is low 

the lungs contribute a smaller portion of total O2 uptake than when O2 demand is high 

(Hutchinson et al. 1968, Pinder & Burggren 1986). This relationship has been described 

over a range of resting metabolic rates at different temperatures. At 5 ºC, the lungs supply 

about 30 % of total VO2, and at 25 ºC, the contribution increases to about 70 % (Whitford 

1973). Relative contributions to total VO2 vary similarly over a range of metabolic rates 
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occurring with activity. For example, in Rana at rest the lungs take up about 50 % of total 

O2; during modest activity, this fraction increases to about 88 % (Gottlieb & Jackson 1976).  

 

The general pattern of CO2 excretion is different. At rest, and over a range of metabolic 

rates varying with temperature, the majority of CO2 is exchanged through the skin 

(Shoemaker et al. 1992, Feder & Burggren 1985, Whitford 1973). For example, this pattern 

has been described for representatives of Hyla, Bufo, and Ceratophrys (Hutchinson et al. 

1968); in these studies, between 5 – 25 ºC the skin excreted 70 – 85 % of total CO2. A 

similar pattern has been reported for Bufo by Wang et al. (1998) and for lunged salamanders 

(Whitford 1973). Rana appears to depend less on cutaneous CO2 exchange with increased 

metabolism at higher temperatures but the skin remains the major route (50 – 75 % of 

total) for CO2 excretion (Hutchinson et al. 1968). Whether the skin is the major route for 

CO2 excretion at high metabolic rates during activity is less certain. The one experiment on 

this subject, for Rana in water with free access to air, showed a greater role for the lungs in 

CO2 excretion than the skin at higher metabolic rates (Pinder & Burggren 1986).  

 

One exception to the general anuran pattern of skin/lung partitioning of O2/CO2 exchange 

occurs in some “water-proof” arboreal frogs (Phyllomedusa and Chiromantis spp). These frogs 

have cutaneous specializations for reduced evaporative water loss (e.g. wax secretions in 

Phyllomedusa) which also should impart greater resistance to cutaneous gas flux (Stinner & 

Shoemaker 1987). Relative to other frogs under similar conditions, they have reduced 

cutaneous respiration and compensate by increasing pulmonary ventilation. A similar 

exception from the general pattern should also occur in frogs that form a highly water 

resistant cocoon, as I presumed that the cocoons would also be resistant to O2/CO2 flux.  

 

In this study, I examined the relative roles of pulmonary and cutaneous respiration for a 

cocoon-forming frog, Cyclorana platycephala, at rest and during aestivation. This is a 

burrowing, semi-aquatic frog species inhabiting arid/semiarid Australia. The majority of its 

life is spent aestivating in an underground burrow. While in this state it is inactive, does not 

eat or take-up water, and greatly reduces its metabolic rate to about 30 % of rest (van 

Beurden 1980).  
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4.2 Materials and Methods 

 

4.2.1 Animals 

Wild-caught Cyclorana platycephala (Carnarvon Shire, Western Australia, collected under 

CALM permit No. SF004848) were housed in 55 L plastic tubs at 22 ºC with a 12-12 

photoperiod. Tubs were positioned at an angle and partially filled with water such that 

there was a dry area at one end and a pool at the other. A small Eucalyptus sp. branch in 

each tub provided cover. Active animals were fed 1 – 2 cockroaches once per week. A 

number of frogs were randomly selected after several months of captivity for the 

aestivation group, and placed in empty 1 L plastic containers fitted with a lid with a small 

hole (0.5 cm diameter). These frogs were then housed at 22 ºC with a 24 h dark 

photoperiod for 6 – 9 months. Aestivating frogs were monitored several times a week for 

the first few weeks and once per month thereafter. Most frogs readily became inactive and 

formed a cocoon. Frogs that did not form a cocoon or aroused from aestivation were 

removed from the experiment. Control frogs were selected at random from the pool of 

active frogs. Control frogs were not fed for at least 5 days prior to experimentation.  

 

4.2.2 Respirometry 

I used an open mask system with a design modified from Withers (1977). Frogs outfitted 

with respiratory masks were placed in a sealed metabolic chamber, and the percent O2 and 

CO2 of chamber air, and mask air were monitored separately and simultaneously. Air 

entered the metabolic chamber through a single incurrent port from a common source 

(either atmospheric air from outside the laboratory or from atmospheric air contained in a 

20 L foil balloon). The chamber was housed in a wooden box to minimize disturbance to 

the animal. Atmospheric pressure was monitored by a pressure a sensor (Viasala HMI36, 

Helsinki, Finland) placed near the incurrent port. In the two separate gas analysis systems, 

air passed first through a moisture-scrubbing column (50 mL syringe containing Drierite), 

to an infrared CO2 analyser (Qubit Systems, model S151, Kingston, Ontario, Canada), 

followed by a paramagnetic oxygen analyser (Servomex, model 570 or 574, Crowborough, 

England), and finally a mass flow controller (Sierra Instruments Inc., model 901C-PE, 

Monterey, CA, USA or Aalborg, model ACF2600-Pro, Orangeburg, NY, USA). Mass flow 

meters drew air through the chamber system at 31 mL min-1, and through the mask system 



      Physiological Adjustments to Aestivation and Activity in Cocoon-forming Frogs 

 

114 

at 103 mL min-1. Percent O2, CO2 and air pressure were recorded every 15 s by a computer 

using a custom Visual Basic (v6) data acquisition program written by A.R. Roberts and P.C. 

Withers.  

 

4.2.3 Respiratory masks 

Form-fitting respiratory masks were constructed for each resting frog by applying layers of 

liquid latex over the surface of a modified plaster cast of the frog’s head (Figure 4.1). The 

cast was made from a dental alginate (Halas Dental Ltd, Waterloo, NSW, Australia) 

impression. An airspace above the nares and eyes was created in the mask by placing about 

1 cm3 of modelling clay over those areas on the cast. Two plastic tubes were inserted into 

the clay to provide incurrent and excurrent ports. Five to six layers of liquid latex (Concord 

Plastics, Bellevue, WA, Australia) were then applied to the surface of the model. After 

drying, the mask was peeled from the cast, and the clay and tubes removed. Latex that 

extended onto the throat region was trimmed so as not to interfere with ventilation. It is 

recognized that with this design cutaneous exchange on the dorsal surface of the head was 

included in the pulmonary measurements. This is presumed to be a small fraction and no 

attempt was made to correct for it. During the trials, masks were sealed to the frog’s head 

with cyanoacrylate glue. The incurrent mask port was fitted with a 3 cm tube to decrease 

the likelihood of lung-expired air escaping from the mask into the chamber, and the 

excurrent port was connected directly to the mask gas analysis system. 

 

The masks described above could not be used with aestivating frogs because they were too 

easily disturbed by the process of making the alginate impressions (they aroused from 

aestivation). Consequently, I constructed an alternate mask consisting of a platform onto 

one end of which was glued a half of a plastic cone slightly larger than a frogs head. The 

cone was outfitted with incurrent and excurrent ports as for control masks. In addition, a 

piece of food-grade polyethylene plastic wrap (Glad Wrap, Clorox Australia Pty Ltd, 

Padstow, NSW, Australia) was glued to the posterior margin of the cone. Aestivating frogs 

were positioned on the platform with the head inside the cone. The plastic wrap was then 

pressed against the neck, and the lateral edges of the plastic wrap were taped to the 

platform (Figure 4.1).  
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4.2.4 Procedures 

Frogs were measured for a minimum of 2 to 3 h per trial. Baseline O2 and CO2 

measurements were obtained both before and after measuring each frog. During baseline 

measurements a blank latex or aestivation mask was used as appropriate in place of the 

frog. This was done in order to keep the air resistance, and hence air pressure in the 

system, the same between baseline and frog measurements (this was done as even slight 

changes in air pressure affected O2 readings). Each system was calibrated immediately 

before and/or after each trial using compressed N2, fresh atmospheric air (assumed to be 

20.95 % O2) and a compressed sample of air of known CO2 concentration (calibrated 

against a commercially purchased calibration gas of 0.0395 % CO2, BOC). Experiments 

were carried out over a 5 month period between 6 PM and 4 AM at 22 ºC. The unusual 

time was selected to minimize disturbance during measurement. Each frog was measured 

an average of 5 times. 
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Figure 4.1 – Metabolic chamber and masks used to measure the cutaneous and pulmonary 

respiration for aestivating and resting frogs. When measuring resting frogs, the excurrent 

port (*) of the resting mask was connected to the incurrent port of the mask analysis system 

(*). 

 

4.2.5 Analysis, Calculations & Uncertainty 

Standard equations were used to calculate VO2 and VCO2 (Withers 2001). Metabolic rates 

were adjusted to standard temperature and pressure, and expressed per gram of standard 

body mass. I selected portions of metabolic traces for analysis that represented average 

resting metabolic rate. These data met a number of criteria based on the limitations of the 

experimental design. I accepted values from apparently resting frogs, where metabolic rate 

remained stable for 20 to 30 minutes. Special consideration was given to chamber traces, as 
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a major limitation was that this system was slow to recover from periods of dynamic 

cutaneous exchange. This was effectively a washout problem, a result of cutaneously 

respired air being diluted in chamber air. Useable cutaneous values could only be obtained 

after equilibrium was reached within the chamber. I selected portions for analysis that 

occurred after at least 1 h of measurement, and that appeared to be in equilibrium. I also 

only accepted portions of traces that were not immediately preceded by activity. An 

example of acceptable resting data is given in Figure 4.2. Additionally because changes in 

atmospheric pressure affected O2 readings, I rejected entire traces if large atmospheric 

pressure changes occurred in the final 30 minutes of the trace, or during the second 

baseline measurement. 

 

Mask and chamber VO2 and VCO2 values were dependent on the product of the (mask or 

chamber) flow rate and the difference between O2 or CO2 while the frog was in the 

chamber and baseline values. Because the mask system measured air collected from the 

mask after it had passed through the chamber, the chamber content had to be accounted 

for to determine pulmonary VO2 and VCO2. Likewise, the fraction of chamber air that 

entered the mask and was not included in the chamber values had to accounted for to 

determine cutaneous VO2 and VCO2. Pulmonary VO2 and VCO2 are equal to:  

 

! 

Vpulmonary =Vmask "
Jmask

Jchamber
#Vchamber
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)  

                  Equation 4.1 

 

and cutaneous VO2 and VCO2  are equal to: 
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chamber
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mask

J
chamber

 
                  Equation 4.2 

 

where V is the volume of O2 or CO2 (mL g-1 h-1), and J is the air flow (mL h-1). Calculated 

values for each frog are reported as the mean ± SEM. For frogs with only one successful 

trace, no measure of uncertainty is given. 
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Figure 4.2 – A representative metabolic trace illustrating resting data that met criteria for 

analysis (the area selected for analysis is indicated by the rectangle). Two peaks of activity (a) 

were apparent. 

 

Chamber VO2 and VCO2 measurements for aestivating frogs appeared to be at the limit of 

resolution for the methods presented here and required special attention for interpretation 

(Figure 4.3). Chamber VO2 and VCO2 values for all aestivating frogs were combined and 

tested against the hypothesis that the true value was not different from zero (2-sided t-test). 

Chamber VO2 was not different from zero (mean = 0.0009 ± 0.0006, P = 0.32, n = 27, ± 

SEM) therefore zero was substituted into Equation 4.1 and Equation 4.2 to calculate 

pulmonary and cutaneous VO2. Chamber VCO2 was not zero (mean = 0.0003 ± 0.0001, 

P= 0.01, n = 28, ± SEM). Thus, measured values were used to calculate pulmonary and 

cutaneous VCO2 except in a few cases where chamber VCO2 was negative, in which case 

mean chamber VCO2 was used.  

  

Pulmonary, cutaneous, and total VO2 and VCO2 were compared using 2-sided t-tests using 

Prism 4 software. I used linear regression to describe the relationship between cutaneous 

and pulmonary gas exchange with total exchange.  
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Figure 4.3 – A representative chamber metabolic trace. After equilibration, chamber traces 

appeared to be at the limit of resolution for the gas analysers. The portion selected for 

analysis is indicated (rectangle). 

 

4.3 Results 

 

The total metabolic rate for aestivating frogs was 50 % lower than resting frogs (0.025 vs. 

0.051 mL g-1 h-1, P = 0.001, Table 4.1 and Table 4.2). The respiratory exchange ratios of 

aestivating and resting frogs were not different (0.69 vs. 0.86, P = 0.06).  

 

Overall, resting frogs exchanged about 70 % of their O2 via the pulmonary route (0.039 vs. 

0.014 mL g-1 h-1 for the skin, P = 0.001, Table 4.1 and Table 4.3). However, at low 

metabolic rates pulmonary and cutaneous contributions were similar. Linear regression 

showed a positive relationship between pulmonary VO2 and total VO2 (slope = 1.19 ± 

0.14, P < 0.01), while cutaneous VO2 remained the same over the range of total VO2 values 

(slope = -0.12 ± 0.15, P = 0.2, Figure 4.4). 
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Table 4.1 – Resting frog standard mass, mean pulmonary, cutaneous and total VO2, VCO2 

and RER ± SEM. 

 
 

Frog  RER   VCO2 (mL g-1h-1)  

   Total  Pulmonary  Cutaneous  

1  0.67 0.024 0.003 0.022 

2  0.76 ± 0.02 0.034 ± 0.003 0.011 ± 0.003 0.024 ± 0.006 

3  0.94 ± 0.10 0.058 ± 0.010 0.027 ±0.015 0.031 ± 0.006 

4  0.73 ± 0.01 0.036 ± 0.001 0.014 ± 0.003 0.022 ± 0.002 

5  0.47 0.029 0.011 0.019 

6  0.82 0.043 0.023 0.020 

7  0.88 ± 0.10 0.052 ±0.010 0.025 ± 0.008 0.026 ± 0.003 

8  0.87 ± 0.14 0.059 ± 0.21 0.027 ± 0.013 0.032 ± 0.009 

9  1.38 ± 0.10 0.044 ±0.003 0.017 ± 0.001 0.026 ± 0.005 

10  1.09 0.062 0.017 0.045 

      

Mean  0.86 ± 0.07 0.044 ± 0.004 0.017 ± 0.003 0.027 ± 0.002 

Frog Mass (g) N  VO2 (mL g-1h-1) 

    Total  Pulmonary  Cutaneous  

1 31.8 1  0.036 0.019 0.017 

2 28.6 2  0.045 ± 0.002 0.032 ± 0.005 0.013 ± 0.003 

3 32.5 3  0.064 ± 0.015 0.046 ± 0.009 0.019 ± 0.006 

4 26.8 2  0.049 ± 0.001 0.040 ± 0.005 0.009 ± 0.004 

5 25.3 1  0.062 0.058 0.004 

6 28.3 1  0.052 0.038 0.014 

7 23.2 4  0.058 ± 0.007 0.046 ± 0.007 0.011 ± 0.003 

8 17.9 4  0.068 ±0.018 0.049 ± 0.018 0.019 ± 0.006 

9 25.3 2  0.032 ± 0.001 0.010 ± 0.007 0.021 ± 0.007 

10 24.8 1  0.057 0.046 0.011 

       

Mean 26.4   0.052 ± 0.004 0.039 ± 0.005 0.014 ± 0.002 
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Table 4.2 – Aestivating frog standard mass, mean pulmonary, cutaneous and total VO2, VCO2 

and RER ± SEM. * Chamber O2 values were below the limit of resolution for the methods 

used. Calculated values presented here show the range of values obtained using measured 

chamber values. 

 

Frog Mass (g) N   VO2 (mL g-1h-1)  

    Total  Pulmonary   Cutaneous* 

11 20.2 4  0.024 ± 0.008  0.024 ± 0.008  0.002 ± 0.004 

12 17.8 2  0.030 ± 0.002  0.030 ± 0.002  -0.001 ± 0.002 

13 24.3 5  0.021 ± 0.001  0.021 ± 0.001  0.001 ± 0.001 

14 18.5 3  0.027 ± 0.007  0.027 ± 0.007  0.002 ± 0.001 

15 24.0 2  0.023 ± 0.001  0.023 ± 0.001  -0.000 ± 0.002 

16 22.9 2  0.020 ± 0.007  0.020 ± 0.007  0.005 ± 0.003 

17 25.1 2  0.018 ± 0.000  0.018 ± 0.000  0.000 ± 0.000 

18 33.2 4  0.034 ± 0.006  0.034 ± 0.006  -0.000 ± 0.001 

         

Mean 23.2 8  0.025 ± 0.002  0.025 ± 0.002  0.001 ± 0.001 

 

 Frog RER  VCO2 (mL g-1h-1) 

   Total  Pulmonary  Cutaneous 

11 0.69 ± 0.08  0.017 ± 0.001  0.017 ± 0.002  0.001 ± 0.001 

12 0.72 ± 0.02  0.021 ± 0.001  0.019 ± 0.001  0.001 ± 0.001 

13 0.73 ± 0.03  0.016 ± 0.001  0.013 ± 0.002  0.002 ± 0.001 

14 0.58 ±0.05  0.018 ± 0.004  0.017 ± 0.007  0.001 ± 0.001 

15 0.63 ± 0.01  0.015 ± 0.001  0.014 ± 0.001  0.000 ± 0.001 

16 0.68 ± 0.05  0.017 ± 0.003  0.015 ± 0.004  0.002 ± 0.001 

17 0.73 ± 0.03  0.014 ± 0.001  0.013 ± 0.001  0.000 ± 0.001 

18 0.70 ± 0.05  0.026 ± 0.004  0.025 ± 0.007  0.002 ± 0.001 

        

Mean 0.69 ± 0.02  0.018 ± 0.001  0.017 ± 0.001  0.001 ± 0.001 

 

Resting frogs excreted about 40 % of CO2 via the lungs (0.017 ± 0.002 vs. 0.027 ± 0.002 

mL g-1 h-1 for the skin, P = 0.008, Table 4.3). Linear regression showed both pulmonary 

and cutaneous VCO2 increased linearly with total VCO2 (slope = 0.54 ± 0.11, P =0.001 for 

pulmonary, and slope = 0.34 ± 0.06, P=0.008 for cutaneous, Figure 4.5). 

 

Aestivating frogs exchanged most O2 and CO2 via the pulmonary route (Table 4.3). 

Cutaneous VO2 was zero because of the calculation method used (see Methods 4.2.5 for 
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statistical justification). Consequently, a “perfect” correlation resulted between pulmonary 

and total VO2 (slope = 1). Cutaneous VCO2 was low but not zero (one-sample t-test, P = 

0.03) and on average contributed about only 5 % of the total VCO2 (pulmonary and 

cutaneous VCO2 values were 0.017 and 0.001 mL g-1 h-1 respectively). Cutaneous VCO2 did 

not increase as a function of total VCO2 (slope = 0.06 ± 0.06, P = 0.4) and the relationship 

between pulmonary and total VCO2 was positive (slope = 0.93 ± 0.06, P < 0.001, Figure 

4.5). 

 
Table 4.3 – Pulmonary gas exchange expressed as a fraction of total exchange in resting and 

aestivating frogs.  

 

 Pulmonary VO2 as a % of total   Pulmonary VCO2 as a % of total Frog order as in 

Table 4.1 and 

Table 4.2  Rest Aestivation 
 

Rest Aestivation 

  54 100  11 96 

  72 100  31 94 

  71 100  47 86 

  82 100  39 94 

  94 100  36 97 

  74 100  53 88 

  81 100  49 99 

  72 100  46 94 

  33   40  

  80   28  

       

Mean ± SEM  71 ± 6 100  38 ± 4 94 ± 2 
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Figure 4.4 – Pulmonary (ο) and cutaneous (∆) VO2 as a function of total VO2 for aestivating 

(open symbols) and resting frogs (closed symbols).  

 

 

 
 

Figure 4.5 – Mean pulmonary (ο) and cutaneous (∆) VCO2 as a function of total VCO2 for 

aestivating (open symbols) and resting frogs (closed symbols). 
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4.4 Discussion 

 

Frogs typically respire via lungs and skin, with the skin supplying at least half of O2 uptake 

and an even greater portion of total CO2 excretion. Pulmonary and cutaneous respiration in 

resting C. platycephala was similar to that of other species of frogs (Whitford 1973, Wang et 

al. 1998, Hutchinson et al. 1968). However, this study demonstrates an exception to the 

typical anuran pattern. Aestivating C. platycephala were almost entirely reliant on pulmonary 

respiration, since they exchanged an immeasurably small amount of O2, and a very small 

amount of CO2 through the skin.  

 

Many frogs undergo periods of inactivity to survive unfavourable environmental 

conditions, especially cold temperatures and/or water scarcity (Pinder et al. 1992). The 

reduced metabolic rate occurring with inactivity (or low temperature) allows for economy 

of energy stores and permits frogs to survive long periods without feeding. When free 

water or sufficiently moist soil is not available, frogs are additionally challenged with 

desiccation. To survive such conditions, C. platycephala greatly depresses metabolism and 

forms a water-resistant cocoon comprised of many layers of shed skins (van Beurden 1984, 

Withers 1998). This is not an unusual strategy for frogs, as other members of the genus 

Cyclorana, as well as representatives from the Myobatrachidae and a Ranidae (Loveridge & 

Withers 1981, Flanigan et al. 1993, Withers 1993) form cocoons during aestivation. 

Additionally, cocoon-formation is described for the hylid genera Smilisca and Litoria 

(McDiarmid & Foster 1987, Ruibal & Hillman 1981) and for representatives of 

Ceratophryidae (McClanahan et al. 1976) and Hyperoliidae (Loveridge & Crayé 1979).  

 

Total metabolic rates of aestivating frogs in this study were much higher than those 

previously reported for C. platycephala where average metabolic rate was 0.0087 mL O2 g
-1 h-

1 at 4 – 8 weeks of aestivation at 25 ºC (Withers 1993). A probable cause for the higher 

rates in this study was the greater disturbance associated with the flow-through 

respirometry system (Withers used closed system respirometry). Although all care was 

taken to reduce noise and light, the animals had to be moved prior to measurement and 

during measurement were exposed to air convection over the body and face. These are 

unusual stimuli for frogs that normally aestivate in underground chambers. Despite the 

increased metabolism, all of the aestivation group frogs appeared “undisturbed” (none 

came out of their cocoons or moved around). The elevated MR of my aestivating frogs 
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would not alter the observed weighting in gas exchange to pulmonary rather than 

cutaneous, although the percent cutaneous contribution would be decreased by the higher 

total MR. 

 

A lower metabolic rate decreases the demand on the respiratory system both in terms of 

required O2 uptake to support aerobic respiration, and the need to rid the body of excess 

CO2 to maintain acid/base balance. For frogs (not cocooned), as these demands decrease, 

the exchange capacity of the skin becomes more able to meet total demand and reliance on 

pulmonary exchange is decreased. At the extreme end of this relationship are frogs that do 

not respire via the pulmonary route during periods of seasonal inactivity. Two examples are 

frogs that over-winter underwater, like Rana temporaria, or underground (but do not form 

cocoons), e.g. spadefoot toads, Scaphiopus couchii and S. hammondii. In Rana temporaria, under 

experimental conditions where temperature was held constant at 3 ºC, cutaneous 

respiration was adequate both to maintain aerobic metabolism and to keep blood PCO2 and 

pH at controls levels (Donohoe et al. 1998). Burrowed, but not dormant, spadefoot toads 

under laboratory conditions showed no detectable ventilatory movements (flank or buccal) 

after one day underground (Seymour 1973b). It can inferred that during seasonal dormancy 

when metabolic rate is about one fifth of rest, cutaneous exchange is likely adequate to 

meet all gas exchange needs (Seymour 1973a).  

 

The large reduction in metabolism typical for C. platycephala during aestivation could 

theoretically permit the skin to function as the sole gas exchange organ as observed for R. 

temporaria and S. couchii. The environmental conditions are, however, quite different; 

C. platycephala aestivate in air-filled chambers in dry clay, without free water or sufficient soil 

moisture from which to take up water. Thus, the immediate physiological challenge for 

C. platycephala during aestivation is the maintenance of hydration. A cocoon is necessary to 

restrict evaporative water loss (van Beurden 1984, Withers 1998) but it constrains 

cutaneous respiration.  

 

The presumed explanation for the reduction in cutaneous gas exchange during aestivation 

is a low diffusive conductance of the cocoon. However, other changes during aestivation 

could also contribute, including decreased blood flow through the skin capillaries, and/or 

decreased partial pressure gradients between blood and air. An analysis of the possible roles 

of these other factors is not possible here, but if we accept that the diffusion step across 
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the cocoon is the limiting step in gas exchange, we can estimate the conductance of the 

cocoon to gas flux. The rate of diffusion across the cocoon can be described by the Fick 

equation  

 

! 

Flux
x

=
D
x
" A "#P

L
 

                                       Equation 4.3 

 

where Dx is the diffusion coefficient of the gas for the cocoon, A is the area of exchange, 

∆P is equal to the partial pressure gradient across the cocoon, and L is the thickness of the 

cocoon. The area can be estimated from the relationship of body mass and surface area in 

anurans: SA = 8.97Massbody
0.725 (Hutchinson et al. 1968, MacKenzie & Jackson 1978). I 

estimate about 2/3 of this calculated surface area was actually available for exchange, as the 

ventral portion of the body and part of the dorsal surface of the head were not in contact 

with the air. The thickness of 9 month C. platycephala cocoons measured by TEM is 48 ± 4 

µm (n = 6, K. McMaster, UWA, personal communication). The remaining unknowns are 

then Dx and ∆C. I used the lowest probable values of ∆C to estimate Dx. Since capillary 

blood partial pressures at the skin are not known, I used resting arterial values for PO2 

(0.125 atm) and PCO2 (0.12) for Rana catesbeiana at 20 ºC (Lenfant & Johansen 1967); these 

values will overestimate the cocoon conductance if partial pressures of cutaneous capillary 

blood are lower than arterial blood. I assume this is the case here, as skin capillary blood 

will contain blood from both systemic arterial and pulmocutaneous systems. Thus, the true 

skin conductance values are certainly lower than my calculated values. With partial 

pressures in the air of 0.2 for O2 and 0.0003 for CO2, and using the measured values of 

total flux in this study (except for O2 flux, which I set at the limit of resolution here: 0.001 

mL O2 g
-1 h-1), I calculate: DO2 = 0.003, and DCO2 = 0.025 (mL µm min-1 cm-2 atm-1). For 

comparison, diffusion coefficients for water, connective tissue and chitin at 20 ºC are much 

higher at 0.34, 0.115 and 0.013 mL µm min-1 cm-2 atm-1 respectively (Krogh 1919).  

 

Two examples of anurans which possess an integument with a lower permeability than 

typical anurans are the arboreal arid/semiarid Phyllomedusa sauvagei and Chiromantis 

xerampelina (Stinner & Shoemaker 1987). In Phyllomedusa, secretions from skin glands 

primarily increase the resistance to evaporative water loss and gas exchange. However, the 

extent to which cutaneous respiration is decreased in these frogs is not as great as in 

aestivating C. platycephala (Figure 4.6 and Figure 4.7).  
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Figure 4.6 – Pulmonary (solid lines) and cutaneous (dashed lines) O2 consumption as a 

function of total O2 consumption for aestivating Cyclorana platycephala, Chiromantis 

xerampelina, and Phyllomedusa sauvagei at 24 ºC. Data for Chiromantis and Phyllomedusa 

from Stinner and Shoemaker (1987). C. platycephala data were corrected for temperature 

using a Q10 of 1.67 (Gatten et al. 1992). 

 

 
Figure 4.7 – Pulmonary (solid lines) and cutaneous (dashed lines) CO2 release as a function of 

total CO2 release for aestivating Cyclorana platycephala, Chiromantis xerampelina and 

Phyllomedusa sauvagei at 24 ºC. Data for Chiromantis and Phyllomedusa from Stinner and 

Shoemaker (1987). C. platycephala data were corrected for temperature using a Q10 of 1.67 

(Gatten et al. 1992). 

 



      Physiological Adjustments to Aestivation and Activity in Cocoon-forming Frogs 

 

128 

4.4.1 Summary 

The pattern of pulmonary and cutaneous respiration in C. platycephala was similar to other 

frog species at rest, but was very different while aestivating. In cocooned frogs, cutaneous 

gas exchange is nearly absent. This is interpreted as indicative of a high resistance to gas 

diffusion across the cocoon. Given the similarities in cocoon structure between 

C. platycephala and other cocoon-forming frogs, it is probable all cocoon-formers exhibit a 

nearly complete reliance on pulmonary respiration during metabolic depression. 

 



 

 

Chapter 5  

Organ-specific extracellular fluid spaces at rest, during aestivation 
and exercise for Cyclorana maini  

5.1 Introduction 

 

The bulk of an animal’s body is water. For anurans, this amounts to about 78 – 80 % of the 

total body mass (Thorson & Svilha 1943, Schmid 1965). Body water is partitioned between 

two fluid compartments, the intracellular space (ICS) and extracellular space (ECS). The 

majority of water is in the ICS, that is within the cells, and accounts for about 60 % of the 

total body mass (Deb & Boral 1964). The ECS makes up the remaining fluid space (about 

20 % of body mass), which is situated outside the cells (Donohoe et al. 2000, Deb & Boral 

1964). The ECS has three major subcompartments, the blood plasma space (PS), interstitial 

space (IS), and lymphatic space (LS), as well as a number of specialized fluid-filled 

compartments, for example the ventricles of the brain, and synovial joints. The plasma 

space of frogs is typically about 5 % of body mass (Deb & Boral 1964, Thorson 1964), 

which leaves the interstitial and lymphatic spaces to account for roughly 15 % of body 

mass. Because there is currently no experimental method to quantify the sizes of these last 

two subcompartments, they are typically lumped together in body water partitioning studies 

(as ECS-PS).  

 

The ECS of an organ is defined similarly to whole-body ECS – it is the sum of all fluid 

spaces within an organ located outside of the cells. Values of organ-specific ECS vary 

greatly between organs, although most fall somewhere between about 10 % and 50 % of 

fresh tissue mass.  
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The amount of fluid in the ECS of a particular organ is not necessarily static. In principle, 

ECS fluid volume change can result from: (1) a change in the volume of fluid entering 

and/or exiting the plasma space or interstitial space of an organ, or (2) a redistribution of 

the fluid within an organ between the interstitial and the intracellular fluid space. In the 

first case, the volume of fluid in the plasma space is subject to variable blood flow, while 

the volume of the interstitial space is the subject of a number factors including: changes in 

capillary filtration, movements of fluid between the interstitium and the external 

environment, and/or changes in lymphatic function (Guyton & Hall 2000). In addition, a 

tissue’s interstitial compliance (the ratio of change of interstitial fluid volume over change 

of interstitial fluid pressure) acts to moderate fluid fluxes. In the second case, the 

redistribution of fluid between the interstitial and intracellular space requires a change in 

the volume of the ICS, that is, cells will swell or shrink. Redistribution can occur in 

response to osmotic change of the ICS, ECS, or both, that direct movement of water into 

or out of cells. 

 

Studies of anuran fluid distribution are typically concerned with whole-body ECS, blood 

distribution, or total water content of particular organs; few studies attempt to document 

changes in organ-specific ECS. For example, during body water loss with dehydration, 

certain organs lose water at a slower rate than does the whole animal (Shoemaker 1964). 

This differential loss is thought to occur though a redistribution of solutes from the ECS to 

the intracellular space, but it isn’t clear if the organs themselves have a proportionally 

reduced ECS, or whether fluid was mobilized from elsewhere into the organ.  

 

Studies addressing gains in total body water leave similar questions about the distribution 

of fluids within particular organs unanswered. Water gain during cold temperature 

submergence is a good example. When toads (adapted to 20 ºC) are submerged in cold 

water (4 ºC – 8 ºC) for 1 – 2 days they gain water equal to about 5 – 8 % of body mass, 

most of which (~70 %) accumulates in the ECS (Jørgensen et al. 1978). Observations of the 

edematous appearance of anurans emerging from aquatic hibernation or after water uptake 

support the general presumption that fluid accumulates in the lymphatic spaces (Stille 1952, 

Jørgensen et al. 1978) but the effect of water gain on the ECS of specific organs is 

unknown.  
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The few studies that address organ-specific ECS show that it may be variable under some 

conditions. A number of organs in toads appear to show large ECS changes over a 10 ºC – 

30 ºC temperatures range (Stinner & Hartzler 2000, Stinner et al. 1994), but these 

observations could be artefacts of the methodology employed. This possibility is explored 

thoroughly in the discussion. An in vitro study showed that brain ECS of Bufo arenarum was 

unaffected by temperature over a range of 7 ºC – 37 ºC (Segura et al. 1987). Brain ECS was 

affected by some anaesthetics (+12 % for ether and -20 % for urethane). These ECS 

changes occurred without an increase in total brain water content, indicating a 

redistribution of fluids from the ECS to the ICS. Lastly, for the euryhaline toad B. viridis, 

adaptation to saline water does not result in changes in muscle ECS even though total body 

ECS decreases (Gordon 1965).  

 

This study describes the effect of physiological state on the in vivo extracellular fluid spaces 

of a variety of organs in the cocoon-forming frog Cyclorana maini. The ECS of the bladder, 

brain, eggs/ovaries, eyes, fat bodies, foregut, heart, hindgut, kidneys, liver, lungs, skeletal 

muscle, oviducts, skin (pelvic, pectoral and the remaining skin), spleen, stomach, testes, 

tongue, and the remaining carcass were compared between frogs in three states: (1) at rest 

— a routine metabolic state, (2), immediately following exercise, i.e. high metabolism, and 

(3) during aestivation, a metabolically depressed state (Withers 1993). The main objective 

was to identify differences in ECF with physiological state as these indicate: (1) solute 

redistribution, (2) alterations in lymphatic function, (3) capillary permeability and/or (4) 

interstitial compliance that occur during aestivation or exercise for specific organs. 

Additionally, this study provides a useful dataset of organ-specific ECS values for a 

member of the hylid family. Not only are such data unavailable in the literature, but many 

organ-specific ECS values are unavailable for amphibians in general. In Chapter 2, these 

data are used to quantify the ECF component of 2-DG to total organ 2-DG content.  

 

5.2 Materials & Methods 

 

5.2.1 Animals 

Wild-caught Cyclorana maini (East Pilbara and Carnarvon Shire, CALM permit: SF004848) 

were housed at 22 ºC (12:12 photoperiod) in plastic tubs containing 1 cm of soil, Eucalyptus 
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sp. leaves and bark, and a dish of water. They were fed cockroaches and/or crickets weekly. 

After several months in captivity, a group of frogs was randomly selected for aestivation. 

These frogs were placed in dry, empty 1 L plastic containers (with a 0.5 cm hole in the lid) 

and stored in 24 h darkness at 22 ºC for 6 months. They were checked several times during 

the first month and occasionally thereafter. Those that did not aestivate within the first 

week or awoke from aestivation were removed from the experiment. Six frogs remained in 

aestivation (original standard mass = 13.6 g). Frogs in resting and exercise treatment 

groups continued to be housed together and were selected at random at the beginning of 

each trial. Food was withheld for 5 – 10 days prior to experiments.  

 

5.2.2 Experimental procedures 

Frogs were given a single 50 µL injection of a tracer amount of H3 radio-labeled inulin 

(MW = 5200, specific activity = 3.5 MBq mg-1, Amersham Biosciences, Little Chalfont, 

UK) solution (37,000 dpm/µL inulin in 0.7 % saline) into the dorsal lymph sac and placed 

in a sealed metabolic chamber (1.1 L – 1.2 L) for either 1 h (for the rest and exercise group) 

or 3 h (for the aestivation group) at 22 ºC. Aestivation (n = 6, standard mass at time of 

injection = 10.5 g) and rest (n = 18, standard mass = 8.7 g) treatment frogs were placed in 

a quiet dark room and left undisturbed. Exercise treatment group frogs (n = 8, standard 

mass = 9.6 g) were subjected to a series of seven exercise bouts alternating with a recovery 

period. During exercise bouts, the metabolic chamber (diameter = 12 cm) was turned by 

hand at 12 rpm for 3 minutes. A scored plastic lining inside the chamber prevented animals 

from sliding. Each bout was followed by a 5-minute recovery period.  The total time in the 

metabolic chamber was 56 minutes. This regime was chosen because frogs were able to 

walk or make short hops for the exercise duration and remained upright. At the end of the 

inulin distribution period, VO2 was determined for exercise and aestivation frogs from a 

60 mL sample of the chamber air. The sample was injected through a column containing 

3 mL of Carbosorb (BDH Laboratory Supplies, Poole, England) followed by 9 mL of 

Drierite (W.A. Hammond Drierite Company, Xenia, Ohio, USA) and into a Servomex 

oxygen analyser (Model 574, Crowborough, England). The VO2 of resting frogs was taken 

to be the average of a separate group of 34 resting C. maini (standard mass = 11.7 g) 

measured in the same manner, except that the duration of time in the metabolic chamber 

was 4-6 h. Metabolic rates are expressed in mL of O2 g
-1 h-1 ± SEM at standard temperature 

and pressure. 

 



Chapter 5: Organ-specific Extracellular Fluid Space 

 

133 

To establish that 1 to 3 h was an appropriate time to allow inulin to equilibrate in the ECS, 

I administered a similar dose to a closely related frog, Cyclorana australis (n = 6, standard 

mass = 60 g, collected in Wyndham-East Kimberly Shire). A series of blood samples (~50 

µL) was taken from each frog via cardiac puncture before injection and at 5, 15, 30, 90, and 

180 minutes after injection (for two frogs the 5 minute sample was not taken and a sample 

was taken at 60 minutes). At 180 minutes the frog was double-pithed and the final blood 

sample taken directly from the heart. Blood samples were processed as for C. maini. Plasma 

concentrations at each time interval were compared using repeated measures ANOVA. 

The concentration of inulin in the plasma of C. australis did not differ between sampling 

times after 5 minutes (Figure 5.1). Serial sampling was not possible with C. maini due its 

small size.  

 

 
Figure 5.1 – Plasma inulin concentrations of 6 Cyclorana australis after a single bolus 

injection of inulin. The concentration of plasma inulin did not differ after 5 minutes 

(repeated-measures ANOVA).  

 

Following the inulin distribution, frogs were double-pithed and the heart exposed. A small 

incision was made in the ventricle and blood collected in heparinized capillary tubes. Blood 

was transferred to a microcentrifuge tube and centrifuged for 30 minutes, and then the 

plasma was collected. Right and left M. gastrocnemius, pelvic skin (~1 cm2), pectoral skin 

(~1 cm2), the remaining skin, the tongue, bladder, heart, lungs, stomach, fat bodies, 

foregut, hindgut, spleen, reproductive organs (ovaries with eggs if present, oviducts, testes), 

and the eyes, were excised. Each was rinsed briefly with water, momentarily laid flat (twice 

on each side) on filter paper to remove excess water and placed in a pre-weighed 

scintillation vial. All samples were weighed to ± 0.1 mg (Sartorius model AC210S, 
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Goettingen, Germany). Whole organs were collected where possible; exceptions were 

brain, carcass, ovaries, fat bodies, and liver. As much of the brain tissue as could be found 

was collected (the organ itself being damaged from pithing) while subsamples of the other 

organs were collected and the total dpm/organ extrapolated. For the ovaries, often full of 

eggs, half of the total mass was collected. For the liver, 3 – 4 small pieces from different 

lobes (30 mg – 50 mg total) were collected. Subsamples of fat bodies weighed from 30 mg 

to 200 mg. Fat body subsample mass was larger for the aestivation and exercise groups 

than for the rest group. The carcass was homogenized with 50 mL water in a blender for 

30 minutes; 2 mL of the solution was then collected. From 6 frogs in the rest group, only 

the bladder, right and left M. gastrocnemius, the M. triceps femoris, and the lungs (from 3 frogs) 

were sampled. These tissues were treated as above, except bladders, which had three 

lengthwise incisions, were rinsed twice, and then blotted dry as above. This was done after 

an examination of the variability for bladder data suggested that urine inulin contamination 

had occurred (ECS = 34 ± 18 %, n = 12). Bladder samples from the exercise and 

aestivation groups were treated using this latter method. Two M. gastrocnemius samples from 

pilot studies were also included. 

 

In general, tissues were solublized in 1 mL of Soluene-350 (PerkinElmer, Waltham, 

Massachusetts, USA) at 35 ºC overnight and needed no further processing. Liver, eye, and 

ovaries required bleaching, which was accomplished by adding eight 25 µL aliquots of 30 % 

H2O2 (allowing each to react before adding the next). The carcass samples, remaining-skin 

samples, and several of the larger egg samples required a total of 4 mL of Soluene to 

solublize. One mL subsamples of the latter two were taken and bleached as above.  

 

The radioactivity of each sample was determined by scintillation counting. A volume of 

4 mL of Hionic Fluor liquid scintillation counting fluid (PerkinElmer) was added to the 

final samples, vortex mixed, allowed to stand for 4 h, vortex mixed again and then counted 

in a liquid scintillation counter (Packard model TriCarb 2300TR, Canberra, Australia). 

Quenching was corrected using external standards. The radioactivity for nearly all samples 

was greater than 1,000 cpm which is recommended by Packard for accurate quench 

correction (spleen samples were usually lower than 1,000 cpm). 

 



Chapter 5: Organ-specific Extracellular Fluid Space 

 

135 

5.2.3 Calculations and statistics 

Extracellular fluid space was calculated from  

 

! 

%ECStissue =
dpmtissue gwet tissue

dpmplasma gplasma
"100  . 

                           Equation 5.1 

 

 

 

The organ-specific ECS was equal to the radioactive concentration per wet mass of tissue 

divided by the radioactive concentration per mass of plasma. It was convenient for 

comparisons to express values as a percent. Comparisons were made between mean organ 

ECS values in different treatments using one-way ANOVA with a Newman-Keuls post-

test. Bartlett’s tests were run for each comparison to identify violations of equal variances. 

It was rare to find unequal variances, but when found, data were log-transformed before 

ANOVA. As these were proportional data, tissue ECS values were first arcsine 

transformed before analysis. All tests were made using Prism 4 for Macintosh (GraphPad 

Software, San Diego, CA). An α of  < 0.05 was considered significant. 

 

A number of other calculations were made. Whole-body ECS for each frog was calculated 

from its organ-specific ECS values by first calculating the total mass of ECF in all 

contributing organs, and then dividing by the standard body mass. Whole-body ECS values 

were then arcsine transformed and group means compared as above. Right and left M. 

gastrocnemius ECS values were averaged to obtain a single value for each frog. The difference 

between right and left M. gastrocnemius ECS is reported to give some indication of the 

variation due to sampling technique. The ECS of the M. triceps femoris was compared to the 

ECS of the M. gastrocnemius (2-sided t-test). Comparisons were made between the masses of 

individual organs in treatment groups using ANOVA. Finally, the percent contribution of 

each organ to the fat body and egg-free standard mass was also calculated, arcsine 

transformed, and compared between groups. Unless otherwise stated values are given as 

the mean ± SEM.  
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5.3 Results 

 

5.3.1 Body mass  

On average, initial standard mass for aestivation group frogs was greater than for rest or 

exercise frogs (Table 5.1). During the aestivation period, frogs lost 22 – 23 % of standard 

mass. It should be noted that the initial standard mass of aestivation frogs might include 

some bladder water, as it could not be confirmed by dissection that urinary bladders were 

completely empty when measured. At the time of dissection, there were no differences in 

standard mass between groups. The mass of fluid in the urinary bladder varied following 

the aestivation period (2 had none, others had 10 mg, 44 mg, 85 mg or 1748 mg). 

 
Table 5.1 Standard body mass and fat body and egg-free standard body mass for frogs in 

each treatment group. Differences between treatments are indicated by letters: (a) different 

from rest or (b) different from exercise, by ANOVA, SNK; subscript is P value. 

 
Treatment group N Mass ± SEM (g) Fat body & egg-free 

mass ± SEM (g) 

Rest 8 9.02 ± 0.78 8.06 ± 0.71 

Exercise 12 9.61 ± 0.82 9.14 ± 0.78 

Aestivation    

 Initial (apparent) 4 13.56 ± 0.47 (a0.01, b0.05) 11.81 ± 0.56 (a0.01) 

 Final 6 10.45 ± 0.20 * 8.82 ± 0.30 * 

* variances were different and remained different after log transform. Kruskal-Wallis nonparametric test 

showed no differences between treatment groups. 

 

5.3.2 Extracellular fluid spaces 

The extracellular fluid spaces of individual organs ranged between 1 and 63 % (Table 5.2), 

but most values were between 10 and 30 %. Differences between treatment groups were 

only found for skin and fat bodies. Skin ECS was lower for both exercise and aestivation 

frogs compared to rest frogs. The ECS of the fat bodies was lower for the aestivation 

group than for either rest or exercise frogs (P < 0.01 and P < 0.05, respectively). No other 

differences in ECS between organs in different treatment groups were found. Right and 

left M. gastrocnemius ECS values from each frog were nearly identical. The difference 
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between each frogs M. gastrocnemius were less than 2.2 % of the muscle ECS. M. triceps 

femoris ECS was not different from M. gastrocnemius ECS (P = 0.54). 

 

The total ECS of frogs, as determined from the sum of the ECF mass of the contributing 

organs, was not different between treatment groups (Figure 5.2). The mean ECS for all 

groups combined was 21.7 ± 0.01 % (n = 26). 

 

 
Figure 5.2 – Total extracellular fluid content of C. maini at rest, following exercise, and 

during aestivation. No significant differences were found between treatments. 

 

5.3.3 Organ mass 

The carcass made up the bulk of the tissue mass (>50 %) with smaller contributions 

(ranging from 3 – 8 %) made by the plasma, skin and liver (Table 5.3). The fat bodies and 

ovaries with eggs made large but variable contributions to total mass. There were some 

differences in organ mass between different groups. The mass of the foregut and stomach 

of aestivation frogs was lower than for rest or exercise frogs. Aestivation frogs had larger 

fat bodies. The female reproductive organs (eggs/ovaries and oviducts) of rest frogs were 

larger than for the other groups. Oviduct mass and egg/ovary mass were positively 

correlated for rest frogs (linear regression, r2 = 0.95) and for all frogs combined (r2 = 0.91). 
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Table 5.2 – Organ-specific extracellular fluid volumes for C. maini at rest, following exercise, 

and during aestivation. Values are g of ECF per 100 g wet tissue ± SEM. Differences between 

treatments by ANOVA are indicated by letters: (a) different from rest or (b) different from 

exercise; subscript is P value. Superscripts indicate exceptions to the number of samples 

analysed. 

 
Organ Rest (n = 12) Exercise (n = 8) Aestivation (n = 6) 

  (g ECF / 100 g wet tissue)  

Bladder 6.7 ± 1.3 n=6  12 ± 2  9.3 ± 2.0 

Brain 23 ± 1  20 ± 3  19 ± 2 

Carcass 24 ± 2  24 ± 2  25 ± 3 

Eggs/ovaries 6.8 ± 0.8 n=6  6.5 ± 1.8 n=3  8.0 ± 2.3 n=3 

Eyes 11 ± 2  8.0 ± 0.1  9.2 ± 0.1 

Fat bodies 2.9 ± 0.3  2.5 ± 0.4  1.1 ± 0.1 (a0.01, b0.05) 

Foregut 18 ± 1  16 ± 2  21 ± 2 

Heart 28 ± 2  28 ± 2  21 ± 2 

Hindgut 25 ± 2  26 ± 3  20 ± 3 

Kidneys 56 ± 4  63 ± 7  50 ± 7 

Liver 14 ± 2  10 ± 1  11 ± 2 

Lungs 29 ± 2 n=15  28 ± 4  27 ± 2 

M. gastrocnemius 10 ± 1 n=20  10 ± 1  10 ± 1 

M. tri. femoris 11 ± 1 n=6      -      - 

Oviducts 9.2 ± 1.3 n=5  22 ± 7 n=3  19 ± 6 n=3 

Pectoral skin 36 ± 3  42 ± 5  32 ± 3 

Pelvic skin 38 ± 2  39 ± 5  43 ± 4 

Skin (remaining) 34 ± 3  27 ± 3 (a0.05)  22 ± 2 (a0.01) 

Spleen 17 ± 1  15 ± 3  20 ± 5 

Stomach 29 ± 2  26 ± 2  27 ± 3 

Testes 16 ± 2 n=6  12 ± 1 n=4  19 ± 4 n=3 

Tongue 43 ± 3  40 ± 4  43 ± 3 

 

5.3.4 Metabolic rate 

Metabolic rates were significantly different between treatment groups by ANOVA (P < 

0.001): exercise frogs > rest > aestivation (0.44 ± 0.03 vs. 0.07 ± 0.01, vs. 0.04 ± 0.03 mL 

O2 g
-1 h-1). 
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Figure 5.3 – Metabolic rates of C. maini at rest, during exercise, and during aestivation. 

Exercise frog VO2 was highest; aestivation frog VO2 was lowest (P < 0.001, ANOVA). 

 
Table 5.3 – Organ mass and percent contribution to fat body and egg-free standard body 

mass ± SEM for rest (n = 12), exercise (n = 8) and aestivation (n = 6) treatments. Differences 

between treatments by ANOVA are indicated by letters: (a) different from rest or (b) 

different from exercise; subscript is P value. * 1 outlier was removed from group (mass = 24 

mg). 

Table 5.3 continued 

Organ Mass (mg) % fat body & egg-free mass 

Bladder   
 Rest 24 ± 2 n=6 0.30 ± 0.02 

 Exercise 28 ± 3 0.32 ± 0.03 

 Aestivation 21 ± 3 0.23 ± 0.03 

Brain   
 Rest 25 ± 2 0.33 ± 0.03 

 Exercise 27 ± 2 0.31 ± 0.03 

 Aestivation 23 ± 2 0.26 ± 0.02 

Carcass   
 Rest 4630 ± 360 58.3 ± 1.4 

 Exercise 4690 ± 280 53.8 ± 2.6 

 Aestivation 5010 ± 270 56.9 ± 2.3 

Eggs / Ovaries   
 Rest  809 ± 154 n = 5 7.2 ± 1.5 

 Exercise  281 ± 77 n = 3 (a0.05) 3.0 ± 0.7 

 Aestivation  84 ± 38 n = 3 (a0.05) 0.9 ± 0.4 (a0.05) 

Eyes    
 Rest 182 ± 10  2.4 ± 0.1 

 Exercise 170 ± 6 2.0 ± 0.2 

 Aestivation 178 ± 7 2.0 ± 0.1 
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Table 5.3 continued 

Organ Mass (mg) % fat body & egg-free mass 

Fat bodies   
 Rest 582 ± 94 8.0 ± 1.7 

 Exercise 465 ± 85 5.1 ± 0.7 

 Aestivation  1414 ± 275 (a0.05, 

b0.05) 

16.3 ± 3.3 (a0.001, b0.01) 

Foregut   
 Rest 106 ± 10 1.5 ± 0.1 

 Exercise 102 ± 7 1.2 ± 0.1 

 Aestivation  64 ± 6 (a0.05, b0.05) 0.7 ± 0.1 (a0.001, b0.001) 

M. gastrocnemius 1   
 Rest 66 ± 6 0.83 ± 0.02 

 Exercise 67 ± 5 0.76 ± 0.03 

 Aestivation 53 ± 3 0.60 ± 0.03 (a0.001, b0.01) 

M. gastrocnemius 2   
 Rest 66 ± 6 0.84 ± 0.03 

 Exercise 67 ± 5 0.76 ± 0.03 

 Aestivation 56 ± 3 0.64 ± 0.02 (a0.001, b0.05) 

Heart   
 Rest 27 ± 2 0.34 ± 0.01 

 Exercise 26 ± 2 0.29 ± 0.02 (a0.05) 

 Aestivation 25 ± 1 0.28 ± 0.01 (a0.05) 

Hindgut   
 Rest 39 ± 3 0.50 ± 0.02 

 Exercise 37 ± 3 0.48 ± 0.04 

 Aestivation 34 ± 4 0.38 ± 0.04 

Kidneys   
 Rest 31 ± 3 0.39 ± 0.03 

 Exercise 32 ± 1 0.38 ± 0.03 

 Aestivation 35 ± 2 0.39 ± 0.02 

Liver   
 Rest 321 ± 38 3.9 ± 0.3 

 Exercise 315 ± 47 3.5 ± 0.5 

 Aestivation 367 ± 43 4.1 ± 0.5 

Lungs   
 Rest 66 ± 5 0.84 ± 0.05 

 Exercise 59 ± 7 0.66 ± 0.07 

 Aestivation 71 ± 6 0.80 ± 0.04 

Oviducts   
 Rest 169 ± 29 n = 5 1.8 ± 0.1 

 Exercise  83 ± 10 n = 3 (a0.05) 0.9 ± 0.1 (a0.01) 

 Aestivation  56 ± 22 n = 3 (a0.05) 0.6 ± 0.3 (a0.05) 

Plasma (collected)   
 Rest 320 ± 46 4.2 ± 0.5 

 Exercise 430 + 110 4.5 ± 0.8 

 Aestivation 306 ± 105 3.5 ± 1.3 
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Table 5.3 continued 

Organ Mass (mg) % fat body & egg-free mass 

Skin (all)   
 Rest 706 ± 59 8.0 ± 0.7 

 Exercise 725 ± 58 8.3 ± 0.5 

 Aestivation 699 ± 35 7.9 ± 0.2 

Spleen   
 Rest 3.0 ± 0.4 0.04 ± 0.01 

 Exercise 3.8 ± 1.2 0.04 + 0.01 

 Aestivation 3.8 ± 0.9 0.01 ± 0.01 

Stomach   
 Rest 236 ± 23 3.0 ± 0.2 

 Exercise  217 ± 10 2.5 ± 0.2 

 Aestivation  153 ± 17 (a0.05, b0.05) 1.7 ± 0.1 (a0.001, b0.05) 

Testes   
 Rest 17 ± 2 n = 6 0.24 ± 0.01 

 Exercise 16 ± 4 n= 5 0.18 ± 0.04 

 Aestivation 6.5 ± 1.2 n=3 0.08 ± 0.01 (a0.01, b0.05) 

Tongue   
 Rest 132 ± 14 1.6 ± 0.1 

 Exercise 131 ± 10 1.5 ± 0.1 

 Aestivation 102 ± 16 1.1 ± 0.2 (a0.01, b0.01) 

 

5.4 Discussion 

 

5.4.1 Comparisons of organ-specific ECS between rest, exercise and 
aestivation  

The extracellular fluid spaces are conserved for whole frogs and for most organs during 

aestivation and exercise. However, differences were found between activity states for skin 

and fat bodies. The ECS of aestivating frog skin was lower than that of resting frogs, and 

aestivating frog fat body ECS was lower than that of both resting and exercising frogs. 

Exercise group frog skin ECS was also lower compared the rest.  

 

Contributing to the decrease in aestivating frog skin ECS could certainly be decreased 

plasma volume due to decreased blood flow. Since the skin of aestivating frogs has a very 

small role in respiration (Chapter 4), decreases in blood flow would be expected. However, 

exercising frog skin ECS was also lower than that of resting frogs. Here, a decrease in 

blood flow to the skin, the primary CO2 exchange organ, would not be predicted. Thus, 
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although a decrease in skin plasma volume may contribute, it does not appear to be solely 

responsible. Thus, loss of fluid from other skin ECS subcompartments, i.e. the interstitial 

and/or lymph spaces, must occur.  

 

Fluid loss from the skin ECS without a decrease in skin mass indicates fluid redistribution 

into the intracellular compartment. Although skin masses were not different between frogs 

in this study (Table 5.3), making that comparison is problematic because the apparent 

initial standard mass5 of aestivation frogs was greater than rest frog standard mass. It is 

therefore useful to rely on data from a previous study on water content of C. maini skin to 

support the contention that skin mass does not decrease during aestivation. In that study, 

skin showed no decrease in total water content after 5 – 7 months of aestivation (Bayomy 

et al. 2002). The frogs in that study also lost a similar amount of body mass as the frogs in 

this study (~20 % of standard mass) and were probably at a similar hydration state. Thus, if 

skin ECS decreases, but skin water content remains the same, fluid redistribution into the 

intracellular compartment must occur. This supports a previous observation for toads, that 

some organs lose water more slowly during dehydration than does the whole animal. This 

is brought about by the redistribution of solutes and thus water into the intracellular 

compartment (Shoemaker 1964). Since the frogs in the Shoemaker study were similarly 

dehydrated (~20 %), it is reasonable to suggest the same redistribution mechanism operates 

with dehydration during aestivation.  

 

Like that of aestivation frogs, the skin of exercise frogs had a lower ECS, and total skin 

mass was the same in both groups (Table 5.3). These data support the idea that ECF in the 

skin of exercise frogs is redistributed to the intracellular space.  I am unaware of a study 

examining the redistribution of ECS during exercise. A redistribution of solutes such as 

lactate could contribute to a redistribution of ECF, as tissue lactate levels are known to 

increase greatly during and following exercise (Fuery et al. 1997). 

 

Larger fat bodies have less ECF. An exponential model best describes the relationship for 

rest and exercise frogs combined (y = 0.0389•e-0.00133•x + 0.0075, r2 = 0.37) and for all frogs 

                                                
5 I could not be sure that bladders were completely empty for initial mass determinations 

for aestivation frogs. I could be sure for final mass determinations as the frog was dissected 

after weighing.  
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combined (y = 0.0399•e-0.00159•x + 0.0081, r2 = 0.51, Figure 5.4). The larger size of the fat 

bodies in the aestivation group explains in part the lower ECS values obtained for 

aestivation frogs. This relationship of mass and ECS probably exists due to the simple 

exclusion of ECF from interstitial spaces by fat body cells with a larger volume; this 

assumes that larger fat bodies are in fact large because individual cells are filled with more 

lipid.  

 

 
 
Figure 5.4 – Positive relationship between fat body extracellular space and fat body mass. 

Larger fat bodies had lower ECS (r2 = 0.51). 

 

5.4.2 Critique of method 

To assess the accuracy of organ-specific ECS values obtained using any of the currently 

available methods requires that careful attention is paid to the limitations of the 

experimental method employed. In this study, I used a large molecular weight ECS marker 

that penetrates the intracellular space relatively slowly, and selected an equilibration time as 

short as possible to limit cellular penetration or marker accumulation effects if they 

occurred (Law 1982). My use of non-anaesthetized frogs also eliminated the potential 

effects of anaesthesia (Segura et al. 1987). Under these conditions, I predicted that accurate 

estimates of true organ-specific ECS would be obtained. However, because the frogs were 

not nephrectomized, some error was expected due to ECS marker loss from the plasma via 

renal filtration. The impact of this error would be small if the rate of renal filtration was 
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low. The relatively constant plasma inulin concentration observed for Cyclorana australis 

between 1 and 3 h (Figure 5.1) is consistent with the assumption that this error was small. 

Further support for the general accuracy of the results presented here is the similarity 

between the calculated total ECS from this study, ~21 % (Figure 5.2), compared to the 

total ECS from whole-animal studies, ~20 % (Donohoe et al. 2000, Deb & Boral 1964).  

 

Although the method I used should provide accurate ECS values for organs in general, 

there may be organs for which the method is inappropriate. For example, the ECS of 

organs with a large portion of ECS that is either inaccessible to or only very slowly 

penetrated by inulin will be underestimated. Other organs are particularly susceptible to 

overestimations of ECS. Both kidney and bladder ECS may be overestimated due to the 

excretion of inulin into the urinary spaces (Law 1982). The recovery of water (but not 

inulin) from glomerular filtrate in the kidney tubules can also concentrate inulin in the 

urine, increasing the magnitude of the error. While bladder tissue could be processed to 

minimize urinary space error, kidney tissue could not. Thus, kidney ECS is expected to be 

overestimated. 

 

To further assess the validity of the ECS values obtained in this study I compared my 

values with ECS values from the literature. Unfortunately, the literature provides an 

incomplete set of anuran data from which to make such comparisons. Therefore, I also rely 

on data from other vertebrates, usually mammals, to make comparisons for a number of 

organs. To further complicate the evaluation, the literature presents a variety of both 

complementary and contradictory values obtained from a large number of different 

methods. Before I can critically assess these data, it is necessary to review the basic means 

by which ECS is measured, and to point out methodological deficiencies.  

 

It is common to determine the organ-specific ECS in vivo, as I have done, by the 

introduction of an appropriate marker into the vascular system and later measuring its 

concentration in particular organs after it achieves equilibrium with the ECS (Law 1982). In 

vitro measurements are similarly obtained where the marker is instead introduced into a 

medium bathing an isolated organ or tissue. Accurate values are obtained only if an 

appropriate ECS marker is used. The marker should easily and evenly distribute in the ECS 

and not penetrate the intracellular space. It should not alter the ECS. Nor should it be 

metabolised or excreted (Law 1982). Although no known substance completely satisfies all 
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of these requirements, there are a number of commonly used molecules that reasonably 

satisfy most of them, do so in the short term, or can be used with care thereby minimizing 

the impact of their shortcomings. The list of markers used includes various lipid-insoluble 

compounds such as inulin, sucrose, mannitol, raffinose and EDTA, and ions such as 

chloride, bromide and sodium. Radio-labeled versions are generally used so that they may 

be detected at low concentrations. 

 

Radio-labeled inulin and sucrose are the most commonly used markers for frog organ-

specific ECS studies, although a few other markers have occasionally been used. Neither 

inulin nor sucrose satisfies the requirement of perfect distribution throughout the ECS, 

although for different reasons, and both are excreted by the kidneys. Inulin’s comparatively 

large size (MW ~5 kilodaltons) helps limit its penetration into cells, but it is thought to 

interact with mucopolysaccharides resulting in a slower penetration of some organs, 

particularly those rich in connective tissue (Nichols et al. 1953, Bozler 1967). Inulin also 

accumulates in certain organs, particularly liver and skin (White & Rolf 1957). One 

proposed mechanism of such accumulation is that it is taken-up by macrophages (White & 

Rolf 1956). Thus, any organ rich in macrophages may accumulate larger quantities of inulin 

over time. Sucrose, on the other hand, as typical of other small molecular weight ECS 

tracer molecules, quickly disperses throughout the ECS, but penetrates the intracellular 

space to a greater extent (Law 1982).  

 

Clearly, using an imperfect ECS marker will overestimate or underestimate the true ECS, 

depending on the marker’s deficiency. The nature of many of these deficiencies is such that 

the magnitude of the error is a function of the time that the marker is allowed to distribute. 

Long distribution times exacerbate errors due to cell penetration, tissue accumulation and 

renal excretion, while short distribution times result in underestimations due to incomplete 

marker distribution. Thus, some of the error inherent in ECS determinations can be 

minimized by selecting the shortest possible equilibration time consistent with complete 

marker equilibration. In intact animals, urinary loss makes predicting this time-point of 

complete marker equilibration a practical impossibility. Removing or ligating the kidneys 

solves this problem, as does using an in vitro preparation, although tissue in vitro 

preparations are known to swell (Ballard et al. 2000). The marker may also be continuously 

infused into the vasculature (either in the whole animal or to a specific organ) and the 

plasma concentration monitored until equilibration is established. However, monitoring the 

plasma concentration of the marker in intact rats following a single injection shows that 
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“complete” equilibration, as inferred from stable plasma marker concentration, is achieved 

after 30 min to 1 h (Cieslar et al. 1998, Dobson & Cieslar 1997, White & Rolf 1956). If the 

rate of renal filtration and hence marker loss from the plasma is low, then the effect of 

urinary loss on the ECS values obtained will be small.  

 

5.4.3 Comparisons with other tissue ECS studies 

Comparing ECS values within the literature and to those obtained in this study is intended 

either to support the validity of individual values, or to identify values that may be 

inaccurate. The methodological considerations outlined above should then be useful in 

reconciling large differences ECS values where they exist. For example, a study by Stinner 

et al. (1994) reports very high values for a number of organs for toads, including liver and 

skin, which are in disagreement with the values obtained in this study as well as those from 

a number of other studies (Table 5.4 and Table 5.7). Their technique had a long 

equilibration time (10 h). A reasonable explanation for the discrepancies is that their high 

values are overestimates due to the known impact of a long equilibration period for organs 

that accumulate inulin over time, especially for liver and skin (White & Rolf 1957).   

 

(a) Brain, heart, kidney, skeletal muscle, stomach and skin 

ECS values of brain, heart, kidney, skeletal muscle, stomach and skin determined in this 

study are similar to those reported in other anuran studies (Table 5.4). For the majority of 

these organs, the range of different methods, both in vivo and in vitro, and the use of a 

number of anuran species all support the conclusion that the present results are valid 

estimates of ECS. 

 

Anuran skin and kidney ECS were measured in a single study each (Ferreira & Swensson 

1979, Deeds et al. 1977). I have included mammalian values for comparison, but given the 

differences in the organ structures I would not necessarily expect them to be similar. 

Values for mammalian skin happen to be similar anuran values, while kidney values are 

lower. 

 

The major exception to the overall agreement in tissue ECS values are some values 

reported by Stinner et al. (1994). Their much higher values are likely the result of the long 
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(10 h) equilibration time, which is known to overestimate ECS (White & Rolf 1957). In 

addition, the ECS of organs in that study typically increased at higher temperatures. While 

the authors interpreted this trend as a correlation between temperature and ECS, it would 

be the predictable result of a correlation between metabolic rate and rate of inulin 

accumulation. For example, if skin metabolism was correlated with inulin accumulation, 

then one would expect more inulin to be accumulated, and hence a greater apparent ECS, 

at the higher metabolic rates that occur at higher temperatures. Moreover, because the 

toads in that study were not nephrectomized and were in contact with water, they were 

subject to normal water influxes, and urine production and therefore loss of the marker 

from the plasma through renal filtration. This would further exaggerate ECS 

overestimation due to marker accumulation by reducing the denominator (plasma inulin 

concentration) in the ECS calculation.  

 

The comparison of other organ values reported by Stinner et al. (1994) show that some 

organ values (e.g. heart) are similar to values from other studies. I interpret this as indicating 

that these organs do not accumulate inulin over time, or do so at much slower rates. 

 

Table 5.4 – Organ-specific extracellular fluid spaces for brain, heart, kidney, muscle, stomach 

and skin (g of ECF per 100 g fresh tissue ± SEM).  

 
Table 5.4 continued 

Organ  ECS ± SEM Method 

18.6 Inulin, whole brain, in vitro, Rana pipiens (Bradbury et al. 1968) 

22.4 ± 0.8 Inulin, whole brain, in vitro, 30-40 min equilibration, Bufo arenarum (Segura et 

al. 1987) 

23.9 ± 1.7 Half brain, as above 

23 ± 1 Rest, this study  

20 ± 3 Exercise, this study 

Brain 

19 ± 1 Aestivation, this study 
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Table 5.4 continued 

Organ  ECS ± SEM Method 

20 ± 2 L-dextran, ventricle wall, in vitro, R. pipiens (Bozler 1967) 

28 ± 4 Inulin, as above  

23.7 ± 3.7 

22.1 ± 2.3 

26.3 ± 6.8 

Inulin, ventricle sample, in vivo 10 h equilibration, non-nephrectomized, 10, 

20 and 30 ºC respectively, B. marinus (Stinner et al. 1994) 

34 ± 5.7 Inulin, in vivo, 1 h equilibration, fish: Opsanus tau (Cooperstein & Lazarow 

1969) 

34 ± 6 Inulin, ventricle strip, in vitro, R. pipiens (Armstrong et al. 1969) 

36 ± 9 Sucrose, as above  

28 ± 2 Rest, this study 

28 ± 2 Exercise, this study 

Heart 

21 ± 2 Aestivation, this study 

 

    
Kidney 31.1 ± 0.9 Inulin, in vitro slice preparation, 1-2 h incubation, guinea pig (McIver & 

MacKnight 1974) 

 32.7 ± 0.9 Rabbit, as above  

 40.2 ± 0.4 Rat, as above  

 49 ± 1 Inulin, whole, in vitro, perfused 40 min, 24-29 ºC, R. catesbeiana (Deeds et al. 

1977) 

 56 ± 4 Rest, this study  

 63 ± 7 Exercise, this study  

 50 ± 7 Aestivation, this study  

    
Muscle 8.8 ± 1.7 Inulin, whole M. semitendinosus, in vitro, R. pipiens (Ling & Kromash 1967) 

 9 ± 2 Inulin, in vivo, 1 h equilibration, fish: Opsanus tau (Cooperstein & Lazarow 

1969) 

 10.3 ± 2.3 Inulin, whole M. sartorius, in vitro, R. pipiens (Ling & Kromash 1967)  

 11 ± 1.0 M. iliofibularis, as above 

Muscle 

 

11.6 ± 3.5 Inulin, thigh muscle, in vivo, 2-6 h equilibration B. boreas (Gordon 1965) 

 12.8 ± 3.6 B. viridis, as above  

 14.2 ± 1.5 

18 ± 3.8 

17.5 ± 3.9 

Inulin, M. pectoralis sample, in vivo, 10 h equilibration, 10, 20 and 30 ºC, 

respectively, B. marinus (Stinner et al. 1994) 

 

 20 ± 2.9 Inulin, as above  

 11 ± 1 Rest, M. gastrocnemius, this study 

 11 ± 1 Exercise, M. gastrocnemius, this study 

 10 ± 1 Aestivation, M. gastrocnemius, this study 

 11 ± 1 Rest, M. triceps femoris, this study 

 

    
Stomach 25.5 ± 2.7 Inulin, in vitro, R. pipiens (Bozler 1967)  
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Table 5.4 continued 

Organ  ECS ± SEM Method 

28.5 ± 3.3 L Dextran, as above  

29 ± 4 EDTA, antrum of stomach, in vivo, 1 h infusion, rat (Larsson et al. 1980) 

33 ± 5 EDTA, fundic stomach, as above  

34 ± 1 Inulin, muscle tissue, in vitro, R. temporaria (Armstrong 1964) 

42.7 ± 5.7 

45.4 ± 10.3 

47.1 ± 4.2 

Inulin, stomach sample, in vivo 10 h equilibration, 10, 20 and 30 ºC 

respectively, B. marinus (Stinner et al. 1994) 

29 ± 2 Rest, this study 

26 ± 2 Exercise, this study 

 

27 ± 3 Aestivation, this study 

 

    
Skin 25.3 ± 0.9 Inulin, in vitro, 2 h incubation, Rana ridibunda pallas (Ferreira & Swensson 

1979) 

 25.7 ± 2.1 Co60-EDTA, in vivo, 1 h infusion, rat (Larsson et al. 1980) 

 30 ± 9 EDTA, as above 

 33.0 ± 2.0 Inulin, in vivo, 3 h equilibration, nephrectomized rat (White & Rolf 1957) 

 51.3 ± 1.3 15 h equilibration, as above 

 48.8 ± 9.6 

51.5 ± 8.0 

58.1 ± 7.9 

Inulin, stomach sample, in vivo 10 h equilibration, 10, 20 and 30 ºC 

respectively, B. marinus (Stinner et al. 1994) 

 

36 ± 3 Rest, this study 

42 ± 5 Exercise, this study 

Pectoral 

skin 

32 ± 3 Aestivation, this study 

 

38 ± 2 Rest, this study  

39 ± 5 Exercise, this study 

Pelvic skin 

43 ± 4 Aestivation, this study 

 

33 ± 3 Rest, this study  

27 ± 3 Exercise, this study 

Skin 

22 ± 2 Aestivation, this study 

 

 

(b) Bladder 

Bladder ECS values were much lower than any found in the literature (Table 5.5). 

However, the values obtained from bladders that were cut and rinsed only once were more 

similar to bladder values in the literature. The high variability in these values alerted me to 

the possibility that the bladders could be contaminated if inulin-containing urine was not 

rinsed free from the bladders. Urine-derived inulin contamination seemed to be confirmed 

after taking special care to remove all urine in subsequent samples (3 cuts were into the 

bladders and were rinsed twice before being blotted dry). The much higher in vitro bladder 
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ECS values for toads (Brem et al. 1986) could be due to contamination. In these 

experiments, the authors emptied the bladders following the equilibration period, but what 

care was used when or if they were rinsed out is not stated. Although it is possible that the 

additional treatment I performed rinsed away the inulin located within the ECS of the 

bladders, I consider it more likely that without care inulin-containing fluid remains in the 

bladder. 

 

Table 5.5 – Organ-specific extracellular fluid spaces for bladder (g of ECF per 100 g fresh 

tissue ± SEM). 

 
Bladder ECS ± SEM Method 

49.0 ± 0.3 Inulin, whole bladder, in vitro, B. marinus (Brem et al. 1986) 

43.6 ± 0.6 Inulin, epithelial layer, in vitro, 1-2 h incubation, B. marinus (McIver & 

MacKnight 1974) 

34 ± 5.1 Rest, this study (probably urine contaminated) 

6.7 ± 1.3 Rest, this study 

11.6 ± 1.8 Exercise, this study 

 

9.3 ± 2.0 Aestivation, this study 

(c) Foregut 

The foregut ECS values I obtained are similar to mammalian values toward the lower end 

of the range, most values being 1.5 to 2.5 times higher than mine (Table 5.6). The studies 

with the highest values typically examined only the muscle layer or calculated a total ECS 

from several layers and as such may not representative of whole organ values. The single 

study that examined foregut ECS in an anuran used inulin as a marker with a long 

equilibration period. Therefore, these values may be inaccurate. 

 
Table 5.6 – Organ-specific extracellular fluid spaces for foregut (g of ECF per 100 g fresh 

tissue ± SEM). 

 
Table  5.6 continued 

Foregut ECS ± SEM Method 

 11 ± 1 EDTA, duodenum or ileum, in vivo, constant infusion up to 160 min, rat 

(Rippe et al. 1998) 

 21 ± 3 EDTA, in vivo, 1 h infusion, rat (Larsson et al. 1980) 

 28 Inulin, jejunum, calculated from layer values (mucosa = 24, submucosa = 36, 

muscle = 26), in vivo, infusion 10 min – 4 h, dog (Grim et al. 1973) 

 39.1 ± 2.9 Inulin, longitudinal muscle of ileum, in vitro, 1 h incubation, guinea pig (Weiss 
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Table  5.6 continued 

Foregut ECS ± SEM Method 

1966) 

 33.2 ± 7.4 

38.1 ± 6.9 

46.2 ± 7.2 

Inulin, in vivo, 10 h equilibration, 10, 20 ºC and 30 ºC, B. marinus (Stinner et al. 

1994) 

 39 ± 2 Sucrose, muscle layer only, in vitro, 10 – 240 min incubation, dog (Barr & 

Malvin 1965) 

 41 ± 1 Inulin, as above  

 17 ± 0.01 Rest, this study  

 15 ± 0.02 Exercise, this study 

 21 ± 0.02 Aestivation, this study 

 

 

(d) Liver 

Liver ECS values in the literature range widely (Table 5.7). A number of mammalian liver 

studies do report values similar to mine. These were obtained using a similar experimental 

method and are on the lower end of the range of values. The highest values used inulin as a 

marker combined with a long equilibration period. My criticisms of these values were 

outlined previously. 

 
Table 5.7 – Organ-specific extracellular fluid spaces for liver (g of ECF per 100 g fresh tissue ± 

SEM). 

 
Liver ECS ± SEM Method 

 11 ± 1 Inulin, in vivo, 1 h equilibration, rat (Williams & Woodbury 1971) 

 14.1 ± 0.4 Inulin (higher quality), in vitro liver slice preparation, rats (Tews et al. 1970) 

 26.5 ± 0.7 Inulin (lower quality), as above 

 15.5 ± 1 Inulin, in vivo, 25 min infusion, rat (Qian & Brosnan 1996) 

 < 15.0  Inulin, in vivo w/renal ligature, 1 – 5 h equilibration, rat (Forker 1970) 

 < 24.0 Sucrose, as above 

 17.5 ± 0.7 Inulin, in vivo, 1.5 h equilibration, dog (Glasby 1985) 

 18.6 ± 1.2  Inulin, in vivo, 3 h equilibration, nephrectomized rat (White & Rolf 1957) 

 51.2 ± 2.8 15 h equilibration, as above  

 22 ± 2.7 Inulin, in vivo, 1 h equilibration, fish: Opsanus tau (Cooperstein & Lazarow 

1969) 

 24 ± 4 EDTA, in vivo, 1 h infusion, rat (Larsson et al. 1980) 

 29.1 ± 0.9 Inulin, in vitro liver slice preparation, 30 – 60 min equilibration, guinea pig 

(Haylett & Jenkinson 1972) 
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Liver ECS ± SEM Method 

 33.0 ± 4.8 

46.4 ± 13.2 

67.5 ± 21.7 

Inulin, in vivo, 10 h equilibration, 10, 20 and 30 ºC, respectively, B. marinus 

(Stinner et al. 1994) 

 14 ± 2 Rest, this study 

 10 ± 1 Exercise, this study 

 11 ± 2 Aestivation, this study 

 

 

(e) Lungs 

Few studies report directly comparable lung ECS values as lung ECS is usually expressed 

per dry tissue mass. My values fall within the mammalian range (Table 5.8). The only values 

available for an anuran are those of Stinner et al. (1994).  

 

(f) Hindgut, Spleen, Testes 

No anuran ECS values for hindgut, spleen and testes could be found, so I rely on 

mammalian values to make comparisons; in general, the values I obtained are similar (Table 

5.9). It should be noted that inulin has been shown to accumulate in the spleen as in liver 

and skin (White & Rolf 1956). Accumulation effects are expected to be small but could 

lead to an overestimation of spleen ECS. With respect to the testes, inulin appears to be an 

appropriate ECS marker for the testes. It readily enters the blood and lymphatic spaces of 

the rat testis and is excluded from the rete testis, and thus probably from the seminiferous 

tubules as well (Setchell et al. 1969).  

 

(g) Eyes, fat bodies, ovaries, oviducts, tongue 

This last group of organs is not easily quantitatively compared to other vertebrate ECS 

values as no comparable data can be found in the literature. I present a generally qualitative 

assessment relying mostly on the compositions organs. In short, values of carcass, fat 

bodies, ovaries, oviducts, and tongue values seem reasonable, while eye ECS is almost 

certainly underestimated. 
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Table 5.8 – Organ-specific extracellular fluid spaces for lungs (g of ECF per 100 g fresh tissue 

± SEM). 

 
Organ ECS ± SEM Method 

Lungs 16 ± 1 EDTA, in vivo, constant infusion, up to 160 min, rat (Rippe et al. 1998) 

 20 – 35 Sucrose, in vivo, perfusion 40 min, sheep (Selinger et al. 1975) 

 28.3 ± 1.4 Inulin, in vivo, 1 h equilibration, nephrectomized rat (Smith et al. 1981) 

 38 ± 4 EDTA, in vivo, 1 h equilibration, rat (Larsson et al. 1980) 

 42.1 ± 7.6 

 56.1 ± 9.5 

 59.0 ± 7.7 

Inulin, in vivo, 10 h equilibration, 10, 20 ºC and 30 ºC, B. marinus (Stinner et al. 

1994) 

 28.9 ± 1.9 Rest, this study 

 27.8 ± 3.5 Exercise, this study 

 26.8 ± 1.8 Aestivation, this study 

 

 
Table 5.9 – Organ-specific extracellular fluid spaces for hindgut, spleen and testes (g of ECF 

per 100 g fresh tissue ± SEM). 

 
Organ ECS ± SEM Method 

Hindgut 17 ± 2 EDTA, in vivo, constant infusion, up to 160 min, rat colon (Rippe et al. 1998) 

 24 ± 4 EDTA, in vivo, 1 h infusion, rat colon (Larsson et al. 1980) 

 25 ± 2 Rest, this study 

 26 ± 3 Exercise, this study 

 20 ± 3 Aestivation, this study 

 

    
Spleen 9.9 ± 0.5 Inulin, in vivo, 1 h equilibration, nephrectomized rat (Smith et al. 1981) 

 14 ± 3 EDTA, in vivo, 1 h equilibration, rat (Larsson et al. 1980) 

 16 ± 1 Rest, this study  

 15 ± 3 Exercise, this study  

 20 ± 5 Aestivation, this study  

Testes 11.6 ± 14.1  EDTA, in vivo, 1 – 3 h equilibration, rat (Setchell & Sharpe 1981) 

 18.1 ± 2.1 Na+, in vivo, 1 – 3 h equilibration, rat (Cuthbertson & Greenburg 1945) 

 16 ± 2 Rest, this study 

 12 ± 1 Exercise, this study 

 19 ± 4 Aestivation, this study 

 

 

 

In the mammalian eye, inulin fails to penetrate the aqueous humor in the anterior segment 

(Weld et al. 1942). A greater volume of the organ is located in the posterior segment and is 

filled with the vitreous body: a mass of cells enclosed within a membrane (Ecker 1889). I 

cannot guess at the permeability of this latter structure to inulin, but my ECS values of 
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about 10 % suggest that inulin is excluded from much of the anuran eye. Inulin is probably 

an inappropriate extracellular space marker for this organ. 

 

Overall, my values for fat body ECS are lower than both total water and ECS for 

mammalian adipose tissue (Table 5.10). This suggests that the lipid-filled cells in the anuran 

fat body are more densely packed than in mammalian adipose tissue. 

 
Table 5.10 – Total water content and organ-specific extracellular fluid spaces for adipose 

tissue and fat bodies lungs (g of ECF per 100 g fresh tissue ± SEM). 

 
Organ ECS  Method Source 

Adipose 

tissue 

< 4.7 ± 2* Inulin, in vitro, 2 h incubation, rats, (DiGirolamo & Owens 1976) 

Adipose 

tissue 

9 ± 1 EDTA, in vivo, constant infusion up to 160 min, rats (Rippe et al. 1998) 

Fat bodies 2.9 ± 0.3 Rest, this study 

 2.5 ± 0.5 Exercise, this study 

 1.1 ± 0.1 Aestivation, this study 

 

* total water content 

 

The ovaries of most of the frogs in this study contained substantial numbers of eggs. As 

these eggs were still contained within the ovaries, they were free from oviduct-derived 

secretions such as a jelly coat (Freeman 1968). Thus, the eggs themselves, being comprised 

of single-celled ova, would have contained mostly intracellular fluid. The ECS values of 6-

8 % that I obtained for the egg-filled ovaries seem reasonable.  

 

Anuran oviducts are positioned close to the ureters (Ecker 1889). During the dissections I 

did not notice the ureters, thus it is possible the ureters were inadvertently included in my 

oviduct samples, resulting in overestimates.  

 

My ECS values for the tongue are very high (39 – 43 %). If the structure of the tongue is 

similar to that of skeletal muscle, a value closer to 11 % would be predicted. The lymphatic 

sinuses situated within the tongue (Ecker 1889) are likely to be responsible for the high 

ECS values that I obtained.  
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(h) Carcass 

The carcass was simply the remaining tissue after dissecting out the organs of interest; the 

greater portion being the skeletal muscle and skeleton. No anuran bone ECS values are 

available, but rat bone has an ECS of about 14 % (Ballard et al. 2000) and skeletal muscle 

has an ECS of about 11 % (this study). Thus, with the bulk of the carcass being made up of 

tissues with 14 and 11 % ECS, the values of 24 – 25 % from this study seem high. The 

lesser contributions to the carcass from the esophagus, cloaca, the spinal cord, peripheral 

nerves, blood vessels with plasma, as well as lymphatic organs such as the subvertebral and 

iliac lymph sacs (which would contain lymph), would all contribute to a higher ECS. 

Evaporation of water from the carcass during dissection would also be expected, which 

would result in an overestimate of carcass ECF. 

 

5.4.4 Body mass and organ mass 

There were few differences in organ mass between treatments. In the aestivation group the 

mass of two digestive system organs (stomach and foregut) were 68 and 62 % lower than 

the other groups. Similar decreases in mass are reported after nine months of aestivation in 

Cyclorana alboguttata, -52 % for stomach and -70 % for small intestine (Cramp et al. 2005). 

Small intestine in that study showed reduced length, smaller diameter and decreased 

longitudinal fold height. These authors also reported smaller changes in large intestine 

mass, but such a decrease was not apparent for Cyclorana maini in this study. Less massive 

digestive organs are presumably an advantage during aestivation as they are energetically 

less costly to maintain, and are not needed as no food is ingested.  

 

Other differences in organ mass between groups are in part a product of sample bias. In 

particular, the aestivation group frogs possessed much larger fat bodies. Although the 

original group of frogs selected for aestivation was selected at random from the same 

population, those frogs that entered and remained in aestivation under laboratory 

conditions for 6 months were larger in apparent standard mass and possessed larger fat 

bodies. Female frog reproductive organ masses were larger in rest frogs. Half of the frogs 

in this group possessed ovaries with eggs weighing more than 900 mg (~7 – 10 % of 

standard body mass). Because the mass of the eggs/ovaries and oviducts were positively 

correlated in this study, frogs with lots of eggs also had large oviducts. A similar correlation 

is reported for toads (Jørgensen & Vijayakumar 1970).  
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5.4.5 Metabolic rates 

Standard metabolic rates for frogs in this study (0.069 ± 0.005 mL O2 g
-1 h-1) were similar 

to those previously reported for (0.067 ± 0.004) Cyclorana maini (Withers 1993). The 

exercise routine used in this study produced metabolic rates much higher than rest but 

about 2/3rds of the maximum metabolic rates reported by Withers (0.442 ± 0.027 vs. 1.495 

± 0.146). The routine that I used was not intended to achieve maximum metabolic rate but 

to be sustainable for the duration of the inulin distribution period. When aestivating frogs 

were injected with inulin, they typically showed some movement, although the cocoon 

appeared to restrict it. None came out of their cocoons. The metabolic rate of aestivating 

frogs does show that they remained metabolically depressed during the inulin distribution 

period. The values are slightly higher than those reported by Withers (1993) for 60-day 

aestivating C. maini (0.031 ± 0.007 vs. 0.025 ± 0.004).  

 

5.4.6 Summary 

The methodology used in this study should have minimized the experimental errors 

associated with contemporary methods for measuring organ-specific extracellular fluid 

volumes. This contention is supported both by the stable plasma concentration of the 

extracellular marker over the sampling time frame, by the similarity in total animal ECS 

values compared to other studies, and because the ECS values for most organs fall within 

the range of values reported in the literature for other anurans or for other vertebrates. For 

organs where comparable quantitative data is not available, ECS values are sensible in 

qualitative terms. These are good reasons to accept organ-specific values presented here 

for: brain, carcass, ovaries, fat bodies, foregut, heart, hindgut, liver, lungs, muscle, skin, 

spleen, stomach, testes, and tongue. Although bladder values were much lower than values 

reported in other studies, I make a case that urine-derived ECS marker contamination 

occurs without careful tissue rinsing. Values for the kidney are reasonable, but certainly 

include urinary spaces; likewise, oviduct values may include the ureters and their urinary 

spaces. The ECS for the eyes is almost certainly an underestimate. 

 

The extracellular spaces of most organs for C. maini are not different between metabolic 

states (aestivation vs. rest vs. exercise) indicating no appreciable fluid redistribution.  
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However, the ECS of the skin for aestivating frogs was lower than for resting frogs, and fat 

body ECS was lower than for resting and exercising frogs. The lower ECS for aestivating 

frog skin, together with the previous observation that total skin water is conserved during 

aestivation, supports the general observation that fluid redistribution during dehydration 

takes place through solute uptake by cells. Lower skin ECS for exercise frogs as compared 

to rest without a decrease in tissue mass indicates that skin ECF during exercise is also 

redistributed to the intracellular space. Lower fat body ECS can be explained in part by the 

mass of fat bodies, as larger fat bodies have less ECS.  





 

 

Chapter 6  

General discussion 

The primary aim of this study was to provide insights into the physiology of metabolic 

depression in anuran amphibians by describing the metabolic function (cellular glucose 

transport) and fluid balance of individual organs, and the activity of two organ systems that 

support whole organism function (the cardiovascular and respiratory systems). These 

characteristics were examined from a state of depressed metabolism (aestivation), to the 

normal resting metabolic rate, to a state of elevated metabolism (exercise) in the arid 

adapted, cocoon-forming Cyclorana maini and C. platycephala. Glucose metabolism for most 

individual organs was similar between aestivation and rest and thus the technique could not 

quantify metabolic depression for individual organs. Nevertheless, differences in glucose 

uptake were found for a number of organs, and are interpreted in terms of aestivation 

effects on transport kinetics and enzyme activity in biochemical pathways. Extracellular 

fluid spaces were conserved for most tissues during aestivation. In organs that did alter 

their extracellular fluid volume, effects apart from aestivation (i.e. dehydration) can explain 

the changes. Respiratory function was greatly modified during aestivation, as the cocoon 

excluded the skin from participating in gas exchange. This is a significant deviation from 

typical anuran respiratory function and may have consequences with respect to acid/base 

status. Cardiovascular system function, as indicated by heart rate, decreased ~50 % by two 

weeks after the initiation of aestivation and did not change further for the duration of 

measurement (19 months). While aestivation did not have an effect on blood pressure, it is 

likely that the experimental method disrupted normal aestivation function. Studies of 

exercised frogs did not reveal exceptional differences between Cyclorana and other anurans 

where comparable data are available.  
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These studies (a) contribute to our understanding of glucose use and fluid distribution in 

major frog organs over a wide range in metabolic rates, (b) reveal that cardiovascular 

function in a cocoon-forming frog is similar to that of other small non-cocoon-forming 

frogs during aestivation, and (c) demonstrate an exceptional pattern in respiratory 

physiology for an anuran.  

 

6.1 Resting frogs 

Where comparable data exist, Cyclorana appear similar to other frogs. Cardiovascular 

function (heart rate and blood pressure) was similar to other frogs of a similar size (Bicher 

1962, Whitford 1969, Bieter & Scott 1929). Gas exchange was partitioned between lungs 

and skin as it is in most anurans: with the skin being the major organ for CO2 exchange and 

the lungs being the major organ for O2 exchange.  With respect to glucose metabolism, the 

kidneys, brain, and heart had the highest mass-specific affinities for glucose, while the skin 

and liver were the most important single organs with respect to total glucose uptake. In vitro 

metabolic rates previously measured for some of these organs matched glucose use as a 

proportion of whole metabolism, while others (heart and liver) used glucose at rates higher 

than would be predicted by their in vitro metabolism. Extracellular fluid (ECF) studies 

highlighted some methodological problems in distribution times of ECF markers common 

in some anuran ECF studies, but the values reported here for most organs are compatible 

with the larger body of literature.  

 

6.2 Aestivating frogs 

The aestivation strategy in Cyclorana ultimately relies on the economical use of energy 

reserves, the conservation of body water, the tolerance of the waste products produced, 

and the maintenance of tissues so that activity may resume when favorable conditions 

arrive. Energy is conserved by rapidly decreasing standard metabolic rate to 20 % of rest 

soon after initiating aestivation (van Beurden 1980, Withers 1993). Meanwhile, shed layers 

of skin accumulate to form a water resistant cocoon that inhibits evaporative water loss 

through the permeable skin (Withers 1995, van Beurden 1984). In the long term, the 

oxidation of carbohydrates and lipids by aerobic metabolism for energy dominates energy 

production, as the waste product (CO2) can be excreted via the respiratory system.  
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The 80 % decrease in oxygen consumption achieved by the whole animal during 

aestivation is of course the sum consequence of the changes in oxygen consumption of all 

cells. All tissues may not necessarily metabolically depress however, as some continue to 

have critical functions during aestivation. Chapter 2 compared cellular glucose uptake 

characteristics for a range of organs in resting and aestivating frogs, with the objective of 

using the link between glucose transport and cellular metabolism to quantify metabolic 

depression for individual organs. However, for most organs the glucose transport kinetics 

during aestivation were similar to those at rest, thus the technique could not quantify 

relative organ-specific metabolism during aestivation. 

 

Previous studies have quantified in vitro metabolism for a number of organs in aestivating 

frogs. Decreases in skeletal muscle and skin were found, but failed to account for the 

metabolic depression of the whole frog (Flanigan et al. 1991, Flanigan et al. 1993). The 

extent of metabolic depression attained by various organs was not made clearer by this 

work. There are limited experimental methods for measuring organ-specific metabolism, 

especially in vivo. For in vivo studies, metabolic substrate tracers have been essentially limited 

to analogues of glucose due to the lack of other acceptable non-metabolizable non-

carbohydrate tracers (Oakes & Furler 2002). Recently however, a fatty acid tracer was 

described, (R)-2-bromopalmitate, which has promise for determining relative metabolism 

aestivating frog tissues (Oakes & Furler 2002). This tracer was successfully used in 

combination with 2-DG to describe differences in glucose and free fatty acid metabolism 

in mouse myocardium between diabetic and non-diabetic mice (Oakes et al. 2006) and 

could be adapted to describe similar changes between activity states in frogs.  

 

 

Despite not quantifying relative metabolism for aestivating tissues, the deoxyglucose 

method did provide information about how organs use glucose during aestivation, and it is 

remarkable that most organs used glucose similar to the rest state. One distinct possibility 

for the similarity in glucose uptake between rest and aestivation is the confounding effect 

of fasting in both states. Rest frogs were fasted for 5 – 10 days, and aestivation frogs were 

in effect fasted for 6 months. The onset of the fasting-associated metabolic decrease for 

Xenopus laevis during starvation occurs within the first 2 weeks (Merkle & Hanke 1988). If 

changes in glucose uptake occur with fasting and not aestivation per se, alterations in 
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glucose uptake may have partly occurred in resting frogs, especially if the onset of such an 

effect was rapid. It might presumably 

 

During aestivation, as at rest, the carcass (which was mostly skeletal muscle and the 

skeleton), the skin, and liver were the dominant glucose using organs; they are also the 

largest organs by mass. In mass-specific terms, the brain, heart and kidney had the highest 

glucose use, as they did at rest. 

 

There were some differences in glucose use between metabolic states. Mass-specific pelvic 

and pectoral skin glucose use were 70 – 80 % lower during aestivation. Pelvic skin in 

particular is important organ for water absorption (Baldwin 1974, Christensen 1974) and it 

follows that this area of skin could decrease metabolism during aestivation/cocooning 

when it cannot function as a water absorbing organ. Kidney glucose uptake during 

aestivation was lower, as was total glucose content of the urine (90 % lower), suggesting a 

down-regulation in renal function during aestivation.  

 

The extension of the technique to 48 h of deoxyglucose exposure revealed a few additional 

differences in the ways that some organs utilize glucose during aestivation. The brain and 

liver took up glucose similarly in the short term, but over 48 h, these organs stored it in 

much greater concentrations during aestivation. The heart showed a similar pattern. This is 

discussed with cardiovascular system function below.  

 

 How does  the  cardiovascu lar sys t em funct ion  during aes t i vat ion? 

The cardiovascular system of C. platycephala responded to metabolic depression by lowering 

heart rate 50% in the first two weeks of aestivation with no further reduction even after 19 

months (Figure 6.1). This response is similar to small non-cocooning frogs that deeply 

depress metabolism, that is, those that reduce metabolism by 80 % (Seymour 1973b). It is 

different from Pyxicephalus (the only other cocoon-forming frog for which heart rate during 

aestivation has been measured) which does not decrease heart rate significantly while 

cocooned, even though metabolism decreases ~80 % (Loveridge & Withers 1981). Thus, 

there is no consistent pattern for cocooned frogs. However, the factor(s) responsible for 

the lack of a decrease in Pyxicephalus is not known. It could be a consequence of the 

cocoon, as it was presumed to limit cutaneous gas exchange (Loveridge & Withers 1981). It 
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could also be a consequence of the larger body mass (400 g or more) and hence, much 

lower resting heart rate (6 beats min-1) so that there is less scope for a reduction. The 

observation that C. platycephala respond as do other non-cocooning aestivating frogs that 

similarly metabolically depress indicates that, at least for small frogs, the cocoon itself does 

not appear to influence heart rate. 

 

Figure 6.1 – Depression of heart rate and metabolism for Cyclorana platycephala during 

aestivation. Both parameters decreased rapidly during the first two weeks of aestivation with 

no further significant decreases.  

 

Blood pressure did not change during the first 4 weeks of aestivation, but it is likely 

catheterized frogs did not aestivate normally and thus blood pressure data may not be 

representative of the aestivation state. That frogs did not aestivate normally is evident from 

the failure of heart rate to decrease as it did with the non-invasive measurement technique, 

although catheterized frogs did decrease metabolic rate and formed a cocoon. It is not clear 

if changes in blood pressure are expected as comparative values for other aestivating 

animals are limited to seasonally dormant toads, which do not alter blood pressure, and 

African lungfish which decrease blood pressure ~40 % during aestivation. The difficulties 

in maintaining patent catheters long-term in small blood vessels are considerable. This may 

explain the lack of comparative data. An implantable telemetry system (reviewed by Van 

Vliet et al. 2000) would be better suited for measuring blood pressure during aestivation, 

and would eliminate the disturbance caused by catheter flushing. The non-invasive Doppler 

data clearly established that cardiac function responds within the first three weeks of 

aestivation, which is within the timeframe that a telemeter system can operate. The cost of 

such a system was prohibitive for this work. 
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Heart muscle maintains normal glucose uptake activity during aestivation, but has a greater 

capacity to store glucose. The former is consistent with previous observation that several 

glycolytic enzymes (aldolase and gycleraldehyde-3-phosphate dehydrogenase) in 

Neobatrachus pelobatoides do not change their activities during aestivation (Flanigan et al. 

1990). It is also consistent with the observation that heart muscle maintained hexokinase 

(the catalyst for the initial step in glucose metabolism) activity during 10 months of 

starvation in Rana esculenta (Grably & Piéry 1981). Cardiac tissue does have a greater ability 

to store glucose during aestivation, as the efflux of 2-DG that occurred in rest hearts did 

not occur during aestivation. The significance or mechanism is not clear, but a down-

regulation of glucose-6 phosphatase activity or an up-regulation of glycogenesis, would 

prevent glucose efflux from cardiac cells.  

 

Does the  cocoon af fe c t  gas  exchange? 

Aestivating (i.e. cocooned) C. platycephala are essentially dependent on pulmonary 

respiration for gas exchange. While at rest (not cocooned), C. platycephala, like most 

anurans, rely on both the lungs and the skin for gas exchange. The role of the skin is 

particularly important in CO2 exchange and usually is the dominant CO2 excreting organ.  

Although the skin has a smaller role in O2 exchange, when O2 demand is low the skin 

contributes greatly to total O2 uptake. At very low metabolic rates, during hibernation for 

example, many frogs can suspend pulmonary ventilation altogether. The low gas exchange 

requirements of aestivating C. platycephala could theoretically permit the skin to function as 

the sole gas exchange organ. However, the desiccating environment in which C. platycephala 

aestivates puts a premium on water conservation. Cocooning is thus a critical component 

to its survival strategy, but requires respiratory adjustment.  

 

The adjustment from a bi-modal to a lung breather may have physiological consequences 

especially for acid/base status. Since the skin is usually the dominant CO2 exchanger, 

without a compensatory response its loss would result in the retention of excess CO2, 

contributing to acidosis. Increased ventilation (relative to metabolism) is the expected 

response as seen in cocooned Pyxicephalus. Compensation may not be complete and there 

may also be, as in Pyxicephalus, a decrease in plasma pH (Loveridge & Withers 1981). The 

participation of kidneys in acid/base balance is uncertain but likely minimal in the long-

term. Anurans can produce an acidic urine and retain bicarbonate in the plasma to 
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counteract acidosis (Boutilier et al. 1979) and such a response may be used initially to 

increase the buffering capacity of the blood. Given the similarities in cocoon structure 

between C. platycephala and other cocoon-forming frogs, it is probable that all cocoon-

formers exhibit a nearly complete reliance on pulmonary respiration during metabolic 

depression and may thus respond similarly to regulate blood pH.  

 

Is  there  a redi s t ribut ion  o f  extrace l lu lar f lu id during aes ti vat ion? 

I found no evidence that aestivation alters the extracellular fluid spaces (ECS) of organs for 

C. maini. Changes in ECF could indicate: (1) solute redistribution, (2) alterations in 

lymphatic function, (3) capillary permeability, and/or (4) interstitial compliance. The 

conservation of both ECS and tissue mass for most organs can exclude some of these 

potential effectors of ECS, namely solute redistribution and interstitial compliance.  My 

results cannot however, exclude changes in interstitial fluid flux, which is a function of 

capillary permeability, capillary pressure, and lymphatic drainage.  

 

Nervous syst em func tion  during aes ti vat ion  

C. platycephala and C. maini are responsive to environmental stimuli during aestivation. This 

was particularly evident during Doppler heart rate measurements, as entering the room 

typically elicited an increased heart rate response (Figure 6.2). Presumably the autonomic 

nervous system is regulating these fast-acting responses, either through release of 

parasympathetic tone and/or increased sympathetic activity. The responsiveness of C. maini 

to stimuli is also apparent from comparisons of metabolic rate for 1.3 h aestivation vs. 48 h 

aestivation frogs in 2-DG experiments.  Here the hourly metabolism was 2 to 3 times 

higher in the first 1.3 h after receiving the 2-DG injection compared to average metabolic 

rate for 48 h after injection (Figure 6.3).  
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Figure 6.2 – Effect of external stimuli on the heart rate of aestivating C. platycephala. Arrow 

indicates point where experimenter entered room. Frog had been aestivating for 12 months. 

 

 

Figure 6.3 – Metabolic rates of aestivating C. maini. Average hourly oxygen consumption 

during the first 1.3 h after receiving an injection was 2 – 3 times greater than the average 

hourly consumption during the 48 h after receiving injection. 

 

6.3 Exercised Frogs 

During exercise, C. platycephala are not exceptional among anurans. Metabolic scope (the 

difference between exercise VO2 and rest VO2) was similar to frogs like R. pipiens (Figure 6.4). 

Cardiovascular parameters were also not exceptional, but maximum heart rate in absolute 

terms (~60 beats min-1) was lower compared to similarly-sized frogs. For example B. 

cognatus, R. pipiens, S. couchii, and X. laevis all have exercise heart rates of ~100 beats min-1 

(Hillman 1976). 

 

Tissue-specific metabolism, as indicated by 2-DG, is greatly increased during exercise for 

the carcass, presumably due to the large skeletal muscle component, while kidney, foregut, 
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and testis metabolism all decreased.  ECS spaces were also conserved during exercise for 

most organs, except for the skin. The lower ECS of the skin was concluded to be due to a 

redistribution of ECF to the intracellular space, as the mass of skin did not differ from 

resting frog skin. High concentrations of lactate are produced during exercise (Seymour 

1973c, Hutchinson & Turney 1975) but as lactate transport occurs by facilitated transport 

(Juel & Halestrap 1999), it should be osmotically balanced.  

 

 

Figure 6.4 – Relationship between metabolic scope and temperature for B. cognatus, S. 

hammondii, R. pipiens, R. catesbeiana, and metabolic scope for C. platycephala at 22 ºC. Data 

for anurans other than C. platycephala from Seymour (1973c). 

 

6.4 Directions for future study 

A number of promising avenues for future research became apparent to me during the 

course of this work. With respect to characterising metabolic rate in individual organs 

during metabolic depression in vivo, the fatty acid tracer, (R)-2-bromopalmitate, has great 

promise (Oakes & Furler 2002). In principle this tracer works much like as 2-DG, but 

because the lipid metabolism makes a greater contribution to the total energy budget of 

frogs, the use of this tracer should provide a better measure of metabolism of individual 

organs.  

 

The relative gas-impermeablilty of the cocoon likely alters several physiological variables 

and its effect on blood chemistry is potentially a trigger, or a contributing factor for 

establishing or maintaining metabolic depression. I have demonstrated it is possible for 

catheterised frogs (systemic arch) to form cocoons and aestivate. Blood samples could thus 
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be taken at intervals through the catheter and blood PCO2 and pH determined. In addition, 

pulmonary respiration could be measured using the apparatus I used to measure gas 

exchange in Chapter 4 with some modification. Increasing the sampling rate would be 

required and minimising the dead space between the excurrent port (or increasing the flow 

rate) of the mask should improve signal quality enough to identify CO2 spikes that occur 

with exhalation events. Although a cocoon induced respiratory acidosis could be a trigger 

for metabolic depression it should be noted that non-cocooning aestivating frogs show 

similar reductions in metabolism, and the cocoon-forming Pyxicephalus adspersus shows a 

decrease in blood pH before cocoon formation (Loveridge & Withers 1981).  

 

For all future experiments it is critical to monitor entrance into metabolic depression, either 

by measurement of metabolism or by behavioural cues such as cocoon formation. Frogs 

that are induced to aestivate in the laboratory by allowing them to burrow into slowly 

drying clay may not actually begin to aestivate until some time after they have burrowed. It 

also is clear that frogs retain some sensitivity to disturbance and thus researchers must 

exercise extraordinary care not disturb aestivating frogs or risk interrupting physiological 

processes. The effect of disturbance in variables such as blood pressure demonstrated in 

this study make it clear that future studies could benefit from using miniature implantable 

telemeters. Telemeters designed for use in mice, for example PhysioTel Transmitters (Data 

Sciences International, Warwick, RI, USA) are small enough to implant in frogs such as C. 

platycephala are able to sense and transmit blood pressure, heart rate, activity, or EEG data 

to a remote receiver. Larger forgs such as P. adspersus and Ceratophrys ornata would be better 

candidates for invasive techniques such as catheterisation, as arteries other than the system 

arch, the femoral artery for example, would be large enough to catheterise. Since the 

greatest decrease in metabolism occurs during the entrance to metabolic depression (first 2 

– 4 weeks) the concentration of efforts during this time may prove most fruitful.  

 

6.5 Conclusions 

Although aestivating frogs greatly depress metabolism during aestivation, a surprising 

number of functions remain similar to the resting/fasted frogs. These include glucose 

metabolism for most organs as well as the distribution of extracellular and intracellular fluid 

for all organs measured in this study. Aestivation changes the glucose efflux kinetics for 

heart, liver and brain, which all store more glucose during aestivation. A key physiological 

adjustment to aestivation is the switch from the typical anuran pattern of skin/lung 
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respiration to an effectively lung-only pattern of respiration. Changes in cardiovascular 

function during aestivation are typical of other aestivating but non-cocoon-forming frogs.  

 

 

 

 

Design adapted from a painting by Pat Withers. 
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