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Using a new-generation open-circuit calorimeter capable of monitoring the cost of activity, and thereby 
both the real thermic effect of feeding (TEF) and basal metabolism in free-moving freely-feeding rats, 
we have reassessed the proposal that when food intake is restricted an adaptative reduction in energy 
expenditure participates in the achievement of energy balance. Total energy expenditure, energy 
expenditure due to spontaneous activity, TEF, basal energy expenditure and respiratory quotient (RQ) 
were computed by indirect calorimetry in rats given either a mildly restricted (MR) feed intake for 
20-30 d (17 g feed/d) or a severely restricted (SR) feed intake for 1-10 d (4 g feed/d). In M R  rats no 
significant changes in any of the measured variables were observed. In contrast, SR rats exhibited an 
adaptative reduction in energy expenditure due to a reduced spontaneous activity and probably also due 
to a reduced basal energy expenditure. On the other hand none of the animals fed on a restricted feed 
intake showed an adaptative TEF decrease, suggesting that TEF under ad lib. feeding is rather an 
obligatory process that does not include an adaptative component. Taken together, these results point 
out that under restricted feeding most of the decrease in energy expenditure is associated with simple 
passive mechanisms, such as body weight loss, and with the reduced feed intake per se. Only under severe 
feed restriction can some additional energetic economy be obtained from a possible reduction of basal 
metabolism, and to some extent from reduced activity. 

Calorimetry: Energy expenditure: Thermic effect of feeding: Respiratory quotient: Feed restriction 

It has often been suggested that the decrease in whole-body total energy expenditure (TEE) 
observed during feed restriction is not only due to the loss of metabolically active tissues, 
but also to a decrease in the metabolic rate of the remaining tissues (Benedict & Fox, 1934; 
Westerterp, 1977; Apfelbaum, 1978; Forsum et al. 1981; Bessard et a/. 1983; Hill et a/. 
1985). However, this phenomenon remains controversial since it has not been demonstrated 
in several recent reports (McCarter et a/. 1985; Yu et a/. 1985; McCarter et a/. 1989). 
Therefore, the question remains as to whether animals adapt to a shortage of energy supply 
and, if so, how they do so. 

In conditions where the thermoregulatory efforts are minimized, TEE results from the 
sum of the energy expended for basal metabolism, locomotor activity and feeding. In 
previous studies the precise measurement of spontaneous activity was not possible in 
experiments involving the laboratory rat and, therefore, the energy expended in relation to 
activity and its role in adaptation to feed restriction could not be assessed. In addition, since 
activity can affect the measurement of the thermic effect of feeding (TEF) or of basal 
metabolism, it is not possible to report accurately increases or decreases in the magnitude 
of these components when using traditional calorimeters that do not include the 
measurement of activity. 

In this study we performed metabolic measurements on rats by means of a new- 
generation metabolic device that, in addition to TEE, allows the quantification of the 
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spontaneous locomotor activity and its metabolic cost simultaneously with the measure- 
ment of feed intake and its thermogenic consequences (Even & Nicolaldis, 1984, 1985; 
Even et al. 1988). Using this device we measured the changes induced by either mild or 
severe feed restriction on TEE and on the energy expended in relation to spontaneous 
activity and feeding. Restriction rather than starvation was preferred in this study because 
starvation is known to produce some specific disturbances such as starvation diabetes or 
gastrointestinal hyposecretion (Kershaw et al. 1960). In addition, feed restriction rather 
than starvation is closer to the numerous situations, particularly in humans, where the 
question of metabolic efficiency is raised. 

MATERIALS A N D  METHODS 

Animals and housing 
Twenty-eight male Wistar rats, housed in individual cages in a temperature-controlled 
room (26") and maintained on a 12 h light4ark cycle, were used. Water was available ad 
lib. The feed was a standard laboratory chow (Extralabo M25 in powder form; Ets, 
Pietrement, Provins, France) containing (g/kg) : carbohydrates 48 1, protein 242, fat 50, 
water 120, vitamins and minerals 74. Feed was available according to the experimental 
schedule. Before the experiments, all rats were fed ad lib. and allowed at least 15 d to adapt 
to the conditions of the laboratory. 

The mild feed restriction schedule was aimed at reproducing a phenomenon observed in 
a previous study, i.e. rats given a constant but restricted amount of chow throughout the 
experiment first lose body weight and then slowly reverse their weight profile to be once 
again in positive balance (Even & Nicolaidis, 1981). The group given a mildly restricted 
(MR) feed intake consisted of six 8-week-old rats initially weighing 30f.L-320 g offered 
17 g feed/d (70 % of their previously measured spontaneous feed intake). Feed was given 
in two meals (4 g at 10.00 hours and 13 g at 18.00 hours) and the rats were maintained for 
at least 20 d under this restricted feeding schedule until they weighed 265.5 g (SE 2.4) and 
were again in positive energy balance (gaining 1.7 g/d on average). At this reduced body 
weight these rats were placed in the calorimetric device for measurement of the components 
of their TEE. 

The group given a severely restricted (SR) feed intake consisted of five 8-week-old rats 
initially weighing 300-320 g offered 4.2 g feed/d during 10 d. Feed restriction started the 
same day for the five rats. The feed was given in one meal at 18.00 hours. The calorimetric 
measurements of energy expenditure were performed in each rat on two occasions at 5 d 
intervals; day 1 and 6 of feed restriction in rat 1 ,  days 2 and 7 in rat 2, and so on for the 
five rats throughout the 10 d of the experiment. 

The non-restricted control group consisted of seventeen rats fed ad lib. and with a large 
range of body weights (22M20 g) and ages (6-12 weeks). Five of these rats with an average 
body weight comparable to the MR rats at the time of experiment (250-300 g) were 
maintained on a feeding schedule in which feed was not available between 10.00 and 18.00 
hours. This schedule did not modify daily feed intake and body weight gain (because 
spontaneous feed intake is usually negligible during this period) and allowed assessment of 
the post absorptive energy expenditure needed in the computation of the energy 
expenditure due to feeding (see p. 423). 

Methods 
The calorimetric device used in this experiment to measure simultaneously TEE, 
spontaneous activity and feeding has been described in detail in previous reports (Even & 
Nicolaidis, 1984, 1985; Even et al. 1988). Briefly, this device is based on the principle of 
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open-circuit flow-through calorimetry. Outdoor air is aspirated through the chamber 
housing the rat (13 litreslmin) by a Wab type peristaltic pump. Cage air is then directed 
to an air dryer (filled with anhydrous CaCl,), a flowmeter, and an 0, and a CO, analyser. 
Data from the device are collected by a computer and stored on floppy disks for subsequent 
analysis. The measurement of airflow and changes in 0, and CO, content of the air that 
passed through the chamber give measurements of 0, consumption and CO, release. Total 
metabolic rate (watts) is computed from 0, consumption and CO, release using Lusk's 
(1928) equation. Feed intake is measured by a micro-balance weighing the food-cup. 
Spontaneous activity is quantified by integrating the electrical signal produced by three 
piezoelectric differential force transducers located under the cage housing the rat and 
responding to changes in pressure produced on the floor of the cage by the movements of 
the rat. In a series of preliminary reports we have shown that the metabolic cost (that is the 
increase in metabolic rate) of the various types of spontaneous activities (e.g. grooming, 
scratching, standing up is linearly correlated with the electrical signal produced by the force 
transducers, and that the coefficient of proportionality is essentially constant regardless of 
the body weight of the rat or of the type of activity performed (Even & Nicolaidis, 1984). 
In addition, the diffusion of the respiratory exchamges in the metabolic chamber has been 
fitted to a model, and the predictions of the model are used to feed a process of numerical 
fitting capable of correcting the variables of the model, among which is the cost of activity, 
to best adjust the predictions of the model with the experimental results (Even et al. 1991). 

In the routine experiment the rats were weighed then housed in the metabolic chamber 
at 10.00 hours for a 22 h uninterrupted recording session (2 h are needed for cleaning, 
resetting and calibrating the system). All measurements were made at 10 s intervals. During 
these experiments the temperature in the cage was kept constant at 26 (* I)". At the end 
of the session the rats were weighed again. All body weight levels reported on pp. 424426 
are the average of these two measures. 

The energy expended in relation to activity has been computed by integrating the 
increases in TEE induced by the spontaneous activity (see above). 

TEF has been computed as the cumulative increase in TEE induced by feeding and 
corrected for the energy expended specifically in relation to activity. In order to prevent 
irrelevant changes of metabolism, the routine feeding pattern was maintained for each 
group of subjects. Therefore, TEF was measured during the ad lib. intake of the five rats 
of the control group that had had no access to food between 10.00 and 18.00 hours, from 
the 17 g feed ingested in two meals of the MR group, and from the single 4 g meal of the 
SR rats. This allowed investigation of TEF under the daily feeding conditions prevailing 
in the various groups and participating in their actual energy balance. 

Statistical procedures 
Results are presented as means with their standard errors. The statistical significance of 
correlations between variables was assessed using analysis of variance. Statistical 
comparisons between groups were made by using Wilcoxon-Mann-Witney two-samples 
test (two-tailed probabilities). Significances were reported when the probability of the mean 
difference was P < 0.05. 

RESULTS 

TEE and spontaneous food intake in the control rats. Under our experimental conditions it 
was observed that TEE of the ad lib. fed rats could be predicted accurately from their body 
weight. 

TEE = 1.46+0.556 BW (n 17, r 0.861, P < O.OOl), 

where TEE is in kJ/24 h and BW is body weight in g. 
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Table 1. Comparison of total energy expenditure (TEE), basal energy expenditure (BEE) and 
feed intake (Fr) between control and mildly restricted ( M R )  rats of comparable body weight 

(Mean values with their standard errors) 
(BW* 

BW (8) TEE (kJ/22 h) FI (8) BEE (kJ/22 h) 

Group n Mean SE Mean SE Mean SE Mean SE 

Control 7 267 10 148.9 5.6 16.8 3.7 97.4 2.9 
MR 6 265 3 145.4 5.6 17.0 0.0 94.2 5.2 

* For details of diets and experimental procedures, see pp. 422423 

Attempts to use the classic allometric functions using body (Kleiber, 1947) or 
body (Heusner, 1982) to predict TEE from body weight did not improve the 
correlation observed and, in contrast, estimated non-zero TEE levels for zero body weight. 
Such a result indicates that in our experimental conditions body weight predicted better 
than body ~eight'O"~' or body weight(o'62' for the TEE of the ad lib.-fed rat. 

In the same way, spontaneous feed intake of the seventeen ad lib.-fed rats of this study 
was found to be closely related to body weight in a linear fashion: 

FI = - 5.70 + 0.0844 BW (n 17, r 0.882, P < O.OOl), (2) 
where FI is feed intake in g and BW is body weight in g. 

TEE andfeed intake in the M R  rats. According to the correlation between feed intake and 
body weight in the ad lib.-fed rats it appeared that the 265 g body weight at which the rats 
restricted to 17 g feed/d had stabilized their body weight was very close to the 269 g 
predicted body weight of younger ad lib.-fed rats eating the same amount of food (from 
equation 2, BW = (FI + 5.70)/0.0844; therefore, body weight expected from an ad lib-fed 
rat eating 17 g = (1 7 + 5.70)/0.0844, ie. 268.9 g). 

Similarly, according to the correlation between TEE and body weight, an ad lib.-fed rat 
weighing 265 g could be expected to have a TEE of 149 kJ (from equation I ,  
TEE = 1.46+(0.556 x 265) = 148.8), i.e. a level very close to 145.4 kJ observed in the 
265 g feed-restricted rats. In other words, the MR rats reached a plateau of body weight 
and had a TEE close to those of younger ad  lib.-fed rats exhibiting similar weights and 
intakes. This was statistically confirmed by a direct comparison of TEE and feed intake 
between the MR rats and a sample of seven of the seventeen control rats that had a body 
weight very close to the body weight of the feed-restricted rats (Table I). In addition, 
comparison with the whole pool of control rats using the slope of the correlation between 
TEE and body weight to extrapolate all TEE levels at 310 g (average body weight of the 
seventeen control rats) confirmed this observation (Table 3, Fig. 1). 

TEE and feed intake irz the SR group. In contrast to MR rats, during severe feed 
restriction feed intake as well as TEE was obviously reduced compared with feed intake and 
TEE in ad lib.-fed rats of similar body weight. The direct comparison of TEE in the SR rats 
with TEE in samples of the seventeen ad lib.-fed rats of similar body weight clearly showed 
that severe feed restriction induced a progressive decrease in TEE that reached significance 
during the second 5 d of feed restriction (Table 2). The decrease in TEE of the SR rats was 
confirmed by comparing it with the TEE prevailing in the whole pool of control rats, as it 
was calculated from the linear regression linking the various weights to their respective 
TEE. Given the power of this method, due to the large number obtained from the control 
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Fig. 1. Total (TEE) and basal energy expenditure (BEE) adjusted for a body weight of 310 g in the control (W), 
mildly restricted (m), severely restricted on days 1 to 5 (m) and severely restricted on days 6 to 10 ( 
Table 3). Values are means with their standard errors, represented by vertical bars. The reduction of the SEM 
allowed by the standardization of the data reveals the rapid decrease of TEE in SR rats and, in contrast, the small 
changes induced by feed restriction in BEE. Mean TEE values of SR rats were significantly different from control 
values: ***P < 0001. 

Table 2. Comparison of total energy expenditure (TEE),  basal energy expenditure (BEE) and 
feed intake (FI) between control and severely restricted (SR) rats of comparable body weight 

(Mean values with their standard errors) 
( B  wt 

BW (8) TEE (kJ/22 h) FI (8) BEE (kJ/22 h) 

n Mean SE Mean SE Mean SE Mean SE 

Days 1-5 
Control 9 307 16 169.7 14.6 20.6 2.8 104.7 16.4 
SR 5 308 27 140.9 12.0 4.2 0.0 117.7 9.9 

Control 7 277 7 153.5 5.8 17.8 0 9  98.8 2.7 
SR 5 276 9 113.3* 5.7 4.2 0.0 94.9 4.5 

Mean value for SR rats was significantly different from the control value: *P < 0.05. 
t For details of diets and experimental procedures, see pp. 422423. 

Days 6 1 0  

.___ 

group, it was possible to show that the decrease in TEE of the SR rats was significant, even 
in the first 5 d period of deprivation (Table 3, Fig. 1). 

Energy expenditure due to activity. Comparison of the levels of energy expenditure due 
to activity revealed that it was very similar in control and MR rats, but decreased 
progressively in the SR rats. This decrease was particularly clear-cut during the last 5 d of 
the severe feed restriction period (- 50 YO ; Table 4). The reduced body weight of the SR rats 
accounted for only 6 YO of this phenomenon. Indeed, when corrected for 100 g body weight 
the energy expended in activity still showed a significant 44% decrease in the SR rats 
during the last 5 d of feed restriction (Table 4). 

TEF. TEF averaged 15 YO of ingested calories in the adlib.-fed rat, and was not modified 
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Table 3. Comparison of the total (TEE) and basal (BEE) energy expenditure between control, 
mildly restricted ( M R )  and severely restricted (SR) rats computed for  a body weight of 310 g 
(average body weight of the control group)? 

(Mean values with their standard errors) 
___ - 

TEE (kJ/22 h) 

Group n Mean SE Mean SE 

Control 17 173.9 4.0 111.4 4.5 
MR 6 170.6 6.3 105.1 5.5 
SR: 

Days 1-5 5 141.7*** 3.2 118.2 0.8 
Days 6-10 5 132.3*** 2.9 106.4 1.7 

BEE (kJ/22 h) 

Mean value for SR rats was significantly different from control values: ***P < 0.001. 
t For details of diets and experimental procedures, see pp. 422423. 

Table 4. Effect of mild ( M R )  and severe (SR) feed restriction on the energy expended in 
relation to activity in rats? 

BW EE-Act EE-Act EE-Act 
(kJ/100 g BW) ( Y o  of TEE) 

- 
(kJ) 

.~ 
(8) 

Group n Mean SE Mean SE Mean SE Mean SE 

Control 17 308 12 18.6 1.4 6.1 0.5 10.85 0.86 
MR 6 265* 2 18.8 3.5 7.1 0.5 12.95 0.79 
SR: 

Days 1-5 5 308 12 14.1 I .8 4.6 0.6 9.97 1.09 
Days 6 1 0  5 275 10 9.3** 1.2 3.4** 0.4 8.16 1.21 

BW, Body weight; EE-Act, energy expenditure due to activity. 
Mean values for rats given a restricted feed intake were significantly different from control values: *P < 0.005, 

t For details of diets and experimental procedures, see pp. 422423. 
**P < 0.01. 

by feed restriction (Table 5). That feed restriction did not result in a reduction in TEF, even 
in the SR rats, was further demonstrated by the fact that TEF did not show any decreasing 
trend throughout the 10 d of severe feed restriction. However, as a result of feed restriction 
per se, TEE due to feeding decreased to less than 9 kJ in the SR rats compared with an 
average 32 kJ in the control and MR rats. 

Near basal energy expenditure. This variable was computed according to the principle 
that, in conditions where thermoregulatory efforts are minimized (that was the case in these 
experiments performed at 26"), basal energy expenditure is the energy expenditure that 
remains after the energy expended in relation to activity and feeding is subtracted from 
TEE. This calculation showed that when the fraction of energy expended in relation to 
activity and feeding was subtracted from TEE no more significant difference appeared in 
the near basal energy expenditure of the rats from the various groups (Tables 1 and 2, Fig. 

R Q .  Table 6 shows that MR rats had RQ levels similar to the levels measured in the 
control rats, and close to the RQ reflecting the oxidation of the food (0.935). This finding 
indicates that these rats had adapted to the restricted feeding and were able to cover their 

1). 
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Table 5. Effect o f n d d  ( M R )  and severe (SR) feed restriction on thermic qfect ofjeed in 
rats? 

FI TEF TEF 
(kJ) (kJ) (Yo FI) 

n Mean SE Mean SE Mean SE 

Control 6 211 18.6 31.6 - ?.I 15.0 0.5 
MR 6 227 0.0 32.5 2.1 14.3 0.9 
SR: 

Days 1-5 5 56** 0.0 8.8** 2.7 15.7 4.8 
Days 6-10 5 56** 0.0 %9** 1.5 15.9 2.7 

TEF, Thermic effect of feed; FI, feed intake in kS = FI (g) x 13.3 (kS/g). 
Mean values of SR rats were significantly different from control values: * * P  < 0.01 
t For details of diets and experimental procedures, see pp. 422423. 

Table 6. EfSeects of mild ( M R )  and severe (SR) feed restriction on the respiratory quotient 
( R e )  in rats? 

__-. 

RQ 

n Mean SE 

Control 17 096 0.01 
MR 6 0.99 0.07 
SR:  

Days 1-5 5 0.78* 0.02 
Days &I0 5 @75* 002 

Mean values of SR rats were significantly different from control values: * P  < 0~0001. 
t For details of diets and procedures, see pp. 422-423. 

daily energy requirements without mobilizing their endogenous fat reserves. In contrast, a 
significant decrease in RQ was observed in the SR rats as soon as the second day of feed 
restriction. This finding clearly points out that an important part of the daily metabolic 
requirements of the SR rats was supplied by the utilization of their endogenous lipid stores. 

D I S C U S S I O N  

Using a new-generation open-circuit calorimeter capable of monitoring the cost of activity 
and thereby both the real TEF and basal metabolism in free-moving rats, it was possible 
to reassess the proposal that an adaptive reduction in energy expenditure participates in the 
achievement of energy balance when feed intake is restricted. This experiment shows that 
in the absence of thermoregulatory effort, and when body weight is reduced by feed 
restriction rather than by starvation, TEE certainly decreases, but this decrease is 
essentially due to the fact that reduced feeding produces reduced TEF (although the same 
TEF per g feed ingested) and that a lighter, less active, animal spends less energy in activity 
than a heavier, more active, animal. 

Although the idea of an adaptive economy in each of the components of energy 
expenditure has often been questioned (McCarter et al. 1985, 1989; Yu et al. 1985), it is 
attractive and generally accepted (Benedict & Fox, 1934; Westerterp, 1977; Apfelbaum, 
1978; Forsum et al. 1981; Bessard et al. 1983; Hill et al. 1985). Therefore, it is important 
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to consider the reasons that may account for the lack of evidence of adaptive metabolic 
changes in the present experiment. 

One of the reasons, perhaps the main reason, is that in the present investigation, 
locomotor activity, a costly as well as unpredictable component of TEE, was measured 
continuously during the normal living behaviour of the subjects. This measure showed that 
spontaneous activity decreased in SR rats. Such a reduction in activity decreases 
postprandial TEE and, in previous studies, this decrease in TEE was inevitably taken as a 
reduction either in TEF or in resting or basal energy expenditure. The present study clearly 
demonstrates that both TEF and the basal metabolic rate can be estimated and compared 
only when the various components of metabolism have been distinctly monitored. 

Another reason that may account for the lack of adaptative metabolic changes is that 
feed restriction rather than total starvation was utilized to decrease body weight. Feed 
restriction was preferred primarily because in humans the most usual conditions in body 
weight loss are those of partial suppression of foods (famines, pathologies or cosmetics). 
Also, total starvation results in an impairment of gastrointestinal functions including 
digestion, absorption, transport and postabsorptive processing, due to starvation diabetes 
and other disturbances (Marrazzi, 1940; Kotler et al. 1982). Therefore, a decreased TEF 
after total starvation may result from such impairments in the utilization of the ingestants 
rather than from adaptative mechanisms aimed at reducing TEF. In contrast, the 
preservation of some feeding, even severely reduced, respects or slightly improves the 
transport capacity of the intestinal tract and the utilization of the ingestants (Kershaw et 
al. 1960). 

For the sake of appropriate comparisons, a large control group of ad lib.-fed rats of 
various body weights (220450 g) and ages (6-12 weeks) was used. However, comparing the 
energy expenditure of rats of different ages is of great concern. Therefore, we first studied 
the regression of TEE with age in the pool of control rats. This allowed us to verify that 
TEE increased linearly with body weight (and age), which would indicate that in these 
experiments the age of the rats remained in a sufficiently narrow range of adult life to have 
prevented a possible decrease of energy expenditure with age. This observation also agrees 
with a similar study conducted by Dulloo & Girardier (1990), who verified that the 
maintenance requirements, and the efficiency of utilization above maintenance, remained 
unchanged in 7-1 1 -week-old male SpragueeDawley rats. Such observations would allow 
one to generalize the use of a growing population of rats as a control group that covers the 
entire range of body weights to be compared with those obtained by means of starvation. 
In addition, it is interesting that body weight, rather than its level raised to the power 0.75 
or 0.62, best correlated with energy expenditure and was the variable that provided a 
correlation with TEE that did not significantly diverge from the 0 intercept. This 
observation agrees with other reports (Cumming & Morrison, 1960; Westerterp, 1977) and 
warns that the Brody-Kleiber coefficient must be used with great care when adjusting 
energy expenditure for a standardized body weight within the same species (see also 
Heusner, 1984). 

Feed restriction modifies the activity of the rat but the direction of this modification 
depends on the strain and on the level of restriction as well as on the kind of activity 
measured (e.g. wheel running v. spontaneous activity) (Richter & Rice, 1954; McNab, 
1963 ; Morrison, 1968; Westerterp, 1977). In our experimental conditions most of the 
spontaneous activity of the ad lib.-fed rats was associated with feeding. In contrast, since 
the number of meals and total duration of feeding was strongly reduced during both levels 
of feed restriction, the activity was primarily extraprandial in the feed-restricted rats, as if 
they were actively foraging (Richter & Rice, 1954). Some of this increase in intermeal 
activity may also be related to the reduction in duration of sleep (Danguir & NicolaYdis, 
1980) or to the fact that activity may have a beneficial action on the enhancement of 
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physiological processes allowing for a better conservation of the body protein pool (Hill et 
a!. 1987). Therefore, in a way, activity appeared to resist strongly feed restriction because 
it was observed to remain much larger than could be expected from the time spent in 
feeding behaviour. It was only after 5 d of severe feed restriction that the total activity of the 
SR rats decreased and so contributed to reducing TEE but via a behavioural, not a 
biochemical, mechanism. 

Surprisingly, TEF expressed as a percentage of ingested energy remained invariable in 
MR as well as SR rats. Such a result agrees with the findings of Bessard et al. (1983) in 
obese women and Piers et al. (1992) in undernourished humans, but not with the majority 
of previous reports (Boyle et al. 1981; Hill et al. 1985; Harris et al. 1986; Vaisman et al. 
1991). One could argue that the difference in the pattern of feed intake could have been 
artificially responsible for the persistence of an identical TEF since the restricted rats ate 
their meals in less numerous and larger meals than the ad lib.-fed controls, a pattern which 
would increase TEF (Tai et al. 1991) and, thus, hide the fact that under identical conditions 
TEF would have appeared reduced in the feed-restricted rats in comparison with ad lib.- 
fed ones. However, first, this pattern replicated during the experimental measurements the 
one that was involved in the day-to-day energy balance of the rats, and we considered that 
TEF had to be measured under these usual living conditions; second, the fact that TEF did 
not show any trend to decrease in SR rats (for which the pattern of feed intake remained 
constant) throughout the 10 d of feed restriction is in favour of a real constancy of TEF 
during feed restriction. Therefore, if less energy was indeed dissipated in relation to feeding 
in SR rats it was only as a result of the strongly reduced feed intake. It can be concluded 
that the present study reveals the absence of a facultative component of thermogenesis in 
these lean rats and raises the question of the very existence of such a component in the ad 
lib.-fed rat, if not in overweight subjects in general (Hervey & Tobin, 1983; Trayhurn & 
James, 1985). 

It is difficult to come to any definite conclusion about adaptation in relation to basal 
energy expenditure without a precise assessment of body composition. Indeed, the small 
decrease in energy expenditure (on a body weight basis) revealed by the present study 
should have been magnified by assigning basal metabolism to a possibly reduced lean body 
mass of the feed-restricted rats. However, since mild feed restriction was reported to affect 
body protein content minimally (McCarter & McGee, 1989; Dulloo & Girardier, 1990), it 
is probable that in these rats assignment of the basal metabolism to lean body mass would 
only modify slightly the present results based on body weight. In contrast, the changes 
would certainly have been more pronounced in SR rats whose rapid body weight loss was 
primarily due to the utilization of fat stores, as previously reported (Hill et al. 1985) and 
clearly indicated in the present experiment by the maintenance of a low RQ throughout the 
procedure of severe feed restriction. Such a phenomenon leading progressively to a 
proportionally larger lean body mass is probably responsible for the paradoxical increase 
in the basal energy expenditure per unit body weight of SR rats during the first part of the 
severe feed restriction (see Tables 2 and 3). Therefore, it is possible that on a lean body mass 
basis the decrease in basal energy expenditure could have reached a 10 to 15 % level in SR 
rats, instead of 4.5% as reported here on a bodyweight basis. No doubt, a precise 
estimation of an ‘ adaptative’ decrease of basal energy expenditure during feed restriction 
will require further investigations including carcass analyses. 

The comparison of the metabolic adaptations between the two feed-restricted groups 
may raise some questions because at the time the measurements were performed one of the 
groups was in the process of gaining body weight (MR) whilst the other was losing weight 
(SR). Indeed, the MR rats adapted to the lower availability of feed and could have 
continued to endure such a feed restriction for the rest of their lives. By doing so they had 
to deal with the relatively large cost of feeding, digesting, absorbing and storing then 
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releasing energy-containing substrates. One could expect that under such conditions in 
which feed is available with scarcity but is, however, sufficient for survival, all possible 
adaptative mechanisms able to help reduce energy expenditure would have been stimulated. 
The situation was different in SR rats because in these animals a large proportion of their 
daily energy requirements was covered by the utilization of their endogenous fat reserves, 
which made them save some energy that was dissipated under feeding thermogenesis in the 
other groups. Therefore, direct comparison of their TEE or feeding-associated energy 
expenditure with those in the other rats, either ad lib.-fed or MR, should be considered with 
caution. 

In fact, the near complete absence of metabolic adaptations in both feed-restricted 
groups in the present study finally suggests that the metabolic machinery was already 
functioning with optimal efficiency under ad lib. feeding. In addition, the obvious capacity 
of the rats to remain in good shape despite their pronounced weight loss would indicate that 
under ad lib. feeding the regulation of body weight is performed at  a level much larger than 
strictly necessary, a sort of ‘security’ level. This is also supported by the observation that 
the maintenance of a mildly restricted feed intake throughout the life of the rat has a 
beneficial effect on health and increases longevity (McCarter et al. 1985; Yu et al. 1985). 
Waterlow (1986) stated that: ‘At any given height, there is a range in body weight 
consistent with health. There is no reason, therefore, why a reduction in body weight should 
not be accepted as a part of the process of adaptation to low intakes, provided that weight 
remains within acceptable limits.’ It can be suggested that the main, if not the only, 
adaptation to feed restriction would be the maintenance of large energy stores during 
periods of abundance. 

In conclusion, our measurements do not fully support the idea, however attractive, 
according to which any decrease in feed intake should result in a proportional, adaptive 
decrease in energy expenditure. This lack of adaptation seems particularly true under a 
condition of feed restriction that allows long-term survival of the subject, which is the most 
common situation occurring in humans and for which the question of energy efficiency is 
raised. In spite of the fact that the adaptative changes in metabolism are minimal and 
restricted to basal metabolism, a pool of concurrent processes contribute to reducing the 
spillage of energetic substrata as body weight decreases and food remains scarce. These 
concurrent processes consist of the progressive reduction in energy expended in relation to 
activity and feeding (due to the restriction of the food itself), in the possible decrease in 
basal energy expenditure and most of all in the reduced body mass that has to be displaced 
and nourished. 

This work was supported by grants from C.N.R.S. and MRT 886-0523. The authors are 
indebted to Dr N. Carlson and S. N. Thornton for their help in the improvement of the 
manuscript. 
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