2697

The Journal of Experimental Biology 205, 2697—-2703 (2002)
Printed in Great Britain © The Company of Biologists Limited 2002
JEB4392

Interplay among energy metabolism, organ mass and digestive enzyme activity in
the mouse-opossunthylamys elegansthe role of thermal acclimation

Roberto F. Nespol&, Leonardo D. BacigalugePablo Sabatand Francisco Bozinovic

1Centro de Estudios Avanzados en Ecologia y Biodiversidad, Departamento de Ecologia, Pontificia Universidad
Catdlica de Chile, PO Box 6513677, Santiago, Child?Departamento de Ciencias Ecoldgicas, Facultad de
Ciencias, Universidad de Chile, Casilla 653, Santiago, Chile

*Author for correspondence (e-mail: rnespolo@genes.bio.puc.cl)

Accepted 6 June 2002

Summary

The potential for thermal acclimation in marsupials
is controversial. Initial studies suggest that the
thermoregulatory maximum metabolic rate (MMR) in
metatherians cannot be changed by thermal acclimation.
Nevertheless, recent studies reported conspicuous
seasonality in both MMR and in basal metabolic rate
(BMR). We studied the role of thermal acclimation in the
Chilean mouse-opossumThylamys elegansby measuring
MMR and BMR before and after acclimation to cold or
warm conditions. Following acclimation we also measured
the mass of metabolically active organs, and the activity of
a key digestive enzyme, aminopeptidase-N. No significant
effect of thermal acclimation (i.e. between cold- and

regression using pooled data showed that 71% of the
variation in BMR is explained by the digestive organs.
Overall, these results suggest that MMR is a rather rigid
variable, while BMR shows plasticity. It seems thatT.
elegans cannot respond to thermal acclimation by
adjusting its processes of energy expenditure (i.e.
thermogenic capacity and mass of metabolically active
organs). The lack of any significant difference in
aminopeptidase-N specific activity between warm- and
cold-acclimated animals suggests that this response is
mainly quantitative (i.e. cell proliferation) rather than
qualitative (i.e. differential enzyme expression). Finally, as
far as we know, this study is the first to report the effects

warm-acclimated animals) was observed for body mass,
MMR, body temperature or factorial aerobic scope.
However, the BMR of cold-acclimated animals was 30 %
higher than for warm-acclimated individuals. For organ
mass, acclimation had a significant effect on the dry mass
of caecum, liver and kidneys only. Stepwise multiple

of thermal acclimation on energy metabolism, organ mass
and digestive enzyme activity in a marsupial.

Key words: basal metabolic rate, maximum metabolic rate,
marsupial, thermal acclimation, organ ma3$ylamys elegans
aminopeptidase-N.

Introduction

The capacity of small endotherm-homeotherms to tolerat#973; Puchalski et al., 1987, Hammond et al., 2001), (2)
cold conditions depends on such structural attributes dsmtestines and food-processing organs enhance their
body mass and insulation, and on active processes such assorption/processing capacities (Hammond and Janes, 1998),
behavioral thermoregulation and their capacity to increasand (3) systems responsible for the supply of oxygen and
oxygen consumptionVp,) above the basal metabolic rate. nutrients to skeletal muscles and brown adipose tissue (i.e.
Small eutherians can increase their thermogenic capacity afteardio-respiratory system) increase their efficiency. As a
short periods of cold exposure, a process known as phenotypisult of this last process, the heart and lungs enlarge in cold-
flexibility (Hammond et al., 2001), which has been the subjecacclimated individuals (Hammond et al., 2001). At the
of a large amount of research in the last few decades (Hayesganismal level, the increase in thermoregulatory maximum
and Chappell, 1986; Campbell and MacArthur, 1996metabolic rate (MMR) is a consequence of the first process
Hammond et al., 2001 and references therein). Short-term (i.6Rosenmann and Morrison, 1975; Rafael et al., 1985; Hayes,
days) as well as long-term (i.e. months) exposure to cold arid®89; Hammond et al., 2001), and probably increases survival
changes in photoperiod (Rezende et al., 2000) induce a rangenatural populations during the cold season, or during short-
of physiological changes from the cellular level to theterm exposure to cold conditions (Hayes and O’Connor,
organismal level (Puchalski et al., 1987; Wiesinger et al.1999). Nevertheless, this increase in MMR imposes costs
1990; Deveci et al., 2001). These modifications occur in threassociated with the maintenance of energetically expensive
ways: (1) organs such as skeletal muscles and brown adipasetabolic machinery, which are reflected in the high basal
tissue increase their total heat production capacity (Janskgnetabolic rate (BMR) of cold-acclimated animals compared
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with warm-acclimated animals (Konarzewski and DiamondJaboratory thermal acclimation df. eleganson (1) aerobic
1995). metabolism (BMR and MMR), (2) mass of metabolically
Small eutherian mammals and birds are classic examples ative organs and (3) digestive enzymatic activity. Sifice
animals that use the processes listed above (for a review, selegands mainly an insectivorous species (Sabat et al., 1993),
McNab, 2002). However, it is not well known what happensand the intestinal aminopeptidase-N shows clear phenotypic
in other endotherms such as marsupials. The physiology @xibility in birds and mammals (Sabat et al., 1998, 1999), we
marsupials is similar to eutherians in several respects (Hallaohose this enzyme to determine if physiological flexibility
and Dawson, 1993; Chappell and Dawson, 1994; Gibson arakists at this level.
Hume, 2000; Holloway and Geiser, 2001), but with respect to
BMR and thermal acclimation, there are some differences.
The BMR in marsupials is comparatively low, which makes ) )
their factorial aerobic scope (FAS=MMR/BMR) unusually Experimental design
high (for marsupials, FAS is near 8; for birds and mammalsStudy animals and acclimation conditions
FAS=5) (see Hinds and MacMillen, 1984; Smith and Dawson, Twelve male and eight female mouse-oposstimglamys
1985; Hinds et al., 1995). In addition, the body temperaturelegangL.) with a mean body masMf) of 31.1+3.5¢g (£.0.)
of marsupials is considerably lower than in eutherians (Humeyere live-caught using Sherman traps at Quebrada de la Plata
1999). Interestingly, in some marsupial species, thermgB3°31S, 70°50W) during September—October 2001, and
acclimation does not induce MMR changes (Smith andransferred to the laboratory on the same day of capture.
Dawson, 1985; Dawson and Olson, 1988), and this wa&nimals were individually housed in plastic cages
attributed to the absence of brown adipose tissue (BAT(60cnx60cnx20cm) filled with approximately 30 cm of litter,
(Dawson and Olson, 1988; Rose et al., 1999). However, colahd fed with Puppy Chow (Purina®) and waset libitum
acclimation can increase the speed and reduce energgmperature and photoperiod were held constant at 22+2°C
expenditure of re-warming after torpor (Opazo et al., 1999)and 12h:12h L:D photoperiod, for 2 weeks. After the initial
which suggests that acclimation could induce some changésboratory habituation, ten randomly chosen individuals were
in the thermogenic capacity of marsupials, even in the abseneaeclimated to 30.0£2.0 °C (i.e. warm) in a climatic chamber for
of BAT. Birds do not have BAT either, but they do exhibitone month. The remaining ten animals were acclimated to
changes in MMR in response to thermal acclimationl0.0+2.0°C (i.e. cold) for the same amount of time, which
(Swanson, 2001), which demonstrates that BAT is not theas long enough to reach an asymptotic physiological state
only way of changing thermogenic capacity during therma{Rezende et al., 2000). The 12h:12h L:D photoperiod was
acclimation. maintained for both conditions and food was proviced
To evaluate the underlying causes of differences itibitum. We chose these acclimation temperatures to reflect the
organismal performance, the phenotype needs to bextremes of the natural temperature range in the habitat where
investigated simultaneously at several levels. This integrativihe sample organisms were captured (Di Castri and Hajek,
approach correlates organismal performance at one level wifl976).
changes at the lower level in the same individual subjected to Physiological measurements (i.e. BMR and MMR, see
a variety of experimental treatments (e.g. Garland, 1984elow) were made before and after acclimation. At the end of
Garland and Else, 1987; Hammond and Janes, 1998; Chappedich measurement we recorded body mass, using an electronic
et al., 1999; Konarzewski et al., 2000; Hammond et al., 2001palance (sensitivity +0.19), and rectal body temperaflse (
We used this approach to assess the effects of thermading a Cole-Parmer copper-constant thermocouple.
acclimation in a small didelphid marsupial, the mouse-
opossum Thylamys eleganswhich inhabits Mediterranean Basal metabolic rate (BMR)
environments of central Chile. This species shows Prior to BMR measurements animals were fasted for 6h.
conspicuous phenotypic flexibility in the activity of its BMR was determined according to the following protocol.
intestinal disacharidases, both on a seasonal basis (Sabat &d/gen consumptionVp,) was measured in a computerized
Bozinovic, 1994) and in response to diet acclimation (SabgDatacan V) open-flow respirometry system (Sable Systems,
et al., 1995). Henderson, Nevada, USA). Measurements of animals were
Our studies are useful not only for determining themade in steel metabolic chambers of 1000ml, at ambient
underlying causes of the observed differences in organismmperature T 30.0+0.5°C, which is within the
performance in a wild endothermic species, but also becausigermoneutral zone for this species (M. Rosenmann, personal
little is known about the flexibility of MMR in marsupials. For communication). The metabolic chamber received dried air at
example, in an exhaustive review on marsupial nutrition and rate of 505mImint from mass flow controllers (Sierra
energetics there is no mention of interspecific variability oinstruments, Monterey, California, USA), which was enough
intraspecific plasticity in MMR (Hume, 1999), whereasto ensure adequate mixing in the chamber. Air passed through
ecophysiological variables such as field metabolic rate, wat€O;-absorbent granules of Baralyme and Drierite before and
turnover and BMR received a thorough analysis (Hume, 1999after passing through the chamber and was monitored every 5s
The aim of this work was to determine the effect ofby an Applied Electrochemistry £analyzer, model S-3A/I

Materials and methods
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(Ametek, Pittsburgh, Pennsylvania, USA). Oxygenhomogenized (30s in an Ultra Turrax T25 homogenizer at
consumption values were calculated using equation 4a afiaximum setting) in 20 volumes of 0.9% NacCl solution. We
Withers (1977). Sincd. eleganss a nocturnal species, all measured enzyme activity in the whole-tissue homogenate to
metabolic trials were completed during the rest phase avoid any underestimation of activity.
activity (between 08.00 and 16.00h). Aminopeptidase-N assays were done usinglaninep-

The completéVo, trial lasted 2.5h and BMR was taken asnitroanilide as a substrate. Briefly, 1@0of homogenate
the lowest sample registered during the last houVef  diluted with 0.9% NaCl solution were mixed with 1ml
recording, which was comparable with previous result®f assay mix (2.04mmot} L-alaninep-nitroanilide in
obtained using the same species (e.g. Sabat et al., 1995; Op@zdmolul-1 NaH,PQW/NagHPQu, pH7). The reaction was
et al.,, 1999), and yielded the same values as the lowesicubated at 37 °C and arrested after 10 min using 3 ml of ice-
obtained during a 5min period over the complte record.  cold acetic acid (2mot}), and absorbance was measured at
Previous BMR measurements to determine the optimal time 884 nm. Standardized intestinal enzymatic activities were
reach minimum metabolism indicated that this species reachealculated on the basis of absorbance. The protein content of
a steady state after 15-20 min, with no change&et15%  intestinal homogenates was determined using Coomassie-Plus

in the following 3 h. Protein Assay (Pierce, Rockford, I, USA). Enzyme activity
_ _ was standardized to rate per g wet tissue of intestine and
Maximum metabolic rate (MMR) per mg protein (Sabat et al., 1998), and the activities of

We measured MMR in a Hes@tmosphere following the all enzymes are presented as standardized hydrolytic
procedure of Rosenmann and Morrison (1974), using an opetivity (Ulg-lwettissue, and Ulmgprotein, where
circuit respirometer, as described by Chappel and Bachmasi=pmol hydrolyzed mind).

(1995). In brief, a mixture of He (80%) and 0 %) was

passed through a volumetric flowmeter before entering the Statistical analyses

chamber (i.e. a positive pressure system), and was maintainedNe performed all analyses both with and without sex as a
at a rate of 1000+3mlImiA. Such a flow rate prevented factor. Since the results were similar we report only the latter
the partial oxygen pressure from falling below 150 Torr, avalues here. For analyses &, (i.e. BMR and MMR) and
value far above hypoxia (Rosenmann and Morrison, 1975Jactorial aerobic scope (FAS=MMR/BMR), there were two
The mixture passed through @@bsorbent granules of factors: thermal acclimation and laboratory effect (i.e. each
Baralyme and Drierite before and after passing through thiedividual was measured twice, before and after thermal
chamber, which was tightly sealed with teflon and vaselineacclimation). SincéVo, is correlated withMp, we included

The chamber temperature (0.0+£0.5°C) was continuouslit as a changing covariate in repeated-measures analysis
recorded. To be sure that individuals attained MMR, wef covariance (ANCOVA) (StatSoft, 1996). The effect of
(1) finished each record when the decline \ls, was acclimation on organ masses was tested by ANCOVA with
evident (usually after 8-10min of measurement), and (2¢arcass mass as the covariate, to avoid confounding effects due
measuredTp after each trial to ensure animals reachedo the part-whole correlation (see Christians, 1999). The
hypothermia Tb<30 °C in all cases; normothermig=34°C, correlation among organ masses was assessed using residuals

see Results). from the linear regression between organ mass Mpof
pooled data (i.e. cold- and warm-acclimated individuals). No
Organ masses and enzyme assays transformations were necessary to meet analysis of variance

After the second set of metabolic measurements all anima{&NOVA) assumptions (see below).
were killed by decapitation and dissected abdominally. We Aminopeptidase-N activity (i.e. Ulmgprotein; no
extracted first the colon and small intestine, and then headgpendence oMp) was measured in the four sections of the
lungs, liver and kidneys, and the remaining carcass wasmall intestine, which were considered as repeated-measures
weighed. Organs were washed with 0.9% NaCl solution anfMeynard et al., 1999). The effect of thermal acclimation and
immediately weighed (fresh mass). Stomach, caecum and tofabsition on this variable was evaluated using a repeated-
intestine were weighed with and without content. Except fomeasures ANOVA. This analysis was repeated for total
the small intestine, all organs were dried at 60 °C to constaehzyme activity (Ul per total intestine) using ANCOVA and
mass (48h), and weighed again (dry mass). No significaM, as covariates.
trends (i.e. acclimation effect, dependence wil, To assess the association between organ mass¥s anee
metabolism or enzyme activity) on total content and wateperformed stepwise multiple regressions for BMR and MMR
content of fresh organs were observed (data not shown). separately, using residuals of organ masses as independent

We weighed the entire small intestine before cutting it intosariables, and residuals Wb, as the dependent variable.
four sections of equal length (defined operationally as All data were tested for homogeneity of variance using the
duodenum, jejunum A, jejunum B and ileum) for statisticalLevene test and for normality using the Kolmogorov—Smirnov
comparisons. The sections were washed with 0.9 % NaCl andst. For ANCOVA analyses we tested for parallelism between
stored in criovials with liquid nitrogen. To measure intestinaboth levels of the factor (i.e. acclimation temperature) using a
aminopeptidase-N  activity, tissues were thawed andest of interaction with covariate (StatSoft, 1996).
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Results 0.7+ N
Body mf'iSS- famd mgtabollc rate_s Cold acclimated
There were no significant differences My betweet 0.6+ 1 Warm acclimated

acclimation groups (Table 1). However, we observ

significant laboratory effect on animals, with increalsy = 0.5

after time spent in the laboratory in comparison Wity 4

at capture (ANOVA, F11+=32.9, P=0.001). Bod\ g 0.4+
temperature was not significantly different betw g

acclimation groups (34.2+0.7 and 34.0+006for warm- g’ 0.3

and cold-acclimated individuals, respectively; ANO' >
F1,10=0.04,P=0.8). There were no significant differen © 0.2 *

in BMR between the two groups measured be
acclimation. After acclimation, BMR was significar 0.1
higher in cold-acclimated individuals than wa
acclimated animals (ANCOVAF112=5.21, P=0.041)
There were marginally significant differences in B
measured before and after thermal acclimé Fig. 1. Dry mass of organs from warm- and cold-acclimateetlegans
(ANCOVA, F1,174.19,P=0.063, Table 1). However,t (mean * sem.). An asterisk indicates significant differences after
interaction between BMR and the laboratory effectwa  correction for carcass dry mass (ANCOVRs0.05). Sample size as in
significant (i.e. BMR in the laboratory was higher tha Table 1.
capture, in both groups). The same analysis for MMF
FAS did not yield significant effects, i.e. neither variablealthough masses tended to be greater for cold-acclimated
changed with thermal acclimation or showed any laboratorindividuals than for warm-acclimated individuals. We did not
effect (Table 1). observe significant differences in the dry mass of heart, lungs
or stomach between acclimation groups (Fig. 1).
Organ masses Correlations of residuals (from linear regressions i)

Analyses using fresh organ mass gave similar results as fbetween the dry mass of various organs (Table 3) demonstrated
dry mass, thus, for organs other than small intestine (for whicthe following significant positive associations: kidneys with
we have only fresh mass, since it was used for the enzyntiger, colon, caecum and stomach; liver with colon and stomach;
assay), we report only the results of the dry mass analysdgart with lungs; and colon with caecum and stomach (see
Carcass dry mass showed no significant difference betwediable 3 for statistics). However, after a Bonferroni correction,
cold- and warm-acclimated individuals (cold=14.1+1.02g;just colon and liver remained significantly correlated. Stepwise
warm=16.1+1.5g, ANOVA, F1,17=1.16, P=0.296). We multiple regressions between residuals of BMR (pooled data
observed significant differences in the dry mass of some orgafrem both acclimation groups) and residuals of organ mass
between acclimation groups, however (Fig. 1). Masses weldneys, liver, heart, lungs, colon, caecum, stomach, carcass,
higher in cold acclimated individuals for kidneys (ANCOVA, and fresh small intestine) revealed that 77 % of the variance in
F1,15=10.73, P=0.005), caecum (ANCOVA,F111=7.80, BMR is explained by the mass of colon, small intestine and
P=0.017), and liver (ANCOVAF1,16=6.38,P=0.022). heart (multiple2=0.77,P=0.011). A similar analysis for MMR

We did not observe significant effects of thermaldid not give significant result$€0.15).
acclimation on the wet mass of small intestine We repeated the stepwise regression analysis for BMR using
(cold=26.8+2.8g; warm=19.8+2.2 g; ANCOVA,1,16=0.984,  only residuals of digestive organ mass as independent variables
P=0.098, Table 2) or colon (ANCOVA;1,17=3.29,P=0.093), (stomach, liver, kidneys, small intestine, colon and caecum)

ol IS 1

Kidneys Liver Heart Lungs Colon Caecum Stomach

Table 1.Body mass, basal metabolic rate, maximum metabolic rate and factorial aerobic scope of field-caught and laboratory
acclimated Chilean mouse-oposstihylamys elegans

Field After acclimation
Mp BMR MMR Mp BMR MMR
Treatment (9) (mlehY (mlO2h™Y) FAS (9) (mQhY (mlO2hY FAS
Cold 31.143.5(9) 19.9+2.3 (9) 294.2+18.2 (8) 13.5¢+0.8 (8) 42.5+5.0(9) 34.5+3.9(9) 371.9+26.0(8) 11.5+2.1 (8)
Warm 31.14#1.9 (6) 20.4+2.1 (6) 263.5:25.8(8) 13.5¢1.0 (6) 38.2¢3.8(6) 26.9+3.4(6) 333.3+30.4(8) 11.8+2.0 (6)

Values are meansst.m. (N).
Sample sizes are shown in parentheses in each case.
Warm, acclimated to 3C; cold, acclimated to 1.




Metabolism, organ mass and acclimation in a marsu@a01l

Table 2.Wet mass and standardized aminopeptidase-N  Table 3.Correlation matrix (2) of residuals of organ dry mass
activity in warm- (30 °C) and cold- (10 °C) acclimated
mouse-opossuithylamys elegans

Residual element

— Organ Li H Lu Co Ca St
Enzyme activity
(Ulmg-protein) Wet mass (g) Kidneyg¢ 0.324* 0.070 0.029 0.327* 0.397*  0.427***
) Livera — 0.172 0.121 0.504**= 0.217 0.406***
Section Cold Warm Cold Warm Heard —  0.491*** 0.001 0.088 0.074
Duodenum  0.250+0.016 0.254+0.020 0.89+0.145 0.61+0.09zLungs! - 0.043  0.073  0.001
Jejunum A 0.292+0.017 0.287+0.019 0.70+0.097 0.54+0.061Colon - 0.544*** 0.307*
Jejunum B 0.335:0.047 0.314%0.043 0.56+0.085 0.41+0.064Caecum - 0.136
lleum 0.287+0.028 0.270+0.033 0.38+0.068 0.34+0.070 Stomach -
Values are means sEeM. (N=10 for cold- and 9 for warm- aSignificantly correlated witMp.
acclimated individuals). Data from both acclimation treatments were poolsllQ).
Ul, umol hydrolysed mint. See text for details. Significant correlations are shown in boldP€0.05, **P<0.01,

*** P<0.001). After a Bonferroni correction, only the correlation
between colon and liver was significant.

and residuals of BMR as the dependent variable. We found th
71% of the variance in BMR was explained by colon, smal
intestine and kidneysr4=0.71, P=0.028). The stepwise The observed absence of flexibility in FAS Tn eleganss
multiple regression between residuals of MMR and residualgrobably due to the lack of flexibility in MMR (see below).
of thermogenic organ mass (heart, lungs and carcass) werelt is a recognized fact that most small eutherian mammals

marginally significantr¢=0.42,P=0.06). change their thermogenic capacity after cold acclimation (e.g.
_ _ . . Rosenmann et al., 1975; Hammond et al., 2001; Merritt et al.,
Digestive aminopeptidase-N 2001, and references therein). This phenotypic flexibility

There were no significant differences in aminopeptidase-NsensuHammond et al., 2001) is observed at different levels
activity between acclimation groups when expressed asf the physiological phenotype. For example, during intense
Ulmglprotein (ANOVA, F117=0.9, P=0.78, Table 2), but thermogenesis and/or exercise, total thermogenic capacity (in
there was a significant effect of position along the smaléutherians) is driven by non-shivering thermogenesis (NST)
intestine on enzyme activity (ANOVA;351=3.78,P=0.016, and shivering thermogenesis (ST) (Jansky, 1973), and each of
Table 2). Thea posterioriScheffe test revealed that jejunum these components present changes after thermal acclimation
B had the largest enzyme activity compared with the othegfe.g. Jansky, 1973; Rosenmann et al., 1975; Bockler and
three small intestine section®=50.017, Table 2). Cold- Heldmaier, 1983). Nevertheless, NST is considered the most
acclimated individuals presented significantly higher totaplastic component since it depends on the metabolism of BAT,
aminopeptidase-N activity (usinylo as a covariate) than which is specialized to hypertrophy during cold acclimation
warm-acclimated animals (ANCOVA;1,16=16.88,P<0.001).  (Kronfeld-Schor et al., 2000). Marsupials do not demonstrate

NST, at least not in the same way as small eutherians (i.e.
associated with BAT) (Rose et al., 1999), which may explain
Discussion why thermal acclimation did not have an effect on MMR in

Among mammals, marsupials are known to havesleganslIt could also be argued that the thermal gradient we
comparatively low BMR values (for references, see Humeselected for this study (10-30°C) was not steep enough to
1999). Our results indicate that eleganss not the exception induce a change in MMR. However, previous studies have
since its mass-specific BMR (range: 0.640-0.812pgr&h1; shown that this same thermal gradient is enough to elicit large
Table 1) is close to that of other similarly sized marsupial&nd significant differences in MMR in several species of
(Didelphids, Dasyiurids, Petaurids and Burriamid) (see Humeapdents (Nespolo et al., 2001). Moreover, our results are in
1999). One consequence of having a low BMR is an increasedjreement with previous reports on marsupials (Smith and
FAS and comparatively lowy,. Actually, marsupials present Dawson, 1985; Dawson and Olson, 1988).
greater (thermoregulatory) FAS than eutherians and birds (FAS Recently, Holloway and Geiser (2001) documented
of marsupials=8-9 compared with FAS of eutherians=5-63ignificant seasonal differences in MMR for sugar gliders
(Dawson and Dawson, 1982; Hinds et al., 1995). In this studyetraurus brevicepsHowever, MMR and BMR values in their
we found that (1) FAS of. elegands even greater than in study are reported (and statistically compared) in terms of
marsupials in general (11.5-13.5, Table 1), and (2) FAS is nobass-specific units, in spite of the fact that these authors
affected by thermal acclimation. This last finding is notreportedMy, changes between seasons. As many authors have
common among eutherian mammals, and FAS is significantlglaimed, statistical comparisons made on mass-specific
modified by thermal acclimation in several rodent speciemetabolism are unreliable (Packard and Boardman, 1999;
(Rosenmann et al.,, 1975; Nespolo et al., 1999) and sonthristians, 1999; Hayes, 2001), and there are several robust
marsupials (Gibson and Hume, 2000, and references thereisjatistical procedures that control fds (e.g. residual analysis,
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ANCOVA, multiple regression) (see Christians, 1999). So, how doesl. eleganscope with cold periods without
Moreover, sinceVo, is measured on whole animals, in theincreasing thermogenic capacity? A partial answer to this
absence of other options (e.g. when sample size is small), un@ggestion may be the use of torpor (Silva-Duran and Bozinovic,
of Vo, per animal should be used (Hayes, 2001). For thi§999); torpor could be used as an evasive strategy to avoid low
reason, unfortunately, it is not possible to decide whether thefile, (e.g. Geiser, 1994). Still, interestingly, there are several
were significant differences in MMR between seasons for thepecies of eutherian mammals that hibernate or use torpor as an
data presented by Holloway and Geiser (2001). energy saving strategy, but at the same time are able to express

Compared with warm-acclimated mouse-opossums, cold high phenotypic flexibility in thermogenic capacity (Heldmaier
acclimated individuals presented higher BMR. Thiset al., 1982; Merritt et al., 2001). Moreover, the fact that the
observation is not new, as many authors have demonstrated fbermogenic capacity of. elegangdid not increase after cold
both eutherians and metatherians (Dawson and Olson, 1988 climation does not imply that they cannot survive Tais
Rose et al., 1999). An increase in BMR is interpreted as aguthermia, rather that. eleganscannot increase its maximum
increment in maintenance costs due to the enlargement cépacity for heat production in excess of requirements.
digestive organs (Konarzewsky and Diamond, 1995). This A very different response was observed at the digestive level
functional dependence is supported by our results becausice acclimation induced changes in the mass of caecum,
71 % of the variance in BMR was significantly explained bykidneys and small intestine. As expected, these changes were
the intestines and kidneys. Indeed, cold-acclimated individualsccompanied by significant differences in BMR. These
had significantly larger caecum, kidneys and liver than warmehanges suggest that cold-acclimated individuals can adjust for
acclimated animals. It is known that the kidneys and liver ohigh-energy demands. However, the adjustment is mostly in
vertebrates respond to cold acclimation with an increase itissue mass rather than specific enzyme activity, at least for
mass (Hammond and Wunder, 1995; Hammond et al., 2001@minopeptidase-N activity.
Similarly, the comparatively large caecum suggests That
elegansmay present some hindgut fermenter activity (Hume, This work was funded by Fondecyt grant number 2000002
1999), and that under cold conditions (i.e. high energyo R.N. 1980959 and 1010647 to P.S.; F.B. acknowledges a
demands) this activity is probably increased. This is noFONDAP 1051-001 (program 1) grant. We thank Paula Neill
surprising since most mouse-opossums are described fas the English revision.
hindgut fermenters (Hume, 1999).
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