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ABSTRACT. Newborn rabbits were overfed by encourag- 
ing them to suckle from two lactating does. Rabbits fed in 
this way (double fed) were compared with littermate .con- 
trols (single fed) at age 7, 14, and 21 days. The double-fed 
rabbits gained weight more rapidly and at each age con- 
tained a higher percentage of fat than their single-fed 
counterparts. During the 1st wk the double fed rabbits 
stored some of their extra fat in the cervical and intersca- 
pular adipose lobes. Double-fed rabbits utilized their feeds 
more efficiently than single fed rabbits in that they gained 
more weight per unit milk intake and their gross energetic 
efficiency was 10-20% higher. In a second series of exper- 
iments oxygen consumption rate was measured in single- 
and double-fed rabbits at ages 7, 14, 21, and 28 days. The 
relation between oxygen consumption and body weight 
were similar. We conclude that rabbits respond to over- 
feeding with an increased rate of weight gain associated 
with extra fat deposition, and this is associated with in- 
creased energy efficiency. (Pediatr Res 19: 127-130,1985) 

Adult animals usually are in energy balance, i.e. body weight 
and composition are constant, and the energy input from the 
diet equals the energy dissipated as heat. Animals maintain their 
energy balance by varying their food intake. In man there is a 
tendency for energy intake to exceed requirements with resultant 
weight gain and eventual obesity. Rothwell and Stock (9) induced 
rats to overfeed by offering them a varied and palatable diet 
(cafeteria fed), and they produced evidence to suggest that ado- 
lescent rats can moderate their energy balance by dissipating 
some of the excess energy input as heat (8). This "thermogenic" 
response to overfeeding has been termed dietary-induced thermo- 
genesis (10) and evidence has been presented to show that it 
occurs in brown adipose tissue (8). These findings have been 
contested by others (7) who believe that any thermogenic re- 
sponse to overfeeding is small and is related to the metabolic 
cost of synthesising and laying down fat. 

In most mammals brown adipose tissue is most active as a 
thermogenic organ in the immediate newborn period. One might 
anticipate that if it had a role in controlling energy balance, it 
would be most easily demonstrated at this stage. The aim of this 
study in newborn rabbits was to investigate the effect of over- 
feeding on growth, particularly with respect to the deposition of 
fat and the thermogenic activity of brown adipose tissue. 

The studies are of some clinical interest. It is current practice 
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to feed immature infants as much as they will tolerate via a 
nasogastric tube in an attempt to achieve intrauterine growth 
rate (1 1). Experience with recently developed formulae specially 
designed for the preterm infant has shown that growth rate may 
be significantly increased when these readily digestible feeds are 
used (6). With further developments it is likely that growth in 
some preterm infants will exceed intrauterine growth. In these 
cases it will be important to understand the implications for fat 
deposition and metabolic rate. 

METHODS 

The experiments were conducted on young rabbits from a 
colony of New Zealand White Californian cross-bred rabbits. 
Nursing does normally feed their young only once a day. There- 
fore the young can be separated after their first feed and nursed 
separately, provided they are returned to the mother for approx- 
imately 30 min each morning for feeding. In these experiments 
overfeeding was achieved by introducing the young rabbits to a 
second lactating doe 8-12 h after they had fed from their own 
mothers; as first described by Hardman et al. (4). Rabbits fed in 
this way will take twice as much milk as their normally fed 
littermates and are termed "double fed." Litter size was kept to 
a maximum of six animals and each double-fed rabbit was paired 
with a littermate of similar birth weight which acted as a single- 
fed control. During the first 8 days of life, the rabbits were nursed 
in incubators at 35.0" C. Subsequently, they were transferred to 
straw-filled nesting boxes with their littermates. 

In the first series of experiments the double-fed rabbits were 
killed after 7, 14, or 2 1 days. The single-fed animals were killed 
at 7, 14, 21, or 28 days. The last group were of similar weight to 
the double-fed group at 21 days and this permitted a weight for 
weight comparison. Six animals in each of the identified groups 
were studied. 

The milk intake of each rabbit was measured by weighing 
before and after every feed. This tends to underestimate milk 
intake because rabbits usually micturate while feeding. Energy 
intake was calculated by assuming that rabbit milk has a mean 
energy content of 0.866 MJ/100 g. This figure is derived from 
published data based on the calorimetry of milk obtained from 
12 Dutch rabbit does (1). 

All the aforementioned rabbits plus six newborn rabbits were 
subjected to carcass analysis for water, fat, and energy. Prior to 
homogenization, the adipose tissue lobes were dissected out and 
weighed and the gut contents and fur were removed from the 
carcass. Each animal carcass was homogenized with twice its 
weight of water in a Waring Blendor. Samples of approximately 
30 g were freeze dried so that the carcass water content could be 
estimated. The water estimations were performed in triplicate 
and the results obtained were subjected to an analysis of variance. 
The 95%' confidence limits about the mean of each set of 
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observations was +0.73%, which indicates that the homogenate fed rabbits store an excess of fat in these lobes. Subsequently the 
was adequately mixed and that the freeze drying process had fat content is the same in both groups in relation to body weight. 
been effective. The freeze-dried homogenate was used for analysis Weight gain in relation to milk intake is shown in Figure 2 for 
of fat and energy. Total triglycerides were measured in the each week of life in all 42 rabbits studied. As rabbits were killed 
homogenate and in the adipose lobes by extracting the triglyc- 
erides with chloroform/methanol(2: 1, v:v), hydrolyzing the lipid Table 2. The effect of age and double feeding on body fat 
with alcoholic potassium hydroxide and estimating the glycerol (n = 6) 
released using the micromethod of Boehringer (Biochemia Test Age (days) 0 7 14 2 1 28 
Combination). Gross energy was measured with a Parr Adiabatic 
Bomb Calorimeter. Samples were analysed in duplicate and the fat % body weight (mean * SD) 

results subjected to an analysis of variance. The 95% confidence Single fed 3.3 0.7 5.5 * 2.0 6.7 * 1.4 7.3 -t 1.8 6.5 f 2.4 

limits for the mean of each pair of results was k0.65 MJ. Double fed 8.8-t 1.3 10.8-t 1.7 11.Of 1.9 

The energy accumulated during life was estimated for the 42 p ~ 0 . 0 2  <0.05 <0.02 
rabbits described above. The mean carcass energy per unit body 
weight was calculated for the six newborn rabbits whose carcasses 4 

were analyzed. This value and the birth weights of the 42 rabbits 
was used to estimate the energy content of each rabbit in the 
newborn period. By subtracting the energy value of the newborn 
from the energy value of the carcass it was possible to estimate 
the energy accumulated in the tissues during life. The efficiency 2 3 
of growth was estimated for each animal by calculating the 3 
percentage of energy intake accumulated in the carcass during c 
life. a 3 

In the second series of experiments, resting oxygen consump- 2 
tion was measured in six newborn and six single- and double- 2 2 
fed rats aged 7, 14, 21, and 28 days. For this purpose the 
automated oxygen consumption apparatus was used as described 5 
by Elphick et al. (3). Measurements were made at the thermo- .z 
neutral temperature. Rabbits were not fasted prior to measure- 
ment, because the rabbit stomach acts as a reservoir of food ; 1 
perfusing the gut continuously for over 24 h (1) and because we " 
wished to include any dietary thermogenic effect in our meas- 
urements. 

STATISTICS 0 
0 7 14 21 28 

Differences between groups of single- and double-fed rabbits Age (days) 
were tested for statistical significance using Student's unpaired t Fig. 1. The effect of age and double feeding on the mean fat content 
test. The relationship between oxygen consumption and body * SD of the cervical and interscapular adipose tissue as a proportion of 
weight was linear in both single- and double-fed rabbits in the body weight ( n  = 6). 
weight range 114-550 g. The SEs of the slopes and intercepts of 
the regression lines were tested for statistically significant differ- 
ences using Student's t test. 

Single fed 

Double fed 

RESULTS 

The double-fed rabbits gained weight more rapidly than the 
single fed. The carcass weights of the animals analyzed are shown 
in Table 1. The mean weights for the carcasses of double-fed 
animals are very similar to the mean carcass weights of the single- 
fed animals which are 1 wk older. Therefore it is possible to 
compare single- and double-fed rabbits of similar body weights 
(but with different ages). The results of these composition anal- 
yses for fat are presented in Table 2. During normal growth the 
fat content of the body increased. At each age double-fed rabbits 
contain a higher proportion of fat than their single-fed counter- 
parts. Comparison of single- and double-fed animals of similar 
body weight confirms that the double-fed rabbits contain more 
fat than is usual for their size. 

The fat content data for the cervical and .interscapular lobes 
(hereafter referred to as cervical) of adipose tissue in relation to 
body weight are presented in Figure 1. During the 1st wk, double- 
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Fig. 2. The relation between incremental weight gain and weekly 
milk intake during each week of life in 42 rabbits. 

Table 1. The effect of age and double feeding on carcass weight (n = 6) 

Age (days) 0 7 14 2 1 28 

Carcass wt g (mean + SD) 
Single fed 46.9 -t 4.3 95.6 -t 14.9 166.4 + 20.9 26 1.2 f 44.4 429.3 -t 73.5 
Double fed 158.5 -t 19.6 288.7 -t 3 1.8 429.7 f 60.5 
P <o.oo 1 <0.001 <o.oo 1 
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each week, more data are available covering the earlier weeks of 
life. It appears that double-fed rabbits not only gain more weight 
than single-fed each week, but also they gain more weight per 
unit of milk intake. The impression that double-fed rabbits utilize 
their feed more efficiently is illustrated in Figure 3 where the 
efficiency of growth is shown to be greater during life for double- 
fed rabbits killed at 7, 14, or 21 days than for the single-fed 
controls. 

Oxygen consumption in single- and double-fed rabbits in 
relation to body weight is shown in Figure 4. There is no 
difference between results in single- and double-fed rabbits. 

Two estimates of heat loss during life were made. The first 
estimate was made by assuming that the difference between 
energy intake and energy accumulated by the carcass represented 
energy lost as heat. The second estimate was made using the 
oxygen consumption data. The data were extrapolated to calcu- 
late oxygen consumed during life, assuming that the rate of 
consumption altered by equal increments between the ages at 
which it was measured. Oxygen consumption was converted to 
heat loss by assuming that 1 liter of oxygen has an energy value 
of 30.397 KJ. The two estimates are very similar (Table 3) 
indicating that the oxygen consumption measurements were 
indicative of a mean daily metabolic rate. 

DISCUSSION 

Some of the estimates in the present study are open to error. 
First, energy intake is underestimated because young rabbits 
almost invariably micturate while feeding; this leads to under- 
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Fig. 3. The effect of double feeding on the mean gross energetic 
efficiency of growth & SD during the 1st wk, 1st 2 wk, and 1st 3 wk of 
life ( n  = 6). 
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Fig. 4. The relation between oxygen consumption and body weight. 
There is no statistical difference between single and double fed rabbits 
with body weight between 1 14-550 g. 

Table 3. The effect of double feeding on total heat loss during 
llfe (n = 6); two methods ofcalculation are presented for 

comaarison 
Period (days) 0-7 0-14 0-2 1 

Heat loss from carcass energy data MJ (Mean) 
Single fed 0.27 0.79 1.8 
Double fed 0.36 I. I 2.4 

Heat loss from oxygen consumption data MJ (mean) 
Single fed 0.3 1 0.85 1.7 
Double fed 0.46 1.3 2.6 

measurement of milk intake. This error will inevitably lead to 
energy efficiency being overestimated. Nevertheless the compar- 
ison between single- and double-fed rabbits remains valid. Sec- 
ond, the estimate of heat loss, calculated from the difference 
between energy input and accumulated carcass energy, does not 
take urinary and fecal energy losses into consideration. The error 
due to urinary losses will be overcompensated by the undermea- 
surement of milk intake due to micturation, alluded to above. 
Fecal losses in milk fed rabbits are very small and so we think it 
unlikely that these errors will significantly affect the result. Third, 
the calculation of heat loss during life, based on the oxygen 
consumption measurements, are dependent on the 1-h measur- 
ments being representative of the animal's 24-h state. Measure- 
ments of metabolic rate over 24 h in rabbits show little fluctua- 
tion (E. M. Hey, D. Hull, unpublished data), presumably because 
of the unique way in which milk is stored in the stomach and 
gradually released over 24 h, minimizing fluctuations due to the 
thermogenic effect of food. Furthermore, the estimating of heat 
loss during life from the carcass energy data and the oxygen 
consumption data are remarkably similar; this suggests that both 
estimations are valid. 

There have been very few studies concerned with the energy 
efficiency of milk feeds in neonatal animals with which this work 
can be compared. Davies et al. ( 1 )  found that normally fed Dutch 
rabbits retained 27% of their energy intake during the 3rd-I l th 
day of life. This contrasts with 47% efficiency for single-fed 
rabbits during the first 7 days of life. The methods of estimating 
energy intake were similar but rabbits in Davies' study were not 
kept in a thermoneutral environment. Therefore energy would 
have been required to maintain body temperature. It has been 
shown that rabbits reared in a thermoneutral environment gain 
weight faster than those reared at 30" C (5). 

We have shown that neonatal rabbits respond to a high energy 
intake by gaining weight rapidly and laying down extra adipose 
tissue. Overfeeding did not give rise to an increase in metabolic 
rate over and above that which was appropriate for weight. As a 
result a greater proportion of the energy intake was assimilated, 
leading to an increase in energy efficiency. Dietary-induced 
thermogenesis leads to a reduction in energy efficiency in overfed 
animals (8). Young rabbits are well endowed with brown adipose 
tissue and respond thermogenically to a cold environment (2). 
Double-fed rabbits were overfed to the point of accumulating 
extra fat, some of which was laid down in the brown adipose 
lobes. Therefore double-fed rabbits had the means and the stim- 
ulus for dietary-induced thermogenesis, but there was no evi- 
dence to suggest that it occurred. 

If these results in rabbits are applicable to the human infant, 
then overfeeding premature infants is likely to be associated with 
accelerated growth and extra deposition of adipose tissue. Met- 
abolic rate is unlikely to rise above that which is appropriate for 
the infant's weight and therefore a large rise in oxygen consump- 
tion would not be anticipated. This is reassuring, as some very 
low birth weight infants have chronically compromised respira- 
tory function. 
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ABSTRACT. To explain the reporled predisposition to 
germinal matrix hemorrhage in premature infants, patho- 
genetically important morphological features of the ger- 
minal matrix should be present in the 3rd trimester and 
rapidly change near term. Such features were sought in 
this study of the germinal matrix and its vasculature in 
normal rhesus monkey fetuses. The matrix cells, glia, 
ependyma, and capillaries showed no important structural 
changes during the 3rd trimester. The terminal vein tribu- 
taries were greatly enlarged by 148 days, but cellular and 
collagen support in their walls was minimal at this time. 
The latter features developed by the final days of gestation. 
These findings do not support a structural immaturity or 
specialization of the germinal matrix predisposing to ger- 
minal matrix hemorrhage. Our results, therefore, support 
the recent emphasis on physiological parameters in the 
pathogenesis and prevention of germinal matrix hemor- 
rhage. (Pediatr Res 19:130-135,1985) 

Abbreviation 

occurrence of GMH, nor any rational guidance to efforts at 
prevention (4, 10, 12, 15). In studies on this question, in addition 
to considerable attention to physiological parameters, anatomical 
predisposing factors have been described or suggested. Using 
postmortem perfusion and light microscopy, rupture along cap- 
illaries, and at capillary-venous junctions, but not at the larger 
veins was observed in human pathological material (4, 12). 
Several authors have suggested that anatomical features of cap- 
illary immaturity, mainly size and thinness of endothelium, may 
be important in the pathogenesis of GMH (4, 10). In contrast, 
others have found and illustrated terminal vein rupture in similar 
material (6). In addition to the limited resolution of light mi- 
croscopy, the preservation of the material in all such studies was 
necessarily compromised by the hemorrhages and by postmor- 
tem changes. Another approach is to use normal, well-fixed 
material from an appropriate experimental animal, rhesus mon- 
key. Although actual hemorrhage is not present, the hypothesis 
can be stated as follows: if the age-related incidence of GMH is 
due to structural features of the germinal matrix or its vascula- 
ture, these would be present in the latter part of gestation, and 
disappear by term. 

GMH, germinal matrix hemorrhage 

M A T E R I A L S  A N D  M E T H O D S  

GMH is well-known to have an age-related incidence. Pre- 
mature infants have shown rates up to 40% (lo), while in term 
babies such hemorrhages are uncommon (15). The gross corre- 
lation with the presence and subsequent disappearance of the 
germinal matrix near term in the human is an obvious explana- 
tion for these observations. However, it does not give any positive 
understanding of possible predisposing factors underlying the 

Received December 15. 1983: accepted July l I, 1984. 
Address for correspondence Dr. N~cholas J. Lenn, Department of Neurology, 

Box 394, University of Virginia, Charlottesville, VA 22908. 
Supported in part by NIH Grants HD NS 08658 and RROOO169. 

The specimens were products of timed, uncomplicated preg- 
nancies, delivered by hysterotomy under general anesthesia by 
the veterinary staff of the California Regional Primate Center. 
The 15 fetuses studied were of gestational ages (days): 60, 62, 77, 
90, 91, 106, 120 (three cases), 132 (two cases), 133, 148 (two 
cases), and 162. This spans the 2nd and 3rd trimesters up to 3 
days prior to term. For clarity, age differences of 1-2 days are 
ignored in this report. Available body and brain weights were 
normal, indicating that the fetuses were healthy (5). While the 
animals were still anesthetized, they were perfused through the 
heart with a mixture of 1 % paraformaldehyde and 1.25% glutar- 
aldehyde in 0.1 M sodium cacodylate (pH 7.2) at room temper- 
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