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Respiration rate of hepatocytes varies with body mass in birds
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Summary

Hepatocytes were isolated from eight species of birds constant proportion of hepatocyte metabolic rate
ranging from 13g zebra finches to 3%g emus. This irrespective of the size of the bird species. The respective
represents a 2800-fold range of body masdMg). Liver percentages were 54%, 21% and 25%. The portion of
mass (g) was allometrically related to species body mass hepatocyte respiration devoted to ATP production for use
by the equation: liver mass=19.8Mp°%9L There was a by the sodium pump was estimated and found to be a
significant allometric decline in hepatocyte respiration relatively constant 24% of hepatocyte respiration and
rate (HRR; nmol O2 mgldry massmin—1) with species 45% of mitochondrial ATP production in different-sized
body mass (kg) described by the relationship: bird species. These results are discussed in the context of
HRR=5.27xM,~0-10 The proportions of hepatocyte oxygen competing theories to explain the metabolism—body size
consumption devoted to (i) mitochondrial ATP allometry, and are found to support the ‘allometric
production, (ii) mitochondrial proton leak and (iii) non- cascade’ model.
mitochondrial processes were estimated by using excess
amounts of appropriate inhibitors. It was found that
although hepatocyte respiration rate varied with body Key words: allometry, body mass, metabolism, proton leak, sodium
mass in birds, these processes constitute a relatively pumping, bird, hepatocyte.

Introduction

It was obvious to Sarrus and Rameaux in 1838 (cited bygf these values to 3/4 has, over the years, led to many proposed
Brody, 1945) that if species differing greatly in body size werexplanations, some of which were based on various physical
to maintain the same body temperature, their heat productidgheories whilst others were more empirically based. These
could not be directly proportional to their body mass. Biggetwo very different approaches to explaining this long-known
species must have a lower mass-specific rate of metabolismiometric relationship between metabolic rate and body size
than smaller species. They suggested instead that heae evidentin the recent clash between the fractal-based model
production must be proportional to the surface area of thef West et al. (1997, 2002) and the allometric cascade model
animal, thus proposing the ‘surface law’ of metabolism. Sincef Darveau et al. (2002). The difference between these two
that time, many studies have shown that the resting metabokxplanations also emphasises two different perspectives as to
rate of different-sized species varies with a power function ofvhether the rate of metabolism is primarily determined by the
body massNlp), but that it is not the power function of mass ‘supply’ or ‘demand’ aspects of an animal’'s metabolism. The
expected if metabolic rate were proportional to surface arealometric scaling model of West and colleagues, based on
(i.e. Mp?3, assuming different-sized species are approximatelfractal-like distribution networks, predicts th#te metabolic
the same shape and specific density). Rather, resting metabgiower of a cultured mammalian cell should be the same,
rate is proportional to a power function of mass betweemdependent of the mammal of origin, whether from shrews or
surface area proportionality and direct proportionality to maswhales (p. 2477 of West et al., 2002). The argument between
(i.e. betweerMp%67and Mp!-9). The actual exponent of this these two groups over the basis of the allometric relationship
power function has varied between studies but the two earliest metabolism to body mass has centred on data for mammals.
studies of mammals (Kleiber, 1932; Brody and Procter, 1932) Birds have evolved endothermy independently of mammals.
independently obtained allometric exponents of 0.73-0.74 fdn this study we report an allometric analysis of the respiration
this relationship. The average exponent for intra-specificate of hepatocytes isolated from eight bird species ranging
studies is approximately 0.72, whilst for inter-specific studie$rom 13g zebra finches to 3& emus. This represents a 2800-
the average is about 0.76 (see Withers, 1992). The similarifpld variation in body mass. We estimated, by the use of
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inhibitors, the quantitative importance of four subcellularmedium (composition as pre-wash medium with collagenase
processes to thén vitro oxygen consumption of these added at Hl- and 1mmoll-1 CaCb) at a flow rate of
hepatocytes. These processes are: total mitochondriaiml min-t (for small bird species) to 3@l min-1 (for large
production of ATP, mitochondrial ATP production devotedbird species). The liver capsule of undamaged perfused
to sodium pumping, mitochondrial proton leak and non-sections of the liver was teased away and the loose liver cells
mitochondrial oxygen consumption. We also compare ouwere gently shaken out into pre-wash medium. Isolated cells
findings for birds with those previously reported forwere filtered through 250m nylon gauze, centrifuged twice
hepatocytes isolated from different-sized mammals (Porter arfdr 4 min at 100g and resuspended in suspension medium (as
Brand, 1995). for pre-wash but containingrimol -1 CaCb) and stored on
ice. Viabilities were assessed by Trypan Blue exclusion and
varied with the body mass of the species. Preparations from
Materials and methods emus, geese and ducks averaged 92%, 93% and 97% viability,
All chemicals were from Sigma-Aldrich (Castle Hill, NSW, respectively. Pigeon and currawong preparations both had an
Australia) except for collagenase (Type 1; 8Cihg?) average viability of 89%, whilst hepatocyte preparations from
enzyme, which was from Worthington Chemicals (Freeholdstarlings, sparrows and zebra finches averaged viabilities of
NJ, USA). All experiments were approved by the University73%, 72% and 80%, respectively. The microscopic appearance
of Wollongong Animal Experimentation Ethics Committee. of all isolated cell preparations showed no obvious blebbing.
Emus Dromaius novaehollandiakatham) were purchased = Oxygen consumption was measured using a Strathkelvin
from Marayong Park Emu Farm (Falls Creek, NSW,(Glasgow, UK) oxygen electrode connected to a Strathkelvin
Australia). Zebra finches Taeniopygia guttataVieillot), 781 oxygen meter with electrode output coupled to a ADI
domestic ducksAnas platyrhyncho&.) and domestic geese Instruments (Sydney, Australia) PowerLab 400 data
(Anser ansel..) were purchased from local pet shops or theacquisition system coupled to a Macintosh powerbook.
Narellan Aviary Bird Auction (NSW, Australia). Feral pigeons Oxygen consumption measurements were made between
(rock doveColumba liviaGmelin) were from a pigeon breeder 39—40°C, representing an intermediate temperature between
(T. Cooper, Corrimal, NSW, Australia). House sparrowsthe normal body temperature of the passerine and non-
(Passer domesticuk.), starlings Sturnus vulgarisL.) and  passerine species examined. Cells were added to the
pied currawongs Strepera graculinaShaw) were trapped oxygen electrode (final protein concentrations between
in or near Wollongong, NSW, Australia. All birds were 0.5-2.0mgml~1) and oxygen consumption measured for
killed by anaesthetic overdose (sodium pentobarbitone&g—1C0min following thermal equilibration. Calculations of
100mgkg!bodymass; intraperitoneal, except for emusoxygen consumption rates were corrected for the viability of
where injection was intrajugular) within a few days of purchas¢hat preparation. Following measurement of normal oxygen
or capture. When birds were kept in captivity for a short periodonsumption rate, specific inhibitors were added sequentially
before sacrifice, they were provided with access to water artd block components of metabolism. Oligomycin, a specific
food ad libitum(mixed bird seed for finches and sparrows andnhibitor of mitochondrial ATP synthase, was added stepwise
a commercial mixture of pellets and seed for the ducks angt 0.002mgml=1) until the rate of oxygen consumption failed
geese). The diet of birds before their purchase/capture w&s decrease in response to further additions (usually at
unknown. The birds used in this study are the same birds f@002-0.004ngmi-1 final concentration). The decrease in
which other data has been previously reported (see Hulbert itspiration following oligomycin addition was thus used to
al., 2002b; Brand et al., 2003). measure respiration devoted to ATP production. Myxothiazol,
Fresh liver tissue was rapidly removed from each bird and specific inhibitor of mitochondrial oxygen consumption, was
a piece of liver from the end of the major liver lobe wasadded stepwise (at 0.0dgml~1) until oxygen consumption
removed for hepatocyte preparation; the remainder was uségiled to decrease further in response to further additions
for isolation of liver mitochondria (see Brand et al., 2003). In(usually at 0.02—0.C81g mI-final concentration). This further
the case of zebra finches and sparrows, whole liver lobes wedecrease following maximal myxothiazol inhibition was used
used for the preparation of hepatocytes. For hepatocyte estimate respiration associated with proton leak (rate of
isolation the cut section was trimmed to reveal the commorespiration with oligomycin minus rate with oligomycin plus
major artery and cannulated. Blood was cleared using ice-cotdyxothiazol). In a number of preparations KCN was also
pre-wash medium, containing (in mmo}) 10 Hepes, 25 added as a final inhibitor (to a final concentration of
NaHCQs, 125 NaCl, 3.4 KCI, 1.1 KpPQq, 1.2 MgSQ and 5 mmoll-1) to check the effectiveness of myxothiazol. Oxygen
11.1 glucose, 0.2% bovine serum albumin and 0.001% Phencbnsumption of nonmitochondrial respiration was insensitive
Red, pH7.2, and gassed with 95% &% CQ, either directly to myxothiazol. Sodium-pump-associated respiration was
from the perfusion apparatus or from a syringe passed into tlietermined separately by incubation in the presence of ouabain
cannulated artery, with blood and medium exitiiveins cut  (a specific inhibitor of the sodium pump) at-dfhol I-1 final
across the liver section. Liver cells were isolated by performingoncentration. The respiration rates of some hepatocyte
5-1Cmin of pre-wash perfusion (at 25°C) with no recirculationpreparations from a number of species were measured until all
followed by 20-30min of recirculated collagenase perfusionoxygen was depleted from the system. These preparations
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showed constant rates of respiration for periods of up toid5
over the full scale of oxygen partial pressures.

Dry mass of cells was determined by the difference in mas
(to £0.01mg) between Eppendorf tubes with and without cells
before and after drying, with correction for incubation solution
salts. The drying process involved placing ®@2of cell
suspension (or incubation medium) in preweighed (dryp2.5
Eppendorf tubes into an oven at 50°C for 5 days, followed b
transfer to a vacuum-sealed desiccator with dry silica gel fc
2 weeks at room temperature. Protein content was measur
by the Lowry method using bovine serum albumin as ¢
standard. Cell density was measured using a haemocytomet

All figures were constructed using Kaleidagraph versior
3.51 (Synergy Software, Reading, PA, USA) and statistic
determined using JMP version 3 (SAS Institute, Cary, NC
USA).

Fig. 1.
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Results

The bird species examined were chosen to span as wideSt
range of body masses as practicable and are listed in Table
together with their body maddy and basal metabolic rate
(BMR). Fig.1 presents an allometric plot of the basal
metabolic rates (MD2g1hY) of these particular species
against their body maddl (kg). The four smallest species
were all passerines whilst the four largest species were no
passerine birds. Because many passerines have been repo
to have higher metabolic rates than similar-sized non
passerines (Lasiewski and Dawson, 1967), this differenc
between large and small species results in an allometr
relationship for BMR=0.74My 936 which is steeper than that
previously reported for passerine and non-passerine bir
separately (Lasiewski and Dawson, 1967).

The liver represented a smaller percentage of total boc
mass as the size of the species increased. In zebra finches
liver averaged 2.71% of body mass compared to 1.87% i
emus. This trend resulted in an allometric relationship of live
mass to body mass with an exponent of 0.91 @igwhich is
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to the 0.87 power of body mass (see Hulbert and Else, 200(N=4 for all bird species.

1as . > Wi . - Fig. 2. The allometric relationship between liver mass (g) and body
similar to the situation in mammals where liver mass is relatemassMy, (kg) of different-sized birds. Values are means.gm.;

Tablel. Body mass and standard metabolic rate of the eight species of birds used in the present study

Basal metabolic rate

Species Body madgg) (MlOz2 g Lh-1b
Zebra finch Taeniopygia guttata 12.6+£1.0 (4) 3.28
House sparrow Passer domesticus 24.6+0.7 (4) 2.46
Starling Sturnus vulgaris 72.7£2.5 (4) 231
Pied currawong Strepera graculina 283+19 (4) 1.59
Pigeon Columba livia 462+35 (4) 0.667
Duck Anas platyrhynchos 2178+61 (4) 0.626
Goose Anser anser 44871341 (4) 0.547
Emu Dromaius novaehollandiae 34975+745 (4) 0.152

&/alues are meanss£.M.; N (in parentheses) = total number of birds used per species.

bBasal metabolic rates from table 1 in Hulbert et al. (2002b).
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Fig. 3. The allometric relationship between respiration rate of isolated hepatocytes (HRR) and boti rfk@gsof different-sized birds.
(A) HRR expressed per ndyy mass; (B) HRR expressed per protein. Values are meanss£.M. N=4 for all bird species except sparrows in
A (N=2).

The respiration rate of hepatocytes isolated from the differentdanger in using protein as the denominator when comparing
sized bird species, expressed relative to hepatocyte dwarious biochemical processes between species.

mass and hepatocyte protein content, are presented i.Fig. A number of subcellular processes were maximally inhibited
There was a statistically significant allometric decline inand the proportion of hepatocyte respiration devoted to the
hepatocyte respiration with increasing body mass wheanctivity was estimated by the reduction in the rate of
expressed relative to dry mass but not when exprességpatocyte oxygen consumption following such inhibition. All
relative to hepatocyte protein content. The allometricof these subcellular processes, total mitochondrial ATP
relationship between hepatocyte respiration rate (HRRproduction, ATP production to run the sodium pump,
nmol Oz mg-1dry massmin~l) and body masdVp (kg) is  mitochondrial proton leak and non-mitochondrial oxygen
HRR=5.2&Mp0-10 (P<0.001). The allometric exponent was consumption, showed negative allometric relationships with
—0.10 (95% confidence limits —0.04 to —0.16), which meanbody mass (Figh). The allometric exponents for these
that the respiration rates of hepatocytes from birds the size oélationships are respectively —0.09, —0.11, —0.07 and —0.15,
zebra finches are approximately 2.2 times those of hepatocytetich are all reasonably similar to and within the 95%
from emu-sized birds. The allometric relationship forconfidence limits of the exponent (—0.10 + 0.06) for total
respiration rate relative to hepatocyte protein content had a
slope of -0.03, which was not statistically different from
zero because the amount of hepatocyte protein relative
hepatocyte dry mass varied with species size. For exampl
protein represented an average 93.5% of dry mass in zek
finch hepatocytes but only 89.0% of dry mass in emt
hepatocytes.

Measurement of both the cell density and protein content ¢
each hepatocyte preparation allowed calculation of the prote
content of the average hepatocyte for each preparation. Tt
data is presented in Fi¢g. and shows that, on average,
hepatocytes from smaller birds contain more protein per live
cell. Although the slope of this allometric relationship is not
significantly different from zero, the equation indicates
that whereas hepatocytes from zebra finches averag
0.33ngproteincell,  those from emus  average
0.19ngproteincell. The reason for the variation in cell
protein content is not known. Cell size was not measured i
the current study and thus it is not known whether this was gig 4. The relationship between the calculated cellular protein
factor in the differences. We do not know the |dent|ty of thEContent (ng) of hepatocytes and body mass (kg) of different-sized
additional non-protein component of cells; however, it may biirds. Values are means ste.m. N=4 for all bird species except
glycogen, lipid or salts. These findings illustrate the potentigfinches and pigeon$l€3).

0.1
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Fig.5. The allometric relationship between the amount of the respiration rate of hepatocytes (HRR) devoted to four subacdiletaaradti
body mass of different-sized birds. The subcellular activities are: mitochondrial ATP production (A), mitochondrial pro{@&), leak-
mitochondrial oxygen consumption (C), and the activity of th& pNanp (D). Values are meanss£.m. N=4 for all bird species except for
geese Nl=3) and sparrowd\N=2), and (in B only) starlingd\NE3) and finchesN=2).

hepatocyte respiration. This shows that irrespective of bodgf the liver in each bird (and assuming that liver is a constant
size of the bird species, these processes represe2@% dry mass in all birds) we have been able to estimate the
approximately the same proportion of total hepatocyteesting oxygen consumption by the total liver for each bird.
respiration. The exponents for ATP production and proton leakig. 6 presents an allometric plot of this estimated total liver
were not statistically different from zero using a 5%respiration against body mass for the different-sized bird
significance level, but would be if a 10% significance level waspecies measured in the present study. The allometric slope of
used. The constant in each of the allometric equations ¥ Fig.0.84 for this relationship suggests that respiration by the liver
is the value of the process in &d bird. From these values, it represents a larger proportion of total respiration in bird species
can be calculated that, for &g bird, total mitochondrial ATP  of greater body mass in general or it may reflect a difference
production constitutes 54%, mitochondrial proton leak is 21%etween passerines and non-passerines. Using the relationship
and non-mitochondrial oxygen consumption is 25% ofbetween BMR of the birds examined here, presented irlFig.
hepatocyte respiration. The non-mitochondrial value is ave can calculate that in a §i3zebra finch the liver consumes
composite of oxygen consumption by other subcellulaabout 2% of the total oxygen consumed by the bird, whilst in
organelles such as peroxisomes and by non-mitochondrial35kg emu the corresponding value is 7%. These values are
enzyme systems such as the desaturases. The enelipgly to be underestimates, however, because hepatocytes in
consumption by the Napump in liver cells in culture culture are presumably only consuming energy for self-
constitutes 45% of total hepatocyte ATP production and 24%naintenance, whilst the whole liver in the bird will be
of total hepatocyte respiration. consuming additional energy on behalf of other body e@ls

By combining hepatocyte respiration rate with the total masthe maintenance of blood composition.
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mass have been reported in respiration rates of tissue slices for
] mammals (Couture and Hulbert, 1995), with mammalian liver
. ] slices showing a very similar allometric exponent to that for
100:_ isolated mammal hepatocytes (Porter and Brand, 1995) and
: . ] mammal kidney cortex slices (Couture and Hulbert, 1995)
Fol ] displaying almost the same exponent as that reported here for
I L ] bird hepatocytes.
105‘ qy‘P The hepatocyte respiration rate comparisons are illustrated
] in Fig. 7A, where it can be seen that the relationship for birds
ks 1 had a lower allometric slope than that for either mammals or
1 o 1} 3 ectotherms. Whether the size-related trend in viabilities of

1000,

LRR=19.7XM084 the hepatocyte preparations in this study (see Materials and
I (r=0.9%, P<0.0001)] methods) had an influence on the observed allometric
01l o i e relationship is not known. Another unknown factor is the fact
0.01 0.1 1 10 100 that respiration rates in the present study were measured at the
Body massMy, (kg) common temperature of 39—40°C. The smaller species in the
Fig.6. The allometric relationship between calculated restingm(:"s’(:"nt study were passerines, Wh',Ch tend to havg higher body
respiration rate of the whole liver (LRR) in different-sized birds and®Mperatures than the non-passerines representing the larger
body mass. Values are means:em. N=4 for all bird species except SPecies we have measured here. ThugecQrection of the
sparrows =2). current respiration data to the normal body temperature of the
species will probably increase the rates for the small species
and decrease those for the larger species with the consequent
Discussion effect of increasing the allometric exponent relating hepatocyte
This study has shown that, in agreement with the higheespiration rate to body mass in birds.
mass-specific basal metabolic rate of small species comparedThe absolute and relative composition of hepatocyte
to larger species of birds, the respiration rate of isolated liveespiration for a large and small species of both birds and
cells (per unit dry mass) from the smaller birds is greater thamammals are plotted in Fi@Bi and ii, respectively. Whereas
that of isolated liver cells from larger species. In this respectmass-specific respiration differs with body size in birds and
it has demonstrated a similar trend to that already reported farammals (Fig7A), when hepatocyte respiration components
mammals (Porter and Brand, 1995) and a disparate group afe compared in relative terms (Fidii) the body size effect
ectotherms (Hulbert et al., 2002a; although in the ectotheris no longer obvious and there is a very similar relative
allometric comparison the relationship was only significant acomposition of metabolism between small and large birds and
P=0.077). Similar allometric declines with increasing bodymammals, even though the non-mitochondrial component of

Liver respiration rate (mol £min1)

A 20 — _ ; Bi
Mammals O Non-mitochondrial
HRR=5.27x My, 010 15+ O ATP production .
B Proton leak
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Fig. 7. A comparison of hepatocyte respiration in birds and mammals. (A) An allometric plot of the hepatocyte respiration rates (HRR
different-sized birds (broken line) compared to the relationships (solid lines) previously described for mammals (fromdF®raeida 1995)

and ectotherms (from Hulbert et al., 2002a). (B) The composition of hepatocyte respiration for two birds (zebra finch and &wu) a
mammals (mouse and horse). (Bi) The absolute values (in@prag1 dry massmin-) for these four species; (Bii) the relative composition
for the same species.
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hepatocyte oxygen consumption may be greater in birds thdaund a significant allometric relationship describing the mass-
mammals. specific respiration rate of bird hepatocytes that is less than that

The amount of hepatocyte metabolism devoted to celluladescribing the basal metabolic rate of whole birds. We have
Na* homeostasis in the different bird species was estimated Bgund that the total size of the liver also varies allometrically
measurement of the reduction in oxygen consumption in th&ith body size in birds and that when liver mass and the
presence of excess ouabain (a specific inhibitor of thé&KNla  hepatocyte respiration rate are combined they come closer to
ATPase). This rate also showed an allometric decline witthe BMR—body mass relationship. In this respect, our findings
increasing body mass (see F{. Since, when measured in are similar to those already reported for mammals (Porter and
this manner, this is not a measure of the total enzyme activi§rand, 1995; Couture and Hulbert, 1995). There is sure to be
of Na'/K*-ATPase but is rather a measure of thevivo  more discussion regarding the causal basis of the allometric
activity of the sodium pump to maintain intracellular*Na relationship between body size and metabolism.
homeostasis, it suggests that the relative ‘sodium leak’ is
greater in hepatocytes from small birds than from large bird We thank Dr P. Abolhasan and Dr W. A. Buttemer for
species. Measurement of sodium pump activity in liver an@ssistance. This work was supported by a grant from the
kidney slices of mammals of different body size has similarhAustralian Research Council (to A.J.H. and P.L.E.) and funds
shown an allometric decline with increasing body masd$rom the UK Medical Research Council (to M.D.B.).
(Couture and Hulbert, 1995).
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