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"To the physiologist the phenomenon of growth
suggests many ....... considerations, and especially

the relation of growth itself to chemical and physical

forces and energies".

-t . ) SN
D Arcy W. Thompson (1942;.

On Growth and Forn, p. 243,

"¥hat is Growth?" ..... "Let us go back to work
and find out more about it and not pretend we know’.
P. Weiss (1955).
In The Hypophyseel Growth
Hormone, Nature ocind .ctleons,

p. 16.
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INTRCLUCTION

The complex study of growth has been exylofed
from many directions by many different methods. These
numerous approaches are necessary becausé growth mey be
studied at =il levels of protoplasmic synthesis, at the
cellular level, at the organ or tissue level or at the
organismel level,

The aspect of growth to be considered in the
present work was the composition of the body weight
gain at different ages in rats. The problem of wheat
components constitute an increase in body mass at
certain intervals of time was approached from two
directions. Firstly, a dynamnic spproach was employed
to discover, by measurements of the balances of nitro en,
water and eneryy, the processes involved in the retention
of these{substancééf Secondly, wanalyses of whole

A

carcases of rals at different ages were planned to cive

¥

direct information about the nature of the weight geinca.

N

Definitions of growth depend leargeiy on the
approach of the investigator. There is, Tfor instance,
that of Schloss (191il), "a corresated increase in the
mess of tne body in definite intervuls of time in & wi,
charccteristic of the species” end that of Brody (194,

"a relatively irreversible time chense in the messured

73 3 o1 " S m- o) Cidi S T T TR I o ;
dimernwion . U AalCy i}iUJulJDULi (.1.‘7’%::/‘ CulpflesliSs Lo FLicilii L
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the change of form which accompanies growth. The
rractical viewpoints of Hemmond (1952) who for the sake
of simpliecity subdivides growth from development, and
of Meynard (1947) who distinguishes between true growth
and fattening, contrast strongly with the more
philosophical, though rather nebulous, views of
Hammett (1946) who defines growth as the "integrated
expression of the activities of Initiation, Proliferstion,
Differentiation, Organisation and Constructive Substance
Increase”. Richards and Kavanagh (1945) define growth
as a 'fundamental attribute of living organisms,
manifested by a change in size of the individual or in
the number of organisms in & unit of enviromment", &nd
Medawar (1945) also states that growth means change of
size, continuing "the size of an organism is something
definite, unambiguous and meesurable". In contrast,
there is the dictum of wWeiss (1949, that "growth is not
even a scientific term with defined and constant meaning”.
There is indeed much truth in the viewpoint that there
is "no single problem of growth but as many as one wishes
to create” (Zuckerman, 1950).

There are various dimensions in which growth
can be measured, for instance, increuse in the number
of cells, increase in iength, increase in weight, etc.

Even when increazase in weight is taken as the measure of



growth there is o veriety of methods for its assessment
(£{1sson 1955,. The actual weight increment, the
percentage increment and the weight gain per unit time
have all been used to iliustrate differernt wpproaches to
the problem of growth,‘ The growth of parts relative
to the whole has received some attention con the basis
of weight increase as well as of length (‘Huxley, 1972,
Teissier, 1924,. Brody (1945) has advocated the
application of the principle of mass action to all phases
of growth, although this has been criticized by Muyer
(1949) on the grounds thet it lacks generality because
of the imprecise characterization of ageing. It may
be argued, eguaily weil, however, thet there is no
precise yardstick of the criteria for youth.

Despite & Tformidable array of mathemcotical
analyses of growth curves in which growth has, for the
most part, been taken as eguivalent to an increase in
weight, there has veen & growing demonstration from
various standpoints that mere mass is a rather inadeguate
measure for the growth of organisms. This is strikin;ly
illustrated by the marked difference in weight values
of the same caloric eguivalent of fat and protein
retained ir. the vody (deyer, 1949a; Gaunt, 1994), and
the recent increase in interest in body composition (p.71
tends to shift the emjhasis from weight increcse per sc

Lo the cuaponents of Lnds weight lncreuse.



It is ageinst tnils background thet in the
present work growth is taken as referrinc to the
metabolic processes underlying the gain in weisht
which is normally associated with increasing age. In
the study of this aspect of growth information was
required about the retention of nitrogen, water and
energy at different ages and about the intake snd output
of these substances. It was plamned to study the
energy expenditure of rats at different ages and its
relationship to body weight and food intake. The
proposition has been made (Mayer, 1949a) that growth
contains a change from protein synthesis to fat synthesis
with consequent continuaily increasing energy content of
the added tissue. In other words, the potentiul energy
per unit weight increases during growth. It was
suggested that the heat content of animals increased
steadily without eany point of inflection in the curve,
unlike the sigmoid curve of body weight on age (p. 27 ,
The examination of this proposition of Mayer (1949z)
was the purpose of the following study. It was also
desired to estaclish the normal pattern of growth
before any study of abnormal conditions of growth was
undertaken.

As has been indicated, the experimentel work

was divided into two parts.
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seasurements were made of enerygy, nitrogen
and weler exchanges in male rats during growth, using
a closed-circuit respirometer for long—term studies.
Studies of these exchanges were made continuously for
24 hours for 5 day periods, commencing at the age of
30 days.  Estimations were done at intervals of 10 deys
up to the age of 115 days,i.e. 9 periods,each of 5 duys.
Data were thus obtained for days 30 - 35, 40 - 45,

50 - 55, 60 - 65, 70 = 75, 80 = 85, 90 - 95, 100 - 105,
110 - 115. Three series, each composed of 9 periods
were undertaken.

Within each series, the animals used were
littermates. In the first series, it was intended to
use one rat throughout, but a second rat was sunstituted
for 3 oﬁt of the 9 geriods (p.72,Vol.Z), In the second
series, several rats were used because of technical
difficulties with the metabolic agpparatus. In the
third series, two rats were studied on alternate periods
and in this series, 44 out of 45 days ran consecutively
without mishap. In the earlier two seriles there were
occasionai gaps in the scheme, either due to obvious
instrumental breskdowns or to errors in the weight
balance of components (p. 64 ) subsequently discovered.

In addition to these 3 series (totalling 135 deys,,

two weuanling rats (21 days old, were studied in the



HEVLLOLle appureius Lor 5 consecutive deys. The

appalrelus wes wlso in use on numerous other occasions

.

/

to give additional informetion (on urine solids (L. ==

o

1 days, on moisture on funnei wnd freme (p. s,

n

3 days and on "blenk" runs (p. 75 ) 9 days). That iz,
in the present worik the agparatus was in use for a
total of 193 days.

PART II.

Analyses for water, nitrogen, fat and heat of
combustion were wade of the carcases of the rats on
metabolic study end of the carcases of littermates of
these rats. A total of 26 analyses at difrerent ages

‘were made, as follows:—

Number analysed Age

1 litter (10 rats) Newborn

1 litter (12 rats) 1 day

1 group (4 littermates) 20 deys

1 groupg (3 littermates) 21 days
5?&% 30 deys
5 rats 60 days
3 rats 80 days
6 rats | 115 days
2 rats 143 days
1 rat 194 deys
1 rat 242 days

1 rut <47] di
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METABOLIC STUDIES




REVIES CF THE LITERATURE.

Metabolic rste during growth.

The metabolic rate is a measure of the eneryy
or healt released by all the bodily activities under
certain circumstances.  The methods used are either
direct measurement of the heat produced or indirect
estimation of the energy eyuivalent of the fuel
utilized to groduce this energy. This involves
measurement of respiratory gaseous exchange and urinary
nitfogen. Oxygen consumption can be used to give an
approximate estimate of the heat groduction.

Much of the previous work on metabolic rate in
all species of animels has been concerned with basal
values, which, though providing much useful information,
have, nevertheless, many drawbsacks, as has been
emphasized by sorrison (1955, for adult female rats.

In rodents, the circumstances under which beasal values
of heat production are estimated border closely on
starvation. The measurement of basal metebolic rite
involves the restriction of sctivity end the witkbholoii:
of food for some time, usualiy over 1z hours. These
artificiel conditions in the adult caoimul may give an
indication of the minimuwn heat _roduced under these
relatively static circumstances. In the srowing wnia L,

however, in W.lch liie active syiitiiesis of new tissuce 1o
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maln characteristic, the extent of catabolism imposed
by these basal conditions renders invalid any estimete
of normal events.

" Total heat . roduction is the sum of the basal
heat production plus the energy cost of feeding and the
heat generated by physical activity. Its measurement
gives a mucn less artificial picture of metabolic
processes in the growing animal and has thus been used
in the present work.

The metabolic rate requires to be expressed on
some reference basis in order to compare the heat
produced by animals of different size in the same
species or by animals of different sgecies, either of
the same or different sizes, There has been much
argument about the best method of expressing metabolic
rate (Benedict, 1915, 1938; Du Bois, 1927; Kleiber, 1947a,
1956). This has been mainly concerned with whether
the standard of reference should be body weight, =
power of body weight or body surface.

In the present work, when a reference standard
for heat production has been recuired rather than
absovlute velues, body welght has been used because it
gives & simple and readily measured index of tissue
metabolism teken as a whole (Kleiber, 1956,. Body

surface or a power function of body weizht are of use in
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interspecies comparisons, since they yrovide a more
uniform measure of body size when there are large
differences of size among species. Although in the
present case there are differences in body size, the
above reasoning does not apply, since the differences
in size are complicated by the accompanying differences
in age. The variety of formulae for surface area
even for one species such as the rat, reviewed hy
Kleiber (1944) and by Brody (l945>,has rendered
difficult comparison of data in the literature and
increased the complexity of their interpretation for
later workers. It should be noted that since surface
area varies as a‘power of body weight (approximately

weight C-7 5)

, surface area increases less rapidly than

body weight. Therefore, as will be seen (p. 13 ),

in early life basal metabolism is higher than that of the

adult on a weight basis but lower on a surface area basis.
It has been proposed that basal metabolism should

be expressed as a function of the total mass of active

protoplasm (Rubner, 1902; Benedict, 1938). The

inference was that much of the variation in weight

among adults of the same species is due to accumulation

of fat, which is a tissue relatively inactive in

energy exchange. The use of the total mass of active

protoplasm was criticized as a vague concept (Brody, 1945;

Kleiber, 1947a), but it carmnot be lightly dismissed at
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the present time because of the high correlution
recently demonstrated between B.i.R. and lean body

mass (Keys, Bro%Zek, Henschel, Mickelsen & Taylor, 195C;
Behnke, 1953; Garn, Clark & Portray, 1953; Miller &
Blyth, 1953; von Ddbeln, 1956). It should not be
forgotten that adipose tissue is not metabolically
inert, though it is less active than other tissues
(Shapiro & Wertheimer, 1956). Other stendards of
reference used whicn have & high correlation with basal
metabolism have been total body nitrogen (Moulton, 1916;
Zeuthen, 1953), extracellular fluid (Dahlstrdm, 1950)
and the other fluid compartments (Wedgewood, Buss, Kliiag,
Kleeman & Quinn, 1953). At first sight, these would
appear to be more useful as standards than body weight
because they are more homogeneous, with less variable
components, but, as has been pointed out (Brofek &
Grande, 1955), there is g danger in assuming that a
statistically significant correlation implies a
physiological causal relationship.

The changes in the ratio of the fluid compartments
of the body during growth and in their associated
mineral sults (icCance & Widdowsorn, 1956) may prove to
have some vearing on the changes in basal metubolic
rate. During growth, the extraceilular fluid (E.C.F.)
undergocs & gradual process ol contraction relstive to

the intreceliuler fluid (I.C.F.) wend there is & rise



in the N/K ratio in the body. Development may thus

be associated with a gradual incresse of protein and

a decrease of water and potassium per unit volume of
cell. Alteration of hydration of cells has been
shown, in kidney slices, to affect their consumption

of oxygen, namely, that as the metabolic rate increases,
the I.C.F. decreases and the E.C.F, increases

(Robinson, 1950). The findings of McCance & #Fiddowson
and Robinson cannot be directly connected, but they
serve to illustrate the point that changes at the
cellular level in water content and oxygen consumption
may in some way be reflected in changes in oxygen
consumption of ﬁhe whole organism,

In mature animals of different body size, bascl
metabolism expressed in terms either of body weight or
of body surface has teen shown to diminish with
increasing age (Benedict, 1938). During the growth
of many animals including man, the graph'of basal
metabolic rate (B.M.R.) on age rises to a peak and then
gradually declines (Du Bois, 1916; Benedict & Talbot,192};
Deighton, 1924; Wood, 1926; Du Bois, 1927; Riddle,
Nussman & Benedict, 1932; Brody, 1945; Quenouille,
Boyne, Fisher & Leitch, 1951).

A similar pattern is found in rats. Although

information on the metebolic rate in the ewrly stases



of development is limited, it seems that the high
oxygen consuaption per unit weight of the rat ovum
(Boell & Nicholas, 1939; Smith & Kleiber, 1950)
diminishes till it reaches the level of the maternal
tissues at mid-term. Then there is presumably an
increase, since the metabolic rate at birth per unit
weight is greater than the adult value (Guiick, 1937;
Kleiber, Cole & Smith, 1943).

There seems to be agreement that in early
post—natal life, the oxygen consumption, for both bass
and resting values, and the metabolic rate on a surfecce
area basls rises to a peak and then declines, although
the time of this maximum 1s variously estimated at
pefore one month (Grad, 1953; Miller = & Conrad, 1956,
at 40 days (Kleiber, Smith & Chernikoff, 1956) and at
45 days post—partum (Kibler & Brody, 1942). A continuous
decline in B.M.R. has been described by workers th
commenced estimations on rats at different ages after
birth, namely at 13, 35 and 39 days respectively,
(McCashland, 1951; Davis & Hastings, 1934; iitchell
& Carmen, 1926). The uifferent values from several
laboratories arise mainiy from the differences in
technigue but also from differences in strain of
animals. However, &a merked lability of B.i.R.,i.e.
consideravle variation frow dey to dey within e short

)

reriod, has 2een describved in growing rats (Hemiltor, 1927D).

D s



From date in rats approaching maturity a
decreese in B.M.R. with inecreasing age has heen
conclusively shown (Hill & Hill, 1913; Benedict &
MacLeod, 1929b; Houssay & Artundo, 1929; Landelius
& Ljungkvist, 1934; Sherwood, 1936; Schopbach, Keeler
& Greenberg, 1943). These estimates are of the saue
order of magnitude as values for the B.M.R. of young
mature rats (Lewis & Luck, 1933; Horst, ilendel &
Benedict, 1934b; Kranz & Carr, 1935; Greenbaum, 1953;
Noach, 1953). However, there is a lack of agreement
in the data on older animals. A continued decline
in B.JM.R. with age has been reported by some (Sherwood,
1936; Davis, 1937) but by others a rise (Benedict &
MacLeod, 1929b; Belasco and iurlin, 1941)., A rise
in total heat production has also been described
(Black & Murlin, 1939). No coanvineing explanation
has been advanced for this possible rise in total heat
production with age. It has been attributed to an
increase in activity resulting from thwarted sexual
impulses and to & greater dissipation of heat Tfrom the
food ingested, because in old age tnere is almost

S

complete absence of retention of energy for zrowth
(Black & iurlin, 1939). The increase in B.I.R. with
gge is even more puzzilng; one possible exlenation
could be the existernce oi & low—zrade pneumonia whic'

T ol

is comaon in old luborwtory rals (Griffith & Ferris,
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The reasons for the changes irn B.f.R. during
the mein period of growth have aroused more speculative
encuiry than systematic study. Although several
causes of the variations in B.M.R. at different ages
have been cited in explgnation, no definite answer
has yet been given. The problem has been apuroached
from different angles.

The low rate of basal metabolism on a surface
aree basis in the newborn, relative to later stages
of life, is probably due, in part, to incompleteness
of neuromuscular development (Krogh, 1916). On the
other hand, hormonal influences may be in action.

The significant finding that injection of growth
hormone causes a reduction in B.M.R. (Lee, Teel &
Gagnon, 1929; Kleiver & Cole, 1939) could give rise to
speculation that in early infancy intrinsic growth
hormone is present in greater abundance than at other
times or that the tissues are then specially sensitive
to its-effects. Recent work has suggested thuat there
is greater tissue responsiveness to growth hormone in
early infancy (Gerschberg, 1956) but the amount of
growth hormone present at different ages is not yet
known (Gaunt, 1954). The increase in B.l.R. from its
relatively low value may be due to deciining influence

of growth hormone. The predominent retention of



protein which occurs in eariy life is consistent with
activity of growth hormone then (Lee & Shaffer, 1934,
Gordan, Bermet, Li & Evens, 1943; Young, 1945; 1i,
Simpson - & Evans, 1948, Maasen, 1952). Later the
effect of growth hormone is believed to diminish,
being superseded by steroid hormones (Kinsell, 1955).
Although in old age there is diminished responsiveness
to thyroxine (Grad, 1953), Miller & Conrad (1956)
consider that the decline in basal metabolic rate
from youth to old age is not due to a progressive
waning of thyroid influence,

| Apart from neuromuscular and hormonal influerces,
changes in bodily composition may affect the level of
basal and total metabolic rate. The estimation of
the amounts and relative proportions of the different
tissues is not, however, easy. Even supposing that
the quantities of different lissue at different ages
could be readily assessed, the determination of
varying levels of cellular metabolic rate in the
different tissues would be difficult to make and
"pasal™ conditions of cells would still be difficult
to define. It hes veen concluded, possicly with
rather too sweeping w«nn assertion, that changes in body
composition probably play a minor rcle in the decline

of Bui.z. with zue (Conred & wiiier, 19356,, It is
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claimed thet the "active tissue mass" (Keys et sl.,
1950, remains virtually unchanged with increesing age.
This claim is based on the belief that the yprogressive
increase in bone and fat content with age is offset

by a decrease in the extraceliular fluid, with the
result that there is no appreciable change in the
"active tissue mass".

The influence of changes in bodily composition
on B.M.R. may be cpproached directly from & study of
tissue metabolism in vitro. In this connection, therc
is the question of whether the basal oxygen consumgtion
of the whble animal can be accounted for by the suwumed
oxygen consumption of the tissues which compose it.
Attention has therefore been given to the relative
contribution of egeh tissue to the basal metabolic
rate of the intact animal., Also the guestion has
been considered whether the decrease in B.i.R. with
increase in body size is due to intrinsic differences
in cellular metabolism or to regulative factors in the
organism as & whole.

Earlier work on the respiration of homologous
tissues (i.e. comparison of the oxygen usage of one
organ of one species with that of the same organ of

another speoies) was contradictory, largely for

techrical reasons (von Grafv, 19295; Terroine & roche, 1727;



Wels, 1925; Le Breton & Kayser, 1926). iiore recent
work, however, is ot comgletely conclusive. There
are data from verious sources showing that the
respiration of mamnalian tissues declines with age,
but these estimations take no account of the varying
proportions of the tissues in the body with age
(Meyerhof & Himwich, 1924; McEachern, 1932; Victor

& Potter, 1935; Pearce, 1936; Adams, 1937; Belasco, 1941;
Wollenberger & Jehl, 1952). It has, however, been
calculated that summated tissue respiration will
account for 89% of the respiration of the intact,
mature rat (Field, Belding & Mertin, 1939); in the

dog and mouse similar conclusions have been reached
(Martin & Fuhrman, 1955). On the other hand, with &
different mediumn it has been alleged thet in the rat

a value over 100% (Bertelanffy & Pirozynski, 1953)
instead of 89z (Field et al.,1939) would have been
recorded. This discrepancy of estimates and the
marked differences of oxygen usage in differernt medie
(Krebs, 1950) throw doubt on the validity of assessing
the total B.M.R. from summed values of isolated tissucs.
The least that can be said is that care is necessary
in the intergretation of these in vitro studies; on
the other hand, a frankly sceptical attitude to all

deductiocns from such work may be justified.
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Because of the apparent agreement between
the oxygen usage of suumed tissues and the oxygen
usage of the whole snimal, the conclusion has been
drawn that the level of tissue respiration is determincd
by a factor operating in vitro as well as in vivo
(Weymouth, Field & Kleiber, 1942), This belief is
supported by the finding that the lower B.i.R. of rats
given injections of growth hormone was reflected in a
lower rate of oxygen consumption per unit dry weight
of isolated tissue. Also the tissues of rats exposed
to cold for fifty days, and presumably acclimatized,
had'a higher metabolic rate in vitro than those of
control rats (Denison, Jasper, Hiestand & Zarrow, 1957).

In animals of different size, it has been found
that in several tissues, the metabolic rate per unit
weight in vitro decreased consistently with increasing
size (Weymouth et al.,1942; Kleiber, 1947a), but with
& more stringent technique, no strict perallelism was
found between the oxygen usage per unit dry weight
expressed in mmj/mg/hr (Qog) of several tissues and
the B.i.E. of nine different species (Krebs, 195C).
In general, however, it was Tound thet the %02 of
tissues from larger animels was iess than that of
tissues from smallier, For exsample, the mean QOZ

for liver in one mediun in lie mouse wes 12,3 und in



the horse 2.6,

It has been suggested that the 0> 1s governed
mainly by the iocal energy recuirements of the tissues
ana that the differences in basal heat production in
animals of different size are to be attributed, for
the most part, to variations in the Qopy of the skeletel
musculature (Krebs, 1950; Schmidt-Nielsen, 1951). This
hypothesis seems to receive some support from the finding
that in the rat the only tissue of those exsmined which
showed a significant correlation between the rate of
oxygen usage and body size was the diaphragm (Bertalanffy
& Pirozynski, 1953). When direct estimations of the
oxyien usage of skeletal muscle in vitro were made,
there was little change in oxygen consumption per unit
dry weight with age, and the cheange in oxygen consuapbicn
did not explain the decline in basal metabolic rate with
increasing body size (Bertalanffy & Estwick, 1953,
although the change in water content of skeletal muscle
with increase in age does not seem to have been taken
into account. The effect of the greater waler content
of muscle in young rats would, however, result in a
lower oxygen consunption per g tlotel musclie tissue, 1.c.
in the opposite direction to the changes in busal oxygzer
consugngtion of the whole animal with age. In any cose,

the contribution of total oxygen ussagze fron sxeletal



muscle may be smellier than might at first sight be
thought, if the values from arterio-venous oxygen
differences in man are considered. In the resting
state, the skeletal musculature is responsible for about
only 25% of the basal oxygen consugption of the body.
This technique must, however, be considered with
reservations (Mottram, 1954, 1955; Brozek & Grande, 1933).
#hen all the evidence from in vitro studies is
taken together, it would seem thal metabolic disséction
of the body cannot yet state conclusively whether the
decrease in metabolic rate with age is due to intrinsic
differences in cellular metabolism or to regulative
factors in the organism as a whole., The weight of
evidence favours the latter view, although tissue
‘metabolism in vitro seems to reflect to some extent
the effects of uetabolic regulation in the intact
animal. At the tissue lavel, there are undoubtedly
chemical (Braghet, 1940; Davidson & Waeymouth,: 1944,
Davidson & Leslie, 195Q) «nd enzymic changes with aze
(Fried & Tipton, 1953; Kunkel, Spalding, De Franciscis
& Futrell, 1956). In the liver it has been calculated
that tliere are changes in the oxygen usage per liver
cell at different ages. The oxygen conswaption per cell
at 8 days of ege is only halfl the adult vaiue. At
2 uwontns the oxygen conswiption ic stisd ZC. lower thuon

the adult velue. In old sge (rots over 2 yeurs) -
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decline in oxygen consumption per liver cell has been
described (Jucob, Mandel & Mandel, 1954).

Another gproblem which has s bearing on the
causes of the variations of B.{.R. with age is concerned
with so-called "organizational energy” associated with
the growth process (Brody, 1942). This specific
organizational energy was postulated because a higher
heat pgroduction was found in rgpidly gréwing weanling
rats than in those growing more slowly. This work
has been criticized on the grounds that there was food
restriction in the more slowly growing group which
caused subseyuent lowering of the B.M.R. (p. 27 )
(Kleiber & Cole, 1950} . An alternative hypothesis to
thet of "organizational energy" is that the additional
energy expended during growth is wholly accounted for
by the increase in hody weight and the increase in food
intake. No direct proof of this has veen given, but
there are indications that food inteke has some influence.
A higher B.i.n. has been noted in rats on a higher
plane éf nutrition compared with those on a lower plane
(Blsck, 1939). A raised B.i.E. is also seen in rats
after an increase in food inteke (Mukherjee & ifitchell,
1949; Triechler & uitchedil, 1949). Differences in food
intake may also account for the slight increcse in
Bul.h. Observed in ropldly wrowlig rats (4@ - 100 Coyeo ola

compered with less repldiy _rowing enimels (Howst,
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Benedict, 1934a; Will & McCay, 1943} but higher on =
welght basis, compared with controls (Benedict ..
Sherman, 1937; dill & mwaJ, 1943, . Since surface
area is approximately W /3 it cheanges less ropidly
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has been attributed to the fact that the viscera
constitute & grester proportion of the body wel_ ht 1.
the retarded rats (‘Lsm\rmth Brody & Hogen, 1932,, bul
the diminished amounit of adipose tissue which they
contain with its lower recuirement of oxXywen could wloo
be cited in explanation. |

It is impossible to separate the influence ol
food intake on B.ud.R. from some alterations in Lody
composition which have been described as being
associated with changes in utiliscalion of nutrients,

or to separate the influence of food inteake from

hormonal effects. “ihen rats with & high ¢nd low

efficiency of food utilisction gXpresse
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than the wore erficient strain (Palmer, Kennedy,
Calverley, Lohn & Jeswig, 1946, Alterabions in
body comgposition meay account for the spparently
contradictory finding that different rates of growth
unassociated with different caloric intake did not
cause any change in B.{.R. (Hamilton, 1937). Rats
of a heavier strain (i.e. animals whose weight at
maturity was greater than another, less hesvy strain)
were found to have a B.Ul.R. lower than those of the
lighter strain (Kleiber & Cole, 1950). No information
was given, however, about the food intake or body
composition in the two grouys.

Closely linked with efficiency in food
utilisation is an influence of thyroid hormone, for
the low and high eificiency strains of rats gquoted
above seem to have higher and lower levels of thyroid
activity, respectively (Palmer et al. 1946). A
similar explanation may also acdount for the differences
between one group of rats which grew faster but for a
shorter time and which had a greater degree of
excitability and another group of less rapidly zrowing,
less exciteble animeals (Lét, 1956, The more repid
growth of male rats cumpured with female rats on
isocaloric feeding (Kim, iazee & Ivy, 1952) might repay

metabolic study and aost criticel ¢y reisal, Seasurnad



changes in B.i.R. (Sherwood, 1936) end in the rate of
grovwth of rats (Hanson & leys, 152 ; Camgbell, 1945)
have been described, but no systematic investigation
into any possible relationship between them secens to
have been made. |

There are thus many complex influerces which
may account for the changes of B.M.R. with age.
There are neuromuscular and hormohal effects and
changes in body composition and cellular activity, all
of which are ciosely linked with alterations in food
intake and genetic and constitutional differences.
Inseparable intersction of all these effects must
contribute to the generai assocciation, namely a
parallel decline, between growth rate (on a percentage
basis) and basal metabolic rate (Kibler & Brody, 1942;
Brody, 1945), which is found in rats, excert in the
early post-natal period. This intricate association
of influences must also account for the increese in
B.M.R. which coincides with the adolescent growth spurt
found in children (Du Bois, 1927; Tanner, 1955).
Systematic study of the basal metabolic rate combined
with assessiment of the chenges in body composition
which accompany alteration in food intuke and rate of
growth (iciieekan & Hanuond, 1940, mizht assist, to some
extent, in elucidating some aspects of the com.lex

causes of tne cratises of Law..o. witlh coe. In w

<



consideration of the changes of total metebolic
rate with age, the contribution of physical activity
s well as food intake at different ages has to be taken

into account.

Food Intake during Growth.

Over short periods, gain in welght is directly
proportional to caloric value of food (Rost, 1902;
¥ilson, 1903; Rubner, 1908; Hopkins, 1912; Funk %
MacCallum, 1915), although there is a changing pattern
of gain in weight and caloric intake with increasing
age. In rats, as in other animals, Tood intake
increases with age when expressed as kcal/g body weight
increase. For instance, 4.8 kcal/g are required in
the time necessary to double the birth weight (Rubner, 196:,,
while weanling rals require a greater emount of dietary
energy wer g new tissue (10 - 15 kcal/g from the data
of Funk & MecCallum, 1915, Smith & Carey, 1923,

Griffith, 1929, Campoell, 1945, Forbes, Swift, James,

Bratzler & Black; 1946, and French, Ingram, Uram,

Barron & Swift, 1953). Clder rats require still more

energy inteke per g weight increase (3C - 15C keal/g

from the data of Hitechcock, 1927 and French et _als, 1933,.
The reason for the lncrease in amount of food

1, as on

eneryy intake per g new tissue with aze is thw

[

animal _rTows larger, 1ts wmslitencice cost 1n conperison to



welght sain increases and that relatively aore food
is reculired for each unit of weight zain.

An alternative method of expressing food intea.e,
namely in kecal intake per 100 g body weight per day,
shows that there is a diminution in this value with
increasing age, when individual estimates are compared
(from 50 down to 20 kcal/lCC g body weight/day, from
the deta of Hopkins, 1912, Funk & McCaliua, 1915,
Drummond, 1918, and Camgbell, 1945). In one
longitudinal survey of caloric intake, there was a
sharp decrease in caloric intake from 20 to 60 days of
age and a slow decline thereafter (Wang, 1925). In
é later estimate, using a better diet (Harte, Travers
& Sarich, 1948) a mavimum value for energy intake,
expressed in kcaL/sq~ dm/day, occurred during the 5th
week of  gpost-natal iife, followed by a decline.

This pattern closely paralléled the gragh of B.i.R.
with age.

Because of the fact that a greater .rovortion
of food intake is directed towards maintenance with
increasing age, there is a reduction in gross eificiercy,

weight of wdded tissue (g)
expressed as Werglt of food intake (g, (Arusby &

Moulton, 1925;. Many of the values given for gross

efficiency are subject to criticism because they are

bused on arvitrary conversion feclors and no ailowence



has been made for the differences in energy ecguivalents

of the weight gains (Brody, 1945). The energetic
energy guin (kecal)
efficiency, energy intuke (kcel, of early cost-nutal

growth, during doubling of the birth weight was estimcted
by Rubner (1908) to be 38% and the value cuoted by
Lusk (1928) was 20%. There is a steady decliine in
gross efficiency expressed on a weight basis from
weanlng omwards, but it has been noted, in contr: st,
that the energetic (or thermochemical)efficiency. does
not decline till the 30th day after weuning. The
reason for the delsyed decline is that the energy
equivalent of weight increase becomes progressively
higher with age, due, principally, to fat deposition.
The thermochemical efficiency was at first estimated
to be 35 (Mayer, 1949b) but later determined as 245
(Mayer, Vitale & Taira, 1951). From balance studies
during the period of maximal growth, gross efficiency
(calculated from the data of Forbes et al., 1946a)
on the basis of metabolizable energy intske is 20%.
Other values are 25% and 19% for rats of high wnd low
efficiency respectively (Palmer et al., 1946).
‘Considersble varispility is found in the efficiency
of growth of rats celculated from direct cealoric
equivalents of carcuses (Mitchell & Carmen, 1926).
The specific dynamic action (S.D.4A.; of the

ration fed during srowth is importunt in o considerclion
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of total metabolism. The S.D.A., the heat increment

of feeding or the calorigenic effect of food, represents
the extra heat incident to the utilisation of food.

The heat increment can be measured either from the base-
line of the post—absorptive or of the maintensnce state
and its value for dietary constituents therefore varies
with this initial starting level. 5.D.A, is important
in young animals, for when protein is retained for
tissue growth it is withdrawn from dynamic action
(Brody, 1945). This is well illustrated in a comparison
of egg and milk proteins with isocaloric feeding; the
former was superior for growth and caused a lower
production of heat (Black & Murlin, 1939). The energy
cost of feeding is distinguished from S.D.A. by the

fact thét it also involves the physical energy gerierated
in the obtaining of fcod.

Nitrogen Metabolism during Growth.

Many studies of nitrogen (N) intake and baleance
have been made in rats. These have, however, been more
doﬁcerned with the determination of the biolozical value
of proteiné than with a systematic study of the chenges
in nitrogen metabolisia during growth. One clear—cut
fact is evident, nanely, that, on an adequate diet, t.ie
positive N balance per g ingested N decrewses rapidly
with a.e (illisom, 1951). Calculetionn from soine

representative dale confirms thel tne pcercenta e of



intake reteined 1s greater in younger (iitchell, 1924
Forbes, Swift, Jemes, Bratzler & Black, 10443 Arnrich,
Hunt, Axelrod & iMorgan, 1951, than in older rats
(Black, French & Swift, 1949). This method of
measuring protein utilisation has greater significance
than the more usual method of expressing protein
efficiency, viz. gain in weight/g Ningested (Arntich
et al, 1951, Ruegamer, Polling & Lockhart, 1950, .
The N content of tissue added during growtn, derived
by balance technioues (Black, French & Swift, 1949;
Forbes et al, 1946a; Arnrich et al, 1951; Kon, 1931)
is similar to that determined by carcase ahalysis (p.l@&}.
Since during growth there is a strong stimulus for N
retention, it is not surprising that the relationship
between endogenous N and basal metabolism in growing
rats (Brody, 1945) is not similar to that in adults
(2 mg.N/keal), (Smuts, 1935).  Endogenous N is
definea.empirically as the lowest level of N excretion
attained after an arbitrarily defined time interval on
a diet low in N but otherwise complete.

Analogous With;B;M.R. in the growing animal
(p. 18 ), the reality of true endogzenous N is even
more suspect in the young than in the adult animal,
owing to the highly artificial procedure of feeding
a diet poor in nitrogen at & time when N retention is

normally extreuely marxed.
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Activity during Growth.

Physical activity, like food intake,mekes a
variable contribution to the total metabolisam. Estimales
of the extent of physical activity vary because of
different methods of weasuring the movements of rats;
in adult rats the range is from 10 to 25% of the total
metabolism. Gross spontaneous movements of a rat in
a fixed living space can be recorded in some way and
their magnitude estimated quantitatively or semi-
quantitatively. 4lso, the revolutions of an "activity"
wheel set in motion voluntarily by a rat can be counted
and the spontaneous running in the wheel measured. These
two methods and other techniques detect different types
of physical activity. The relationship between
activity and age has not been clearly defined, though
recent work has attempted to clarify the position (Jones,
Kimeldoff, Rubadeau & Castanera, 1953). The close
intefactions between age and experience in the wheel cu e
seemed to be an important factor in determining the
reliability in volitional acti?ity, and it was suggested
that experience is the main source of discrepancy in
previous results, along with differences in genetic
background, iliumination, sound insulation and
environmental temperature. It was found that activity

varied inversely with &ge Lor «ll einlmels ol ecual



experience, though the reletionshiyu wes not line.r.

The sreatest activity occurred coout the tiane of X

{ oooubert

(50 = 7C deys, which agreed with some of tlie .revious
date (Sloneker, 19C7; Hitehcock, 1926; Richter, 1927,
-but not with others (Slonaker, 1912; Richter, 192:;
Shirley, 1928), who found the pesk activity ot 2¢C, 175
and z&O days respectively. Since the conditions of Llis
4wheel cage are nolt directly comparable with normal
spontaneous movements in "fixed" accommodstion (Eiyrs,
1954), results therefore obtained by various technicues
are not directly comparavle. On the other hund,
general types of activity, such as cyclicul chianzes 1i
activity, ocecur in both circumstances.

The nonrperiddic activity of the newborn rat
is succeeded by the development of periodic rhytha
about the lOth»léth day after birth (Richter, 1927;.
Cyeclical activity with longer or shorter rhytlins
(Slonaker, 1912, 1925, 1926; Szymanski, 1918; Brown
Shriner & Ralph, 1956) has been described ws largely
associated with physiological rocesscs, p.crticulaerly
with the feedinz cycle. Fluctu.tions ir duily wetivit
huve ween compared in o senerel wey witin f