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Summary

Body composition in developing animals has been
extensively investigated in fish larvae and bird embryos.
However, no studies to date have attempted to determine
whole-animal body composition or lean body massMig)
in developing amphibians. The present study investigates
how body composition changes during development in
Xenopus laevisand the potential implications of M g for
substrate turnover, energy stores, oxygen consumption and
other physiological measures. Whole-animal composition
was determined during development from eggs (NF stage

was linearly correlated with wet and dry masses; however,
total protein content increased with developmental stage.
Amounts of individual neutral lipids were variable
although, overall, total neutral lipid content declined
progressively with development. The stoichiometric energy
balance paralleled the changes seen in mass-spechie,,
with the energy primarily from lipids fueling respiration
up to NF 44-45. Quantification of total body composition
revealed that lipid stores greatly influenced the calculations
of Mg and therefore had profound underestimating effects

1) to 2 weeks post-feeding (NF 50-51), which represents on the mass-specific expression of numerous physiological
two-thirds of the developmental period. Wet and dry measures through development.

masses were found to be highly correlated, with water

content remaining constant at 93% of wet mass. Whole-

animal nucleic acid content was linearly correlated with Key words: Xenopus laevis development, growth, body
both wet and dry masses, and declined relative to mass as composition, protein content, lipid content, nucleic acid content, lean
development progressed. Similarly, total protein content body mass, energy balance.

Introduction

A common course of development occurs amongst a widiéhe yolk is limited to a yolk sac or specified region of the
variety of organisms. However, one of the distinguishingegg/embryo. This distribution has allowed researchers to
characteristics in vertebrates is the amount and distribution eicise the yolk and assay for the contents relative to the whole-
yolk (Browderet al.1991), which may vary widely both within animal composition. Despite the fact that techniques exist to
and among species. Yolk stores ultimately determine th@&innow out true metabolizing tissue mass, no investigators
embryo’s ability to survive beyond deposition. In most casedhave attempted to express physiological characters such as the
the animal is transformed from a mass of apparently similaiate of oxygen consumptioMp,), stroke volume \(s) and
cells into a fully functional organism capable of survivingcardiac output @) as a function of the amount of true
autonomously and most, if not all, of this process is fuelgd metabolizing tissue. At best, most developmental studies in
degradation of the yolk. Thus, each embryo must have enoudish (Rombough, 198§, amphibians (Burggren and Just,
stored fuel to meet its metabolic demands as it undergod992), reptiles (Birchard and Reiber, 1995; Birchatdal.
development. Moreover, this fuel must last until the embryo i4995; Deeming and Thompson, 1991) and birds (Romanoff,
capable of obtaining extra-embryonic foodstuffs to continue td960) have ignored the mass component completely
meet its nutritive requirements. (expressing data on a per individual basis) or have chosen to

Body composition and how it changes with progressiveexpress them on a per egg basis. Unfortunately, discounting
development have been extensively investigated in fish (for yolk stores has led to serious overestimations in metabolizing
review, see Heming and Buddington, 1988) and in chicketissue mass, when expressed on a per gram mass basis, and
embryos (for a review, see Romanoff, 1967). However, akubsequent underestimations in the variable of interest (e.g.
studies to date have utilized centrolecithalic animals, in whiciMo,, Q and Vs). Interestingly, in studies over the past half
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century, adult cardiovascular and respiratory physiologicalemporal resolution required to characterize small changes in
guantities have been expressed as mass-specific values. body composition that may occur over very short periods.
Although the techniques described for fishes and birds haReaders unfamiliar with the major anatomical and physiological
proved useful, they are not feasible in telolecithalic animalshanges associated with the NF stages are referred to the work
such as amphibians. Moreover, there exists no method tf Nieuwkoop and Faber (1967) or Burggren and Just (1992).
determine ‘lean’ body massM(g) in these developing
organisms. The lack of attention to determining yolk-free Experimental procedure
tissue mass has prompted most developmental physiologistsAt each sampling period, individual groups of animals were
simply to ignore this problem. In this paper, we describe aemoved from their holding tanks and prompthkt1(min)
method of evaluating the yolk-free mass in developindlash-frozen in liquid nitrogen. The frozen sample was then
telolecithalic animals. transferred to a storage vial and kept-@0 °C. All samples
We hypothesize that yolk lipids provide the primary bulkwere assayed for total neutral lipid content, whole-animal
energy necessary for embryonic development in amphibianBNA content, total protein content and wet mass within 1
and we suggest that these non-metabolizing energy storesonth of storage.
contribute to an overestimation of an animal's true mass.
Furthermore, we assert that this overestimation will skew datgotal neutral lipids L ot)
that are expressed mass-specifically, thereby significantly Total neutral lipids were prepared by homogenizing 0.5 of
underestimating the physiological variable of interest. the total tissue tissue with a Teflon pestle in a 1.5ml
We tested these hypotheses by measuring total neutral lipidsicrocentrifuge tube. Each sample was diluted with exactly 3
(NLtot), total DNA (ODNAwt) and total proteinRrotiot) content  volumes of 0.15mofft NaCl (for justification, see nucleic
to determine the whole-body composition of developingacids section below). Upon completion, the pestle was washed
Xenopus laevisFrom this, we estimated lean body masswith 200ul of the diluent. All samples were then lyophilized
(Mws), which is a true index of animal mass and which allowednd the lipids were extracted (Bligh and Dyer, 1959). Extracted
for a quantitative determination of the magnitude of the errolipids were separated according to their polarity (Maestoal.
encountered when expressing physiological variables in yolkt976). Collected neutral lipids were then dried to completeness
laden amphibian embryos. under a stream of N Samples were resuspended in [L0OO6f
chloroform for analysis. Identification of individual neutral
) lipid species was performed in triplicate using thin layer
Materials and methods chromatography (TLC) as described by Mangold (1969).
Experimental animals Lipids were detected by conjugation with acidic 2 mbll
Fertilized eggs were obtained, in the late autumn and earlyuSQ, followed by charring for 15-30min at 190°C in a
winter, from thein vivo fertilization of six breeding adult convection oven. Images of charred plates were scanned into
femaleXenopus laevigccording to the methods of Thompson a personal computer at a resolution of 600 dots per inch using
and Franks (1978). Eggs were transferred into well-aerateath HP ScanJet 3C (Hewlett Packard Inc). Densitometric
holding tanks (251), where they were maintained in aged tapnalysis was performed with SigmaScan image analysis
water at 24+1°C. Larvae were fed Nasco frog brittle (Nasc§Jandel Scientific Inc). Outputs were then read and integrated
Inc.) ad libitum starting at stage 45 until the end of thefor concentration using Datacan v5.1 (Sable Systems Inc). In
development/sampling period. All animals were maintained oall cases, TLC plates were run with known standard amounts

a 14h:10h light:dark cycle throughout development. of neutral lipids (Nu-Check-Prep Inc.) ranging from 2 to
_ _ 240mg. The mear? for all standards was 0.992+0.007, with
Grouping of developmental animals a sample size of eight in triplicate. Neutral lipid standards

Experiments were conducted ¥enopus laeviembryos and included the following species: mono-olein, diolein, triolein,
larvae which ranged in developmental stage from eggs (NF 1) toethyl oleate, oleic acid, cholesterol oleate and cholesterol.
2 weeks post-initiation of feeding (NF 51). Stage determinatiospecies of lipids without standards were identified on the basis
was apportioned according to staging regimes outlined bgf Rr values according to the method of Mangold and Malins
Nieuwkoop and Faber (1967). Animals were grouped into 181960).
different ontogenetic categories according to major
morphological and physiological characteristics. Developmentaiotal DNA DNAo)
groupings and numbers of individual anim#&¥ ére as follows: Determination of the interaction between diluent strength
NF 1-8 (30), 9-12 (30), 13-18 (30), 19-24 (30), 25-38 (30}nd yield of nucleic acids revealed that maximum product was
39-41 (25), 42-43 (25), 44-45 (25), 45-46 (25), 4647 (27nchieved by homogenizing tissue in 0.15mblINaCl;
47-48 (25), 48-49 (27) and 50-51 (25). Because ththerefore, all tissue samples were ground with this solution to
developmental stages, as described by the NF system, are noninimize loss. Total nucleic acids were determined
uniform with respect to time and are based primarily orfluorimetrically, in triplicate, using binding of Hoechst 33258
morphological changes, we chose to divide some stages into eafBaul and Myers, 1982) and individual content was determined
and late where clearly discernible. This would ensure the highs the average for the total tissue sampled. Samples were
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excited at 350nm, and emission was read with a Sequoiotal gross energyErc) and stoichiometric energy balance
Turner fluorimeter at 450 nm (10 nm slit width). All samples(Esg

were compared concurrently with standard curves produced Erg was calculated as the sum of individual gross energies
using calf thymus DNA (Sigma Chemical, St Louis, USA),for lipids and protein. Each individual gross energy was
which had a high degree of fi#€0.990,N=8 in duplicate).  estimated by multiplying the chemical composition by the
. standard energy equivalents for protein and lipids, 173 mg
Total protein Proto) and 37 Jmdgl, respectively (Newsholme and Leech, 1983}

Total protein was determined from dried samples (see maggnsisted of the stoichiometric balance of body composition
determination) on the basis of a modified Biuret procedurﬁ/ith routine metabolic rate[\/.(oz) and was expressed as a
described by Watters (1978). Protein concentrations of sampl@gction of that rate. This energy balance was based on data
were determined using standard curves from known quantitigfom neutral lipids, protein and ‘other’ bodily constituents.
of bovine serum albumin (BSA)%¥-0.999,N=12 in duplicate). ‘Other’ consisted of nucleic acids, phospholipids and simple

Duplicate samples (2Q0) were dispensed into wells of & and complex carbohydrates and was determined as the residual
Corning 96-well microtiter plate and scanned for absorbancgnergy post_partitioning into ||p|ds and protein_

at 570nm on a Dynatech MZ580 micro-ELISA reader.

Absorbance for each plate was individually zeroed, and Statistical analyses
samples were read twice. The results of the four readings weregffects of development oBNAwt, Protot and mass were
averaged and used to determine concentration. determined by a first-order least-squares linear regression

o (Statistica v5.0, on a PC). This analysis determines (i) the
Mass determination regression coefficient; (ii) the equation of the line describing
Wet mass M), used to calculat&Liot and Protot, Was  the relationship; and (jii) the probability that the slope of the
determined by wick-drying animals with a Kimwipe and|ine is not significantly different from zero. Atest was
weighing them (to the nearest milligram) on a Sartorius micrgerformed to determine whether the slope of the predicted line

balance, model S120 B. To ensure sufficient quantity ofyas significantly different from zero. In all cases, the fiduciary
material for all assays, large numbers of animals (see above figk/e| of significance was taken Bs=0.05.

actual number per stage) at each stage were pooled and total
tissue mass was determined.
A separate population of animals, which ranged in stage Results
from NF 1 to NF 60, was used to determine dry milk$ énd Mass and water content

water content empirically from wet mass. All samples Were \yet mass was linearly correlated with dry mass over a range

driedvia capillary action, weighed and placed into aluminumfrom 2.1 to 695.4mg (Fig. 1). These data are described by the
planchets. Samples were dried at 90 °C for at least 1 week “”éi&uationwdzo.ommo.os £2=0.99,P<0.001), wherévl, and

a constant mass was achieved. Both wet gnd dry masses wgre represent wet and dry mass respectively. Results of
measured on a Denver Instrument analytical micro balanc?egression analysis are provided in Table 1

mode! AB-300. _R_egressmn apalysgs were performed, and 145 et tissue mass over the developmental period from
equations describing the relationship between wet and difr 1t NF 51. used for the calculation Mfzor and DNAw

masses were used to calculate dry mass for tissues usedré'ﬁged from 32.55 to 323.40 mg (Table 2). Dry mass over this
NLtor, Protorand DNAcor. same developmental range increased 6.5-fold and ranged from

2.31to0 22.72mg (Table 2). Water content was almost constant

L bod : :
ean bo ymasMLB) ) at approximately 93% with development up to NF stage
The relationship between wet animal mass and lean body, ;

mass Ki.g) was described by the following equation:
Chemical composition during development

, @ Nucleic acid content showed a strong linear correlation
(r2=0.99, P<0.001) with both wet and dry mass (Table 1).
where,bs is the slope of the linear equation between wet an®NAw: ranged from a minimum of 1.35ng to a maximum of
dry massedyo is the intercept for the linear equation between7.7 ng over a range of individual dry mass from 1.2 to 22.8 mg
wet and dry masses) is the percentage of neutral lipids at a(17.0-324.7 mg wet mass; Fig. 2) and was described by the
given stage anily is wet animal mass in mg. allometric equatiorDNAo=1.26840-581 (Table 1). Analysis
The relationship between wet and dry massexXfdaevis of percentage body composition indicated that, relative to dry
was obtained from Table 1. In order to compare results acrossass,DNAwt decreased over the range from NF 1 to NF 51.
studies, the relationship between wet and dry masses wakis overall decrease was not simply a linear decline from eggs
assumed to be constant, and values in the literature wefF 1-8) to pre-metamorphic climax (NF 51); instea Aot
therefore converted to dry mass to ensure equitabliecreased 1.2-fold between NF 1 and NF 18. A similar trend
comparisons. was observed between NF 19 and NF 38, and between NF 42

Mig=

CAYRESIESES
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60 Table 1.Regression analysis of total protelPrQtor) and total
° nucleic acid DNAtot) contents with dry mass and of wet mass
with dry massNlq) in developingXenopus laevis

50 (]
Stage range y N a b P P

. 404 1-60 Md 98 0.028 0.070 0.99 =0.001
g 1-60 Protiot 96 0.155 0.642 0.85 =0.001
b7y 1-50 DNAwot 13 1268 0.581 0.99 =0.001
g 30
> Relationships for Protot and DNAot are expressed as
a logy=logi0a+blogioMd, wherey is in units of mg foiMq and Protiot,

20

and ng foDNAt.

The relationship between wet and dry mass is described by the
equationy=a+bx, such thaMgq andMy are in mg.

N, r2 and P, are sample size, correlation coefficient, and level of
significance, respectively.

10
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NF 1 and NF 18. In contrast, total protein content fell between
Wet mass (Mg)

NF 19 and NF 38. Over the next eight stage ranges (NF 39 to

Fig. 1. Plot of wet mass against dry mass for developiegopus NF 51), Protiot doubled, reaching a final value of 60.60% of

laevislarvae. The linear function of dry mass is plotted against theiry mass (Table 2).

linear function of wet mass. All data were fitted with a first-order nlike DNAt and Protio, individual neutral lipids did not

least-squares linear regression and the results are presentedgiiow a clear linear relationship with either wet or dry mass.

Table 1. Stage-specific analysis indicated that amounts of individual
lipid classes were highly episodic with progressive

and NF 45, wher®NA: increased by up to twofold over the development (Fig. 4A-D).

value for the stages that preceded them (Table 2). Between NFLevels of triolein, as a proportion of dry mass, declined during

45 and NF 51DNA,t showed a consistent decline, achievingdevelopment, ranging from a maximum of 20.444ty2ng?

a post-absorptive value of 368°% of body dry mass. (NF 9-12) to a minimum of 0.60+0.8ymg™ (NF 46-47), and
Protein content, likeDNAot, showed a strong correlation thereafter stabilized up to NF 51 (Fig. 4A). Levels of diolein
(r2=0.85, P<0.001) with both wet and dry mass and wasdecreased between NF 1 and NF 13, after which they increased

described by the equatid®roti=0.159M4%-642 Total protein by 1.5-fold to a value of 237.34+1.4¢ mg'® (Fig. 4C). Between
content increased by 2.47 mg as dry mass increased from 0.gtages NF 19 and NF 51, levels of diolein tended to decline with
to 49.07mg (2.03-695.4mg wet mass; Fig. 3). Analysis ofuccessive stage, reaching a final value of 28.44t.41y 2.
overall body composition revealed th&rotot increased Levels of mono-olein, by contrast, remained relatively constant
progressively with development between NF 1 and NF 5lat 1.2ugmg? between NF stages 1 and 25, after which they
However,Prott did not change relative to dry mass betweernincreased to a maximal value of 10.89+1.73 at NF 45-46

Table 2.Body composition and water content during developmeXémopus laevis

Development Wet mass Dry mass Total body Neutral DNA Protein Other
NF stage (mg) (mg) water (%) lipids (%) (%) (%) (%)
1-8 49.10 3.47 92.93 61.22 164074 31.18 7.60
9-12 41.85 2.96 92.92 61.87 14 33.46 4.67
13-18 50.25 3.55 92.93 60.50 rap* 32.30 7.20
19-24 35.40 251 92.90 62.20 1004 21.25 16.55
25-38 37.10 2.63 92.91 61.54 1364 20.93 17.53
39-41 32.55 231 92.90 61.73 01 29.13 9.14
42-43 47.70 3.37 92.93 50.49 00 40.16 9.35
44-45 55.40 3.91 92.93 46.21 1064 43.47 10.31
45-46 54.20 3.83 92.93 38.83 00w 43.02 18.15
46-47 60.00 4.24 92.94 20.25 064 45.05 34.70
47-48 110.45 7.78 92.96 15.78 0:QH 53.75 30.47
48-49 95.60 6.74 92.95 11.49 046 52.14 30.47
50-51 323.40 22.72 92.98 7.18 0:Qo™ 60.60 32.23

Body composition percentages are expressed with respect to dry mass up to 2 weeks post-initiation of feeding (NF 50-51).
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Fig. 2. Plot of total nucleic acid content against wet and dry mass i 0.1
developingXenopus laevidarvae. Data are plotted as logotal e

nucleic acid] against both lggwet mass) and lag(dry mass). T

Regression analyses indicating allometric trends are presented 1 10 100
Table 1. Dry mass (mg)

) ) Fig. 3. Plot of total protein content against wet and dry mass in the
(Fig. 4A). Over the next four stage ranges, mono-olein conteljarvae of Xenopus laevisData are plotted as lggtotal protein]
decreased to a final value of 0.16+Q@Ing™. Of all the against both log(wet mass) and lag(dry mass). Results from first-
individual lipid classes, oleic acid showed the most variabilityorder linear regression analyses indicating allometric trends are
with development. Between NF 19 and NF 38, and NF 42 arpresented in Table 1.

NF 45, oleic acid level showed little to no change. In contras

oleic acid showed a clear reduction between NF stages 1-1_, . ]
13-24, 39-43, 45-47 and 48-51 (Fig. 4B). (Fig. 4D). Over the next six stage ranges, long-chain alcohol

Methyl oleate content changed very little through most of€Vels fell by 83ig mg™ to a final value of 0.35+0.Q8 mg™.
development (Fig. 4B): the only major deviation from the

baseline value of 0.40+0.0¢y mg™t was a sharp increase seen o Energy conten.t.and metabolism ]
between NF 45 and NF 48, where it reach a maximum of Estimations of stage-specific gross energy from lidids X

29.16+0.94igmgL. Like mono-olein, cholesteryl oleate @nd protein Epc) are presented in Table 3. Gross energy
showed an initial increase of 1.3-fold from NF 1 to NF 12, after

which it began to decline in concentration, falling from
286.91+30.61 to 19.10+0ugmgL. Cholesterol displayed a

Table 3.Lipid, protein and total gross energy during
development ilXXenopus laevis

fairly constant level through most of development (NF 1-45)Development  Lipid gross Protein gross Total gross
However, between NF stages 44 and 51, cholesterol showeF stage energy Jmy  energy Jmg') energy (IJmg')
consistent decline in concentration, at which point it reached 1_g 2265 5.30 27.95
final value of 22.21+2.2igmg™?. Diakylmonoacylglycerol g9_12 22.89 5.69 29.37
(DAG), like methyl oleate, showed little activity and was 13-18 22.38 5.49 29.10
found only at NF stages 13-18, 25-38 and 50-51. In the stag19-24 23.01 3.61 29.44
during which DAG was detected, the concentration neve25-38 22.77 3.56 29.31
exceeded 6.21+0.34 mg! (Fig. 4D). 39-41 22.84 4.95 29.35
Sterols showed a relatively constant level of approximatelj42‘43 22.51 6.83 30.93
15ugmg from NF 1 to NF 38, after which they fell by 60 % 44-45 17.10 739 26.24
to a value of 7.52+1.0%y mgl. By stage 44—45, sterol levels 45-46 14.37 731 2417
had increased to a maximum of 42.42+2:9g! and then 46-47 749 7.66 21.05
e 47-48 5.84 9.14 20.16
dr_opped to a mean value of @®mg? through NF 50-51. 48-49 4.05 8.86 19.30
Similarly, long-chain alcohols showed a parallel trend tcso_51 2.66 10.30 18.44

sterols, with concentrations remaining relatively constant

approximately 3qig mg® from NF 1 to NF 18. Between NF  All values were expressed per unit dry mass.

13 and NF 43, long-chain alcohol concentration showed Lipid and protein gross energies were calculated on the basis of
biphasic increase with the first plateau at NF 25-3the energy equivalents provided by Newsholme and Leech (1983).
(53.23+1.76ugmg™?) and a second plateau at NF 42-43, a Totr_:ll gross energy was calculated as the sum of lipid and protein
which point it reached a maximum of 84.61+5@ng?l  €nerges.
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25 available from lipids decreased with development and ranged
A —O- Mono-olein from 23.01 to 2.66Jnd. Conversely, the available energy
20 —- Triolein from protein increased approximately twofold with progressive
development. This inverse relationship betwEeg andEpg,
15+ however, did not result in a constant leveEeg. In fact, mass-
specific Erc decreased with progressive development (from
101 30.93 to 18.44Jmd), illustrating a clear mismatch between
e | gross energy pools as development progresses.
The relationship between stoichiometric energy balance
0- (Ese) and the rate of aerobic metabolisMof, from Territo
and Burggren, 1998), as illustrated by Fig. 5, shows a clear
60 differential between stored resources and those required for
B —4- Oleicacid normal maintenance and growth. Clearly, the lipid fraction
50 —/— Methyl oleate represents on average 75-80 % of the total energy available for
40 - most of development up to NF 45-46, at which point the total
lipid energy decreased to less than 15% of the total energy
’@ 30 1 used for Mo,, indicating lipid resource depletion. This
E 204 reduction in lipid energy was concomitant with the onset of
2 10 feeding and body differentiation, and was largely due to
< changes in lipid utilization. Over this same stage raMgg,
g o0 showed a clear increase in energy consumed; it peaked at a
g T T T T T T T T T T T 1 maximal rate of 0.69+0.Q8V mg™ (Fig. 5). This peak Mo,
8 was followed by a decline over the next seven stage ranges (NF
E 350 c 5~ Cholestaro 4?—51). The protein and ‘other’ (nucleic acids, phosphollplds,
3 300 - O Cholesterol oleate S|mplg and complex carbohydrates) energy fractlon§ showed a
- %\Q _A— Diolain clear increase in amount from NF 19 to NF 51. This increase
250 7 z/ A in protein and ‘other’ energy fractions indicates consistent
200 — ﬁ\ﬁ/\f\/‘\ growth and shows a controlled synchronization of resource
150 A—Ai/ h\ * depletion (lipid energy) and production (protein and ‘other’
energies) with aerobic metabolism.
100 — \
50 — ) )
| Y Discussion
0 [ R R R Mass and water content
100 The relationship between wet and dry mass (Fig. 1) was
D Da Eterolsh _ linear and similar to data reported in the literature for this
80 — - alcgg%;)ﬂ:sam species (Feder, 1981). The water contenKofaevislarvae
-O- DAG from NF 1 to NF 51 was constant at approximately 93 %,
60 which is in general agreement with the work of Burggren and
Just (1992) and Leist (1970), in which they report similar
40 1 values up to NF 57. Clearly, these data suggest that embryos
20 | and larvae defend their water balance throughout development
despite dramatic changes in body composition.
0 | T Chemical composition during development

[ \? {? g [ [ [ [ [
0 D g w2 el el MTelels
2ol s w0 P P S

o>

Development (NF stage)

Chemical composition in developing animals has been
investigated in a large number of vertebrates, although most
work in amphibians has been primarily interested in structural

Fig. 4. Lipid composition in developing larvae ¥&nopus laevis I ’ -
The linear functions for individual lipid classes are plotted againsE@mponents rather than discrete chgmlcal composition
the linear dimension of development (NF stage ranges)(Deuchar, 1966; Jareet al. 1973; Karasaki, 1963; Wallace,

(A) Mono-olein (open circles) and triolein (filled squares); (B) 1963, 1965). We chose to evaluate whole-body composition of
methyl oleate (open triangles) and oleic acid (filled diamonds)developingX. laevis thereby allowing the determination of
(C) cholesterol (open circles), cholesteryl oleate (open square§low energy is partitioned and utilized with progressive
and diolein (filled triangles); (D) sterols (filled triangles), long- development in amphibian larvae.

chain alcohols (open diamonds) and dialkylmonoacylglycerol Total DNA content showed a clear allometric relationship
(DAG:; open hexagons). with body mass (Table 1). These data are similar to those for
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Fig. 5. Catabolic oxidation of endogenous Qé\ e@ Q\‘?es%\‘éc’a\\\ ~ P & &
substrates in developing embryos and larvae of 0.9 % *_ - LAL N vy v v v L]
Xenopus laevis with whole-animal oxygen Dsreutr_alllplds —+ 28
consumption No,). All substrates are based on a 0.8— SOt%tgn

stoichiometric balance of each substrate with
routine metabolic rates (bold solid line) and are
expressed as a fraction of that rate. Dark gray 0.6
hatched area represents neutral lipids; medium &nd
lightly hatched areas represent protein and ‘oth@ 0.5
bodily constituents, respectively. ‘Other’ consistg

of DNA, phospholipids and both complex and& 04
simple carbohydrates. The right-hand ordina}té“
represents available energy from each constitu%t 0.3
of body composition. Developmental landmarks

were based on light microscope observations and 0.2
detailed descriptions provided by Nieuwkoop and
Faber (1967). AllMo, data were corrected for

lean body massg) using equatign 1 and body 0
compositions presented in TableMo, values in
umol g1h-1 were corrected to energy equivalents %
(MW mgl) according to the stoichiometric v
relationship obtained from Dejours (1981). Development (NF stage)

Energy (Jmg1)

larval Ambystoma tigrinumin which DNA content was development. Interestingly, there is a slight decline in total
linearly correlated with wet mass (A. W. Smits, unpublishedorotein content between NF 18 and 41, which corresponds well
data). Although few studies exist which have correlated nucleiwith the dramatic rise iNo, seen over this same ran@&otot
acid content with wet or dry mass, our data are in the generaler the last third of development shows a clear rise that is
range reported for developing fish (Zeitoeal. 1977). The correlated with the start of free swimming and food ingestion,
percentage of total DNA showed periods of increase (NF 1-18puggesting that both intrinsic and extrinsic foodstuffs are being
19-38 and 42-45) against the general declining trendlirected into producing muscle mass.
suggesting that these punctuated windows of activity occurred Whole-animal lipid composition throughout development
concurrently with morphological and structural changesshowed little change up to NF 39-41, at which point it
Inferential support for this premise comes from correlates aflecreased in a linear fashion. By mid yolk absorption (NF
morphological changes such as gastrulation, axis formatiod2—-43), body composition reached a value of approximately
gill formation, alimentary tract formation and axial 50% neutral lipids. This is consistent with the work of
musculature formation (Nieuwkoop and Faber, 1967). ClearlyEldridge et al. (1981), who showed that bulk yolk lipid
these data suggest that the process of development is maoinstituted 52 % of dry mass in the common dayprinus
simply adding new cells and structures associated with themarpio. Although our data are similar to those of Eldridge
as standard allometric paradigms would suggest, but is a highdy. (1981), our values for amounts of lipids Xa laevisare
episodic, yet coordinated, process. significantly higher than those reported for tro®alfno
Protein content was positively correlated with dry and wegairdneri), Atlantic salmon $almo salay and white sturgeon
mass during development. Reported levels of embryonifAncipenser transmontanudarvae (Hamor and Garside,
proteins in developing fish larvae ranged from 56 to 67 % 01977; Wanget al. 1987; Zeitounet al. 1977). Different
dry mass (Dabrowslet al. 1984; Dabrowski and Luczynski, reproductive strategies may explain this differentdaevis
1984; Smith, 1957; Wangt al. 1987; Zeitounet al. 1977).  routinely lays large numbers of eggs which hatch at 1 day
Although these data for fish are similar to our findingsXfor post-fertilization and completely absorb all yolk by day 12 at
laevis between NF 47 and 51, it is unclear from reported?5°C. In contrastS. gairdnerihatches at 20 days post-
studies on fish hoWrotit changes in early development, asfertilization (Rombough, 19&§ and consumes all yolk by
most reported measurements taken in fish were post-hataay 45 at 15 °C. If one considers an averaggo®2 for trout,
Additionally, X. laevis unlike meroblastic fish, lack a discrete it is evident thaX. laevisis clearly consuming more energy
yolk sac and therefore may also lack the quantity anth a much shorter time. AlthougX. laevislarvae contained
distribution of yolk proteins associated with stabilizing neutrala large quantity of neutral lipids, the lipids that supported
lipids. However, it is clear from the data for percentage bodynetabolism and contributed to the decrease in energy seen
composition (Table 2) tha®rotiot increases with progressive overall were fatty acids and triglycerides. These findings are
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in good agreement with the work of Fiebal. (1996), who in which embryos hatch with large quantities of yolk and
demonstrated that more than 90 % of the routine metabol@bstain from feeding for several days post-hatch while lipid
rates just prior to hatch were supported by fatty acideserves are being depleted. Altholgls provides an overall
degradation. The rapid decline in triglyceride and fatty acidndication of gross energy and its partitioning, it provides little
levels between NF 13 and 47 (Fig. 4)X4nlaeviswas highly  information about what fraction of this energy is utilized in
correlated with an increase in metabolic rate over this samsipport of respiration.
stage range, suggesting that overall respiration was fugled  Stoichiometric energy balancEdg) affords a quantitative
the catabolism of these lipids (Fig. 5). Interestingly, long-expression of body composition as a function of aerobic
chain alcohol levels showed a rapid increase up to NF 44—48&etabolism, providing a direct comparison of available
(Fig. 4D), consistent with the premise that triglycerides anenergy per unit time, with equivalent energy constituents.
fatty acids were oxidized to alcohols. Clearly, these datdleutral lipid content andMo, both expressed mass-
suggest that the bulk oxidation of neutral lipids must bespecifically, increased exponentially between NF 1 and 41,
supporting the overall energy requirements of these embryagth lipid energy making up more than three-quarters of the
and indicate that amphibians, unlike teleosts, employotal body energy for respiration by NF 39-41 (Fig. 5).
different lipid-utilization strategies at different stages ofSimilarly, levels of protein and ‘other’ body constituents
development. increased by more than an order of magnitude over the
developmental period. However, by late in development (NF
Energy content and metabolism 50-51), neutral lipids only comprised approximately one-sixth
Total gross energy conteriiy(s), which consists of the bulk of the total energy for respiration, while proteins and ‘other’
energy from lipids and proteins, is an important component dfiody components made up the rest. This substantial reduction
total energy reserves in any organism. This measure provides lipid content and concomitant fractional increase in the
a determinant of total available energy and provides aontent of protein and ‘other’ body components that occur late
guantitative measure of its partitidirc declined in the later in development indicate that lipids are clearly providing the
stages development, and the majority of this decline was dueajority of energy necessary for aerobic metabolism and
to a rapid decrease in total neutral lipid content, Whilet.oct  growth. Results from turbot embryos and larvae (Fehial.
increased in late development (Table 2). These finding§996) are in general agreement with the current study;
suggest tha g is the primary contributor to total energy early however, the timing of these events differs and is believed to
in development, and by metamorphic climax these reserves @are due to contrasting morphological and physiological
significantly depleted. Conversely, total protein contenstrategies employed through development. Overall, these data
increased by more than 50% over these same stage rangesicate that resource depletion and energy stores are in
further suggesting that resource distribution was being put intdelicate balance that, and unlike most teleost fish laXae,
muscle mass (Table 2). These data are in general agreemé&gvisutilizes lipids as its main energy source to fuel aerobic
with observations in anuran larvae (Burggren and Just, 1992yetabolism and growth.

Table 4 Lean body mass and its implications for overestimation of physiological variables in devXepomis laevis

Reported
Reported literature  Calculated Calculated Corrected Percentage
NF stage literature  wet mass dry mass  value/driMig value/ error
Variable range value (mg) (mg) mass (mg) My (%) Reference
Mo, 37-45 0.25 27 1.9 35 0.9 7.1 50.5 Territo and Burggren (1998)
Mo, 40-44 0.23 26 1.8 3.2 0.7 8.5 61.7 Hastings and Burggren (1995)
0 37-41 0.07 3.3 0.3 0.9 0.1 1.8 50.5 Territo (1996)
0 45-49 0.15 20 1.4 21 11 2.6 20.3 Hou and Burggren (1995
0 44-46 25 10 0.7 34.3 0.4 63.8 46.2 Orlando and Pinder (1995)
Vs 45-49 1.5 20 1.4 21.0 11 26.3 20.2 Hou and Burggren (1)995
Ptr 40-44 15 4 0.3 195 0.1 50.9 61.7 Fritsche and Burggren (1996)
Py 46-47 35 10 0.7 48.1 0.6 60.3 20.3 Hou and Burggren @995

All literature values were expressed per unit wet mass.

Dry mass data were determined on the basis of the regression equations presented in Table 1.

Lean body masdMig) was calculated from dry mass using equation 1.

Percentage errors are reported (column 9) relatild toand compare calculated values per dry mass (column 6) with corrected values per
Mg (column 8).

Rates of oxygen consumptioll,) are reported ipmolgth2,

Cardiac output value€) are reported inl mg=tmin-1, and stroke volumeVg) is in nimg.

Pressure measurement from the truncus arteri@s)(e as reported in the literature (mmHg). Note that the net pressure measurements are
unaffected by g, but mass covaries with pressure and would, therefore, represent a significantly smaller allometric value.
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Lean body bass and its implications for expression Mo, could be 51-62 % lower than would be expectedMasl

The study of development and the physiological processdseen considered from NF 37 to NF 45. Similarly, the measures
that underlie it have been actively investigated for more thanaf cardiovascular performance,( Vs, Py) could also be
century. Over this period, few studies have attempted to deahderestimated by as much as 62 %. As the study of physiology
with the expression of lean body mas4 €) in amphibians. begins to turn to earlier and earlier stages of development in
Extensive studies in fish larvae (Kamler and Kato, 1983; Lapian attempt to clarify the onset and control of fundamental
and Matsuk, 1979; Lasker, 1962; Moroz and Luzhin, 1976physiological processes, it becomes more imperative that
Rombough, 1988 have investigated yolk utilization, from attention be paid t¥.g. Moreover, not only doeldl.g needs
which an index oM g can be calculated. Although a fairly to be considered overall, but levels of individual body
comprehensive data set exists for fish larvae, we are only awarenstituents need to be assessed if an accurate appraisal is to
of one paper (Rombough, 1388hat has directly attempted to be made of the factors that most influence wet mass.
compensate for overestimates associated with yolk mass whenWe have demonstrated that body composition throughout
considering Mo,. Taken in the context of developing development is a highly dynamic, yet coordinated, process.
amphibians, there is a clear chasm in our knowledge of ho®wurthermore, we have shown that respiration is primarily
body composition changes with progressive development anfijeled via the degradation of neutral lipids with fatty acids,
therefore, how this may affedl.g. Consequently, work with triglycerides providing the bulk of this energy. As a result,
performed on developing amphibians has largely ignored thisstimates of lean body mass may be highly skewed during
problem, yielding to the assumption that wet, or in some caselevelopment. In addition, we have demonstrated that, if body
dry, mass was a true index of metabolizing tissue. Clearly, ounass is not corrected k g, measures of physiology could be
work suggests that this is not the case. The observation madederestimated by more than 60% when the variable is
by Burggren and Just (1992) that amphibians retain largexpressed mass-specifically.
guantities of yolk is supported by the present study. Applying
equation 1 to our data on body composition, we calculdted We thank J. Altimiras, W. Burggren, S. Carper, J. Hicks, S.
in X. laevis.Our data suggest that lipids constitute a majoHillyard, D. Neuman and C. Reiber for their critical review of
fraction of overall mass and théi g may be overestimated by first draft of this manuscript. In addition, we thank K. Philips,
more than 50% over the first half of development (Table 4)S. Bowels and B. Spangelo for their expert advice and for the
The obvious consequence is that overestimaingmay result  use of equipment. This study, which was part of a PhD
in serious underestimation of measured variables such as thigsertation at the University of Nevada, Las Vegas, was in
rate of oxygen consumption, cardiac output and stroke volumeart supported by a National Science Foundation Grant (IBN-

Over the past century, measurements:of@sumption have 9307832) to W. W. Burggren, and by a University of Texas,
revealed thaMo, increases sharply during the first third of Arlington Operating Grant to A.W.S. Funding for P.R.T. was
development, contrary to standard allometric paradigms and, aspart supported by a Doctoral Graduate Fellowship from the
a result, numerous researchers have commented on the unusuaiversity of Nevada, Las Vegas.
shape of respiratory curves. In some cases, these changes have
been attributed to plotting differences (Lovtrup, 1959), whereas
others have implicated lipids directly (Atlas, 1938; Wills, 1936). References . ]
Interestingly, despite the observation that lipid composition ma§T-AS: M. (1938). The rate of oxygen consumption of frogs during
significantly influenceMis, neither of these authors chose to . SMPryonic development and grow®hysiol. Zool9, 278-291.

d - . BIRCHARD, G. F.AND REIBER, C. L. (1995). Growth, metabolism and
address this problem directly. However, Wills (1936) chose 10 chorioallantoic vascular density of developing snapping turtles

eXpreSWOZ per mg of ni_trOQen’ which was believgd to be a (Chelydra serentinga Influences of temperaturBhysiol. Zool 68,

better index oMig and, it was hoped, would ameliorate the 7g99_g11.

problems associated with wet or dry mass. Our work has shovlikcharp, G. F., WALSH, T., Rosscog R. AND REIBER, C. L. (1995).

that proteins are in dynamic flux through development; hence, Oxygen uptake by the komodo dragoviaganus komodoensis

expression oMo, per mg of nitrogen would in fact misrepresent eggs: The energetics of prolonged development in a reptile.

M_g. Evaluation of Wills’ (1936) plots clearly reveals that this Physiol. Zool 68, 622-633. _ .

did not afford any greater accuracy and may have exacerbatBdGH, E. F.AND Dyer, W. J. (1959). A rapid method of total lipid
In an effort to illustrate this phenomenon more clearly, W@RSWDElR L. W”I ;R'lc'(SON‘ i A. AND '“;'/IEFFERYY |V¥- 5- -%991)0]

have evaluated several contemporary articles which have D€velopmental Biologysan Francisco, Montreal, Tokyo: Saunders

. . - College Publishing. 753pp.
expressed such physiological variables as rate of oxygern

. . . . URGGREN W. W. AND JusT, J. J. (1992). Developmental changes in
consumptionilo,), cardiac output@), stroke volume\(s) and physiological systems. InEnvironmental Physiology of the

mean truncus pressurly mass-specifically. Ignoring lipid  amphibianged. M. E. Feder and W. W. Burggren), pp. 467-530.
composition throughout development can have profound chicago, London: The University of Chicago Press.
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