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"It 1s Important to discriminate the bodily
pattern, which endures, from the bodily event, which
is per&aded by the enduring pattern, and from the
parts of the bodily event. The parts of the bodily
event are bthemselves perﬁaded by thelr own enduring
patterns, which form elements in the bodily pattern.
The parts of the body are really portions of the
environment of the total bodily event, but so related
that thelir mutual aspects, each in the other, are
peculiarly effective in modifying the pattern of either.
This arises from the intimate character of the relation
of whole to part, Thus the body i1s a portion of the
environment for the part, and the part is 2 portion of
the environment for the body; only they are peculiarly
sensitive, each to the modifications of the other.
This sensitiveness 1s so arranged that the part adjusts
itself to preserve the stablility of the pattern of the

body . "

A,N, Whitehead. Science and the lodern World, 1926,
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INT1ODUCTION

In the last two or three decades studiss of
the gross or end product, metabolism of mammals under
normal physlological conditions have been conspicuous
only by thelr Infrequencye. The carsful and precise
methods and techniques developed by the glants of the
physiology of metabolic processes, such as Volt, Rubner
and Atwater, have become, to a great extent, swamped by
half a century of possibly more sophisticated but
frequently less precise techniques. The tradition
of this type of work has been continued by particular
schools of investigators, such as those of Benedict and
of Brody, but otherwise only occasionsl investigations
of this type have been done on animals and then, usually,
with some pharmacological end in view.

Much information can still be obtained by
these methods; much which has either not before been
examined or examined only cursorily, or, further, has
been examined under conditions which allow little
information to be gleaned as to the normal processes
of life. For the establishment of the so=-called

basal condition as a Sine qua non of rellability of

metabolic data, largely under the inslistence of Benedict,
has prevented any but a few of the modern investigations
from presenting an adequate and realistic picture of

metabolic processes. It is not denled that a basal



standard is of great value, and has been of great value
in simplifying many of the metabolic problems which
require consideration. It csnnot be expected, however,
that the results found under such "basal" conditions will
have anything more than an academic application to normal
physiological processes. Such standard or basal
conditions are ideal for the analytic investigation of
the components of metabolic exchanges. They are quite
inapplicable to investigations involving the synthesis

of a normal bodlly activity. tpplication of such standard
conditions to investigations of the latter type may give
the appearance of simplifying the problem but, in the
event, complicate the interpretation of the findings.

One of the aspects of energetic and genseral
metabolic exchange which recelved only brief study from
the sarly workers, and littls since, is the event of
prsgnancy. Such work as hass been done on the gross
pattern of pregnancy and the studies of particular details
of the changes during prsgnancy pressnt a number of
curious anomalies which, it seemed, might be elucldated
by a study of the total metabolic exchanges during
pregnancyes Such, for exampls, are the slight increse
which has bsen observed in food intake on the one hand,
and, on the other, the increase in the basal metabolic
rate with simultaneous formation of a considerable mass

of new tissue. There are several theoretically
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possible ways of reconciling these observations, but a
first, necessary step towards defining the most likely
metabolic pattern is the measurement of the total energy
mebtabolism as distinct from the basal metabolism. A
parallel problem exists in the nitrogen retention known
to occur in pregnancy and whetner it can be held entirely
~accountable to such increase in food Intake as occurs.

Iess directly assoclated with the gross metabolie
changes 1s the heterogonal growth relation of foetus and
placenta, and the declining curve of reproductive efficlency
with age and parity. = Since, however, such changes must
necessarily be a consequence of alteration in the metabolic
pattern of the maternal organism, it se=zmed possible that
their reflections might be observable in that pattern.

The followlng pages represent the preliminary
stages of an attempt to find what associations exist
between these asnd other phsnomena of pregnancy in the rat,
mainly by a study of the total energy, nitrogen and water
exchangesa. The experimental work has been largely
confined to the establishment of a base=-line which can
be taken as the normal pattern of pregnancy snd much work
must vet be done before a generally representative picture
even of this can be obtained. The extsnsion of the
component features of the normal into a unified pattern,
in which the growth snd metabolism of the conceptus and

of the maternal organism are mutually linked and fitted
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into tho brosd gradients of parity and age, is indicated
by only the most shadowy of pointers.

To do this work 1t has been necessary to devise
and construct an instrument capable of measuring the total
metabdlism of an animal over long periodse. The instrument
which I constructed waS based, 1n general conception, on
an instrument devised for work on mice but had to be greatly
modified for my purposese. The Instrument had to be
constructed ab 1ﬁitio, and subsequently much time and work
had to be devoted to tests, modifications and the
development of working technlques. Consequently, a large
part of the following report is devoted to constructional

and methodological detail.
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ReEVIEW OF THE LITERATURE

As the work 1n this thesis fells under the three
general heads of ensrgy of nltrogen and of water metabollsm,
the literature of these three aspects is, for convenlence,
treated separately in the following reviewe To avoid the
discontinuity introduced by the citation of tedious 1lists
of original papers reference has been made, wherever the
point at issue 1s adequately served by this procedure, to
reviews or Pépresentative papers,

The small amount of previous work on the growth
of the rat foetus and placenta is considered at the
beginning of that section of the thesds, p.(244). Work
on methods and technlque, specialised aspects of the theory
of interpretation of metabollc studies, and singular
problems arising out of my experimental work but without
general application to the theme of this investigation are
briefly discussed at appropriate points in the text and sre

not included in this general review.

Eiergy Metabolism.

By far the greatest body of data on energy
metabolism in pregnancy is that from clinical investigations
of the basal metabolic rate in women (Magnus-Levy, 1904;

Carpenter end Murlin, 1911; Root and Root, 1923;
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Sandiford and Wheeler, 192li; Sandiford et al, 1931;

Rowe ét al, 1925; Rowe and Boyd 1932; Johnston et al,
1928.) Most of these investigations have been made on

a few women at 1irregular Intervals throughout pregnancy,
and, with very few exceptions, have been made using one of
the standard clinical types of recording respirometer, such
as the Benedict=Roth instrument, for 10 or 15 min. periodse.
The difflculties of achieving basal conditions in untrained
subjects ( cf Robertéon and Reid, 1952), the patent
inadequacy of one 15 min. period as representative of a
one= or three=-month period of pregnancy, let alone the
inherent weakness of the apparatus used (Willard and Wolf,
1951), make much of this work suspect and the findihgs
erratice. The great weight of the evidence from these
findings (particularly those contributed by Rowe et al)
does; however, indicate a pronounced rise in the total basal
rate to an average maximum value of about +15 per cent.

on any of the accepted standards, the maximum occurring
just prior to parturition.

The significance of this work has resolved itself
into a controversy betwsen two viewse The one view,
crystallised by the arguments of Sandiford and her colleagues
1s that the rise in the total basal metabolism can be
entirely accounted for by the metabolism of the increased

metabolising mass formed by the conceptus and the increase

in maternal tissue. Rowe and his colleagues, on the
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other hand, claim a true rise in maternal B.M.R. (The
basic problem was posed by earlier workers, notably Rubner,
but recelved its best expression in the above investigations.
The former workers demonstrated that when their own results
were expressed in terms of the sum of the foetal and maternal
surfaces the metabolic réte per unit surface area was within
the normal range. = Rowe found a fall in B.M.R. to
sub-normal levels during the third or fourth month of
pregnancy, followed by a rise at a rate 13 per cent greater
than could be accounted for by the increased tissue masse
Also, all workers have found that the B.M«Re. rises at a

time when the weight of the conceptus is negliglible.

It is difficult to accept the valldity of the
device of expression of the BeMsR. as « function of the
combined surface area. Nevertheless, although the
"surface law" as a theoretical concept is susceptible of
much criticism (Kleiber, 1947), and in any case does not
permit direct comparlson between infant and adult, 1t is
qulte probable that the embrjo metabolises energy at a
higher rate than the maternal tissue. Granting this
on Carpenter and Murlin's (1911) evidencs of the smooth
transition in total basal rate from the ante- to the
post=parturient state, it csznnot further be assumed that
the excess rate of the embryo is in even approximate
correspondence with the relation between maternal and

foetal surface. Nor can it be assumed that the embryonic
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relation of surface, or, 1f 1t be preferred, metabolic size,
to heat production is linear; that is, the exponent of
weight from which the estimate of metabolic size is derived,
1s not necessarily constant. This last suggestion 1s
supported by the fact that the offspring does not reach its
peak metabolism per unit surface area until some time after
birth, in man about one yesr, and it is reasonable to
suppose that a continued deceleration in heat production
would be observed by extrapolating back into intra-uterine
life.

In a review of the earlier work on the metabolism
of pregnancy, Harding (1925) accepted this problem as still
open and unsolved. Johnston et al (1938), on the basis of
one case studied more intensively through the last six
months of pregnancy along with previous work, consider that
there 1s a fraction of the rise in B.M.Re. truly accountable
to incresse 1n maternal energy production aside from the
increase due to the increment of protoplasmic mass. Newton
(1952) presents the problem as still unsolved but
provisionally accepts the evidence of Rowe and his
protagonists as strong indication that the changes in l.est
production carry an element of true energy change
independent of protoplasmic mass.

Indirect evidence for a true increase in msternal
R.M.R. 1s gilven by the pronounced hypertrophy of the

enterior pituitary with, presumebly, an increase in
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thyrotropin production, by the less pronounced hypertrophy
of the thyroid itself snd by the incresse In blood 1odine
during pregnancy (Schwarz and Drabkin, 1931). Evidence

on the response to thyroid sdministration during pregnency
is contredictory and Inconclusive (Wilhelm}) et al, 1933;
Danforth snd Loumos, 1926; Phatek et al, 1940), but there
appesrs to be little doubt thet there is some degree of
physiological hyperthyroidism in normal pregnency (Anselmino

end Hoffmenn, 1935; Neuweiler, 1935). Similarly there
i1s doubt as to the extent of the effects onh B.MeRese of

ovarian hormones; cleims have been made that they produce
e rise in the metabolic rate of the reproductive tissues
only, Verzar and Arvay (1931) that s general increase is
apparent or that no effect is found, Kaufmenn et al, (1932)
and Brouha e&nd Chevillard, (1932). This work is
distributed unsystematically over many specles including
man and meny of the discrepancies observed must certeinly
be due to this. The discrepsncies eare «lso, probably,
due in part to the veriabllity of the preparations used.
Valid direct evidence on bessl rates 1n the rat
and other laboratory enimels hes the advantage thet
| absolutely longer periods of study are more easily possible,
and thet these periods asre very much longer reletive to the

total duration of pregnancy. Such estimations suffer

from the disadvantage that a basal state is much more

difficult to achleve, the best approximetion being a
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resting, post-gsbsorptive state in which the state of rest

is very unreliable and the post absorptive state may

readily border on starvation. The main body of data on

the resting metabolism of the pregnant rat, uncomplicated

by hormone administration or other treatment, comes from
Brody and his co-workers (Brody, 1945). They have found,

in general, that the absolute total resting metabolism
increases during pregnancy but, expressed per unit bodyweight,
there is no pronounced increase. Pommerenks et al (1930)
found g 15 = 20 per cent. Increase in the metabolism of

pregnant rabbits but no increase when the results were

expressed per unit of summed foetal und maternal surface.

Brody has established a relation between the
birthweight of the young and the ‘'energy increment of
gestation™, that is, the additional resting energy used
apart from that stored, representable by the equation:=

Total Cal.used = LJJ 00 (Birthweight in kg.) 12
Since the energy cost of gestatlon according to this equation
incresses with increasing birthweighi (exponent 1.2),instead
of decreesing es «ould be expected from the metabolic size
relation (exponent 0.75), the existence of "maternsal
overheads" cen be inferred (Newton, 1952). It is possible
that the cost of generation of embryonic tissue, epsart from
the cost of its maintenence, may go some way towards

explaining this theoreticel discrepency. In view, however,

of the high energetic efficiencies observed in tissue
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formetion (Needham, 1931) it is unlikely that this accounts
for much energy in absclute terms.

In support of the proposition suggested above, that
in the embryo the welght exponent defining metabolic size may
not be constant, the work of Klelber et al (1943) on the
respiration of rat foetuses in vitro ﬁéy.be cited. The
naked 1l%Z=-dey rat foetus, when siit to allow adeguate oxygen
penetretion, had a metabolic rate only one tenth that
expected if 1t behaved as an independent homeotherm
(exponent 0.75) and one twentieth that expected from the
surface law (exponent 0.67). Since the metabolic rate of
the newborn is 2.5 times that of the normal adult rat on a
surface basis, the bodyweight exponent for metsbolic size
must increese in the interim. On the othér hand, the work
of Bohr and Hasselbalch and of Hasselbalch (1900), on the
carbon dioxide production of the embryo chick, indiceted
that energy production per unit weight i1s a maximum when
tissue differentiation is most active. If the ret is
comparable in this respect, maximum metabolic rate of the
embryo should occur st <bout 10-17 days gestation.

The metabolic rate of the feotel membranes as
measured in vitro is small relative to that of the embryo,
Kleiber found 1t to be one third of the foetel rate at
13 days gestation in the rat. The growth rate of the mass
of the membranes is very much lower than that of the embryo,
and even assuming en approximste correspondence between

metabolic rate and a function of welght, the maintenance



energetic cost of the membranes should not greatly affect
the picture. Since the metabolic rate of the membranes is
so much lower than that of the foetus, such effect as this
would have on the total metabollism would be to reduce the
apparent total rate per unit weight of the pregnant orgenism.
To this basal rate of the membranes in vitro must,
of course, be added the cost of transport of materialé from the
maternal to the foetal bloodstreams, this being additional
to the cost of organisation of the foetal tissues. The
gaseous exchanges of the embryo asppear to be explicaeble by
simple diffusion mechanisms across the placental barrier
(Barcroft, 19L46). There are objections to accepting s
simple diffusion process for oxygen transfer, but the
reversibility of carbon dioxide transfer (Huggett; 1927)
indicetes a diffusion process for that at lesst.
The important series of researches by Flexner and
his colleagues (Flexner and Gellhorn, 1942 a,b; Flexner and
Pohl, 1941 a,b,c; Flexner et &l, 1948; Gellhorn und Flexner,
19h2

8t a1, 1941) using isotope technlques to study the transport

e

Gellhorn et 81, 19L41; Pohl and Flexner, 1941; Pohl

of sodium, phosphorus and water across the placenta have
esteblished the major variables associsted with transfer
rate. This work gives no direct evidence on the energy
cost of transfer but the form of verlation shown, notatly
with placental type (Mossman, 1937), the transfer rate rising

with the reduction in the number of placentel layers, implies
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s simple diffusion mechaenism for these simple substsnces.
The difficulty of experimentally establishing a gradient
foetus-werds for some substances, notably water (Barcroit,
19&6) might suggest that a meessure of local placental work
is required for trensfer, that is that there is secretione.
Flexnér, rather misleadingly, has defined the ratlio of
transfer rate to retention rate as a "safety factor". This
factor, In the case of water, is of the order of 500:1, but
this means that the relstive foetus-wards flow of water, or
true safety factor, is 500:499 which would be extrenely
difficult to demonstrate experimentellye.

It is possible thet more coumplex molecules do not
cross the placenta by simple diffusion. It 1s unlikely that
molscules of the order ol magnitude of proteins cross the
placenta as proteins, end the transfer of hormones and
antibodies (Needham, 1931, 1945) could possible be explained
by the trensfer of component amino=-aclds and prosthetic groups
with re-assembly on the foetal side, as appears to occur in
the mechenism of 1lipid transfer (Popjak, 1947). That
relatively small molecules suffer transformations in the
placenta, as in the formation of placental glycogen (the
possibility that this may be entirely a deciduel function
is irrelevant to the present point), and the conversion
of glucose to fructose (Huggett et al, 1951) is presumptive
evidence thst any molecule above the simple ion may not

pass by simple diffusion. The deteiled kinetics of
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carboh?drate transfer has recently been lnvestigated by
iddas (1952). Diffusion ﬁas, however, been claimed

to explain all transfer phenomena in the placenta
(Schlossmann, 1932), and thls may be true of the end

m oducts after the breskdown and reorganisetion activities
of the placenta have been completed. All trensformations,
breskdowns and reassemblies which may be azccomplished by
the placenta in vivo will have a certain energy cost which
may not be adequately represented in in vitro experliments.
The decline of the metesbolic rate of the human placenta
with stage of gestation found by Wang and Hellman (1943%),

and the interpretation of placental function as altering

from an anasbolic to a purely membrene function (Reynolds,

1949) may not give a true indication of the contribution
of this structure to the total energy relezse of the
pregnant orgenism.

Barlier attempts to examine the metabolic rate
of the mammalian embryo were fundementally qualitstive.
Cohnstein and Zuntz (188l) estimated the oxygen and carbon
dioxide contents of the blood in the umbilical artery
and veln in the sheep embryo, and &lso the blood flow rates
In these vessels. From their figures an estlmate of
oxygen consumption of 1l.5 to lLe5 ml. O2 per min. for a
foetus of about 1300 g. cen be obtained, or sbout 80 to
250 ml. 0, per kg. foetal weight per hr. Compsarison

of the difference In blood gas concentrations between
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artery and veln indicate a respiratory quotient greater
than 1 (1.01 and 1.6). Bohr (1900) investigated the
subject by measuring the totsl metabolism of the leparotomised
eanaesthetised guineea-plg before and sfter clamping the

cord of one foetus; from the two sets of observations g
measure of the metsbolism of the embryo could be found.
Agaln the foetal R.Q. was always in the neighbourhood of
unitye. These experimental findings are unlikely to
present « normal picture of the foetel metebolic process,
as the operative procedures must certainly have a great
effect (Bercroft, 1946). The oxygen ccnsumption

of the conceptus sppears low, but a similar calculstion
from the data of Barcroft et al, (19%9) gives a commensurate
value of 228 ml. per kg. foetal weight per hr. for a sheep
foetus of 1200 g. The high Rede's observed, even if true
for the species studled, are not necessarily true for the
rat, which lays down very little fat in the Intrsuterine
period (Widdowson, 1950). Unnstural fats are known

to cross the rat's placenta (Sinclair, 1933; McConnell

and Sinclsir, 1937) so it is probable thst such fat as is
laid down in the foetal rat 1s derived from maternal fat.
The findings do indicete, however, that carbohydrate is
probably the main energy source for the foetus.  Studies
on the sugar and lactic scid concentratlons in uterine
venous, arterial and intervillous bloods indicate that

2lso the nlscenta metabolises carbohydrate predominantly
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(Loeser, 19%2, a,b; Franken and Krebs, 1933), although
the parallel finding that the metabolism 1s predominantly
anaerobic 1s not necessarily true in vivo (Huggett and
Hammond, 1952).

The only study that has been found of the total
physiological energy recquirement in pregnancy, as distinct
from the basal metabolism, is that of turlin (1910a) on two
successive pregnancies In & bitche The energy production
in this work was calculeted from the carbon dloxide and
urinary nitrogen production using the Pettenkoffer=voit
apparatus. Although 24 hr. periods were studied, only
two days studj per week were made. No alteration in
metabolic fate was found until the sixtnh week of gestation,
but between the sixth and c¢ighth weeks the M.R. rose by
9 per cent. Assuming Rubner's surface relastion and
Meeh's formuls for surface aree Murlin calculated that the

excess energy usage at 3 days ante partum was almost exsctly

that attributable to the pups, The slight additional
excess (less than 5 per cent. of the total excess) he
attributed to the ralsed metabo}ising mass of the uteruse.

A measure of the non=basal energy production in
pregnancy in the rat was made by Danforth und Loumos (1936)
in a study of the effect of thyroid administration, but
the length of the estimation periods is not stsated. These
authors found that desiccated thyroid given orally had o

much lower cslorigenic effect in the pregnant than in the
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non-pregnant rat, but they also found no appreciable
increase in the metabolism of untreated pregnant controlse.

For a measure of the physiological energy
requirement in pregnancy, therefore, we must depend largsly
on the less direct methods of measurement of food intake.
A few studles of this sort have been made both on man and
on animals. The humen studies, which have been reviewed
and reluctantly accepted by Garry and Stiven (19%5) and
Garry and Viood (1945) have indicated that there is little
extre energy requirement during pregnancy. Although the
basal energy expenditure rises towards the end of pregnancy
the increase appears to be offset, at least in part, by
a reduction in muscular activity. It is interesting to
observe that the U.S. National Research Council tables of
dietary standards (1945) make an allowance of L4OO Cal.
for the latter half of pregnancy, but the Ieague of Nations
Technical Commission (1935) tables make no allowance. The
former standards are, however, uniformly more generous than
others.

Food intake studies on experimental snimals during
pregnancy have bsen made by Wang (1925), Slonaker (1927),
Cole and Hart (1938) and Murray (1941). fiang claimed
an increase in food intakebof the pregnant rat of 0-1k
per cent., with a mean reduction in activity, as measured
by revolving cages, of up to 96 per cent. Slonaker,

in a technically more satisfsctory investigation, found
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en almost immediste increese in food consumption of about
10 pef cent. which remeined substantially constant until
the eighteenth day of gestetion when thers was a rapid fall
in inteke to about 60 per cent. of the non=-pregnant level.
Activity, agaln measured by revolving ceages, was found to
drop immediately after coitus to 17 per cent., rising later
to 21 per cent., of the non-pregnant level. This fell in
activity, Slonaker clsims, is one of the most reliable
criteris of successful mating. Oestrus, although in
general suppressed during pregnancy and lactation, tended
to recur at various steges of the gravid period. The most
critical point was &t about 1l days gestation and abortion
and resorption were most llable to occur at this time.

The findings of Cole and Hart (19%8) are substantislly the
same as those of Slonsker, but they found an increasse in
food inteke of about 30 per cent. within 48 hr. of coitus.
Murray (1941) found a total increase in food consumdtion

In rats of about 30 per cent. but in this case the increase
was gradual and progressive throughout almost the whole

of pregnancye. Murray also recorded the rapid decline

in food consumption in the last four days of pregnancy.
Although these_investigations show great variations in

the extent of the changes observed there is general
agrezment as to the form, namely an appreciable increase

in food intake (but small compared to that observed in

lactation) and a great reduction in activity.
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Slonaker, in the same study, and mocrs recently
Brobeck et al (1947), observed a pronounced cyclical
varlation in food intake and activity with the osstrous
cycle. Both investigations showed & fall in food intake
and bodyweight with a rise in activity during oestrus with
the reverse tendencles during dioestrus. Brobeck et al
found a2 hyper- and hypothermla during dioestrus and oestrus
respectively, which 1s 1n agreement with Toﬁpkins' {19,5)
findings for the corresponding stages of the menstrual
cycle. Brobeck's results show these cyclical changes
to be very pronounced not only for ths group but for
individual animais alsoe. They also found that in pssudo-
bpregnancy the pattern is similar to that in pregnancy up
to 14-16 days (the normal period of termination of pseudo=~
pregnancy in the rat) with increased appetite and reduced
activity.

If we take Slonaker's average value of 2 g.
additional food per day during pregnancy this gives a total
excess intake of the order of 4O g. during pregnancye
Even with a welght increase of sbout 60=70 g. in this
time, corrssponding to a litter of about 10 pups, the
tissue dsposition as dry matter would not be expected to
amount to more than «bout 20 g. which would suggest an
increased snergy usage of about h Cal. or 10 per coante.
per dieme There is, however, no evidence to show how

much of this additional ingested food is absorbsd, and
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it would require only a small reduction in ebsorption
efficiency, 5 per cent., completely to offset the increased
intake.

By end large, then, the studies on the rat
give much more definite evidence of increased food
consumption and inferentially of hlgher energy ussage.
during pregnency than do the corresponding humen studiese.
The incresse 1s, nevertheless, smeller then might be
expected and relstively very much smaller thsn is found
to occur in lactatione. It mus be recsaslled, however,
that these studies are necessarily confined to animals,
end to some degree to women, in & restricted znd largely
artificial environment. It may be that, under less
synthetic conditions, the struggle for survival snd quest
for food would not permit such a great reduction in
activitye. When such increase in food intake as does
exlst 1s considered along with the very great reduction
in activity it would appear that the increase in the
physiological non=active energy expenditure may be at
the upper limit of or rather grester than the increases
recorded in the non=physiclogical "basal" energy
expenditure.

Very little work hes been done to give any

indication of the existence or direction of any

preferential combustion of fst or carbohydrate during

pregnency. Reprew, (1889), found a decline in the
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respiratory quotlent as pregnancy advanced in a dog, a
guinea=-pig and thres rabbits; he also found, however,

a fall in the total metabolism of these snimals which is
not in agreement with the eight of the evidence. 0ddi
and Vicarelli (1891) found an increase in the R.Q. of
pregnant mice. Most of the later work measurss only
oxygen or carbon dloxide production which gives no
partition of energy source, but Spiga-Clerici (1937)
found no change in Reg. during human pregnancy while
Johnston et al (1938) found a steady rise in the fraction
of the energy derived from fat in human prsgnancy without
any explanatory fall in food intake. As Cathcart and
Markowitz (1927) have pointed out the simultaneous
operation of processes of combustion and interconversion
of prozimate principles and combustion to and of
intermediary metabolic products make it doubtful if the
R.Q. derived from short period studies has any

Interpretable significance.

Nitrogen Metabolism.

There have been many studies of the nitrogen
metabolism in pregnancy, but most of thess have been on

the nitrogen balance during relatively small periods



of time towards the end of human pregnancies. Such
clinical or para-clinical investigations ars of interest
but of very restricted utility as the period of study
frequently forms such a small fraction of the total
gestation, many of the subjects considersd are available
for study because of some colncident pathological
condition and the metnod of assessment of the dietary
intake of nitrogen is often unreliablee

narly work on nitrogen balance, by Hagemann
(1891) and Jageroos (1903) on the bitch and Ver Eecke
(1901) on the rabbit, was unanimous in its evidence that,
finally, pregnancy is a period of maternal sacrifice.
Although nitrogen 1is gained during gestation the event
of parturition, with its associated lossss, and the high
urinary nitrogen loss occurring for the first few days

post partum entailed a nett nitrogen loss for the mother.

Bar (1907) in a critical examinatlon of this work
corrected some of the values assumed by these authors

for the nitrogen content of foetus and membranes and
showed that some of the apparent nitrogen losses recorded
were, in fact, either non-sxistent or were over-estimated.
Even with par's modifications a number of the gestations
dild show very large nltrogen losses. Ver Eecke,

working on rabbits, _lso found this nett nitrogen loss,

and in this work san® of the losses were extremely high



amounting to as much as one sixth of the total non-
pregnant maternal nitrogen.

Bar has suggested that the diet of the bitches
iIn the former studies was 1lnadequate. as & rule the
nitrogen intake was about 0.8 g. per kg. bodyweight
per diem. In one of J&geroos'! bitches, when the
nitrogen intake was avbout 1.3 g., the energy intake was
probably low, while in another the nitrogen intake was
only 0.2 g« per kge. and the animal aborted «t the eighth
week of gestation. Also the animals in these studies
showsd pronounced anorexia from time to time which may
have been of dietary origin although it was regarded as
snalogous to the "normal” morning sickness of human
pPregnancye Ver Eecke's rabbhits were allowed carrots
ad libitum but their food utilisation decreased
progressively with the course of pregnancye.

Bar and Daunay (1905) and Bar (1907) record
extended snd beautlifully thorough work on bitches and
women. Thelr investigations on bitches covered a
total of 8 pregnancies in six animals, but in only
three of these was the total excreted N measured.

In all cases they found a positive nitrogen balance
through almost the whole of gestation, and when a
negative balance occurred it was confined to a few

days at about the fourth or fifth weeke. The total

maternal nitrogen balance over the whole of pregnancy,
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taking into account the parturient amd post partum lossss,

was elther positive or very slightly negative in each
animal.

In the studiss both of J%gerobs and of 3ar the
dsily urinary nitrogen either fell uniformly throughout
gostation, or rose to about mid-gestation and then fell
more rapidlye. The result of thls was an iIncreasing
daily retention of nitrogen at least in the second half
of gestatione. Neither Ver Eecke's nor uvhe two rabbits
studied by Bar and Daunay showed this tendency very
definitely.

Murlin (1910b), also working with bitches,
found, in general, a negative nitrogen balance during
the rirst half of gestation. He followed two animals
through the whole of gestation gad in one the total
excreted nitrogen (separate figures for urine end faeces
are not recorded) fell in the ninth wesk, and in the
other fell progressively from the fifth week. He also
. found nitrogen retention occurring during the period of
heat and ovulatione

Murlin has gathered his own findings and those
of the work discussed above into a table according to the
occurrence of positive or negative nitrogen balances
at each week of gestation. In the following table
I have expressed the number of positive balances for

each week as & percentage of the total number
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recorded for that week:=-

week of

Gestation 1 2 3 L 5 6 7 8 9
Per cent, |
+ve 62 5S4 33 29 U6 75 90 100 100
This demonstrates, in a rather crude fashlon,
a further basis for the suggestion made above that
negative belences tend to occur about the middle of
gestation. This tendency has not, however, received
any éerious comment from any of the above workers.
From a consideration of the extended form of
the above table which he constructed Murlin concluded
that, in the bitch, maternal niltrogen loss 1s a
characteristic of the first half of pregnancy and
maternai nitrogen gain a characteristic of the second
halfe. Since the embryo has not reached any appreciable
size by the fourth or fifth wesk thls statement
effectively implises that the first half of pregnancy
is characterised by & gross maternal nitrogen loss, a
conclusion which Bar's work st least does not support.
Of the humen studies, & considersble number,
Slemons (1904), Hahl (1905), Bar (1907), Rowe ef al
(1934), Thompson and Pommersnke (19%9), show s pronounced
fall in the urinary nitrogen in the last days of

pregnancy, while Bar's work shows a consistent decline
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in urinary nitrogen for some weeks ante partum. This

fall appears largely to occur in urea nitrogen.  Other
work, however, does not snow this fall so pronouncedly,
and then only in the last two or three days, -Hoffstrdm
(1910), Wwilson (1916), Coons and Blunt (1930), Sandiford
ot al (1931), Coons and Marshall (193l), Oberst and Plass
(1940) . Rowe et al found that the diminution in urinary
nitrogen was aceentuated in toxaemic pregnancies and that
the time taken by the mother's urine to rsturn to normal

levels post partum was lengthened In these cases. These

workers also found that, in normal pregnency, the total
blood N.P.N. was low but uric acid was high, while
toxaemia tended to reverse this relation.

Morris (1923), working on goats, found a rise
in the total urine nitrogen in the last days of pregnancy.
The early tenet that the first half of

pregnancy is a period of nitrogen loss has found mixed
support from workers who have investigated the nitrogen
balance in the early weeks of human pregnancy. Wilson
(1916) and Coons and Blunt (1930) found a positive
balance from the tenth or twelfth week onwards, while
Sandiford ét al (1931) and Thompson and Pommerenke (1939)
found a negative balance in the early months. Briihl
(1932) concluded from a review of the evidence that

nitrogen bazlance 1s negative about mid-gestation.
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In all studies covering the pusrperal period
in women and other animals, a period of negative nltrogen
balance 1s found lasting for four or five dayse.
Grammatikati (1884) suggested that this was due to nitrogen
loss entailed in the process of iInitiation of lactation;
Zachar jewski (1894), however, suggested that it was due
to the nitrogen loss in involution of ihe uterus. The
latter view was generally held until the work of Mellanby
(1911) aend Harding -nd Montgomery (1927), examining the
nitrogen partition in the urine, renewed the bellef that
the nitrogen loss and creatinuris were referable to the
onset of 1actafion. Harding =nd Montgomery, however,
stated thet uterine involution as & contributory factor
was "not necessarily excluded".

The mechanism of nitrogen retention in pregnancy
is not. at all clsare. Bokelmann and Scheringer (1933)
found no evidence for increased nitrogen absorption in
pregnancy and Coons and Marshall (193L) fouad that
digestive disturbances may actively reduce absorption.
There 1s not normally any evidehcé of high blood N.P.N.
The hypertrophy of t he anterior'pituitary and the
incresse in numbers of acldophils during pregnancy
(Severinghaus, 1937), which acidophils have been
associated with the production of growth hormone, and

the nitrogen retention which occurs after administration

of growth hormone (Ii and Tvens, 1947) suggest that



this may be involved in the nitrogen retention of
pregnancye This is, to some extent, supported by
the similarity of the iform of tissue deposition in
pregnancy (Poo et al, 1939, 1940) to that sometimes
found after administration of growth hormone (Lee and
Schaffer, 1933, 193l). 4lso the acromegalic tendencies
often observed during human pregnancy, with coarsening
of the features, have been attributed to anterior
pituitary activity, Dreyfuss (1922). There are,
however, many objections to stepping from a statement

of such similaritles to the postulate thst the anterior
pituitary activity is responsible ior the nitrogen
retention in pregnancye. Although both the acidophils
end the basophils of the adenohypophysis appear to be
increased in human pregnancy there 1s evidence that,

in rats (Herring, 1920) at least, the eosinophil count
may fall. Herring clso fallsd to find any hypertronhy
of the anterior pituitary of the rat during pregnancye
Kleiber =znd Cole (1939) found no significant change in
body composition uue to the administration of growth
hormone, but variations in the findings in thls respect
are to be expected due tovthe different initial stages
of growth of the animals used, which may take the form
of predominsntly fat or protein synthesls (Mayer, 19L9).

It can probebly be accepted that the induced growth



- 29 -

takes the form of = continustion of the motion of growth
operative at the beginning of treestment with somatotrophin
(Lee and Schaffer, 19%%, 193L). During the latter part
of pregnsncy in the rat wund some other species ablation
of the pitultery does not terminate pregnancy (4llen et =al
1939) although 1t prevents the initietion of lactationj N
this is not to say, of course, that its asbsence does not
affect the normel course of pregnancy, but it does suggest
that if the control of nitrogen belance in pregnsency 1is
hormonal the source of the control may be some orgsn other
than the pituitarye. A further complicstion of the
problem must be noted in the rise in urinary corticolds
during the period of meximum nitrogen retention (Venning,
1946) while adréenal cortex activity promotes protein
catabolism and nitrogen loss (Tepperman et el, 1943).
Chelmers znd Munro (1952)have shown that the
nitrogen retention produced by the growth hormone occurs
even with a dietary protein of inadequate gmino acid
composition. This indlcates that the retained nitrogen
is not necessarily assembléd 48 true tissue protein.
If the nitrogen retention in pregnancy is medlated by
the ssme or s similaf hormonsl mechanism, then 1t is
possible thst here also the maternal deposits may not
be present us true protein and may be lost in the same

wWeYe Poo éf 21 heve shown that the grester ert of
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the nitrogen geined during pregnancy goes to the maternal
tissues and carcass, so 1t 1s not unreasonsble to suppose
thet the nitrogen lost in the puerperium may arise
predominantly from these general deposits rather than
from the reproductive tissuese.

The importance of the placenta in maintaining
the phenomene of pregnency (Newton, 1935; Pritchard and
Huggett, 1947) suggest that this structure may be
instrumentsl in controlling nitrogen retention. It has
been shown that many steroid hormones, including oéstrogen
snd androgens, but excluding progesterone, are capable
of stimulsting nitrogen retention (Kochakian, 1946) and
these hormones gre found in the placenta although there
is little incontrovertible evidence that they are
produced there (Hammond and Huggett, 1952).

Further, the feeding of dried placenta (Hammett
end MceNeill, 1917) and of e protein-free placental
extract (Arthus, 193L) to nursing mothers has been shown
to increase the growth rate of the offspringe. Ihis
effect 1s probably due to stimuletion of the milk yield,
but may «lso entail an increesed nitrogen retention to
allow of the increesed milk yielde. The findings of
Cembell =nd Kosterlitz (1949) of & rise in the
ribonucleic scid of the liver during pregnency,

independent of any chsnge in the protein or phosvholipld
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content, even on a protein-free diet, may, eventually,

throw some light on this matter.

Water Metabolisnm

No record has been found of e satisfectory
direct study of water balsnce in pregnancy. Lttempts
have been made to exsmine the water balance of pregnant
women by Pommerenke and Thompson (1941) und Freyberg
6t ol (1938), but only the fluid water intake and the
urinary and faecal water output were directly meesured,
the other water sources and losses being represented by
dubious estimates, £lso the periods of study were shorte.
These findings are guite irregulsr, and impossible to
interpret with eny degree of confidence.

it is common assumption, on the besis of
indirect cvidence, that water retention is high during
pregnancy, and excessively high in inclpient pre-eclampsla
and pregnancy toxaemla. The number of studies on
pregnant - women which indicete o welght gain durlng
pregnancy greatly in excess of the mass of the conceptus
1s legione. These studies have been made to establish
the normels (Chesley, 194)1), to attempt to establish

~criteria for the orediction of eclamptic tendencies
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(McIlroy and Rodway, 19%7) and for a multitude of
assoclated reasons. Similer work has been done on rats,
mice and guinea-pigs (Chesley, 194L) snd on cows (Morgen
end Davis, 19%6). The immediste inference from this
excessive weight gain, amounting in women to about 10

per cente and in rats to about 1l2 per cent. of the
non-pregnant bodyweight, is that it is largely composed
of watere. This inference is supported by the common
occurrence of oedema in human pregneancy, accentuated in
pre=eclampsia, end perallel dropsicel conditions in

other animals. The occurrence «lso of the 20-25 per
cent. hydraemic increase 1in blood volume in human pregnancy
(Keith et &1, 1915, and, more reecently, Dleckmann and
Wagner, 193l, and also in rats, Bond, (1948), suggests

a high water retentioﬁ during pregnancye. The diuresis
which occurs during the puerperium mey result from the
loss of this retained water. On the other hand the
wiéight pein could be, &nd to some extent undoubtedly is

a true tissue solids gain (c¢f the work on nitrogen and
mineral retentions). The hydrsemia and the oedema

could be due to shifts in tissue water distribution,

and the puerperal dluresis could be a urea diuresis
accompanying the puerperal nitrogen loss. albers (1939)
has, in fact, shown that the normal pregnancy increase

in plasma volume 1is very much reduced in pregnancy with
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oedema, with g corresponding fall in the colloid osmotic
pressure of the plasmas’ The significance of this
indirect evidence is discussed by Chesley (1SlLl), and
Newton (1949, 1952).

Assuming this water retention, several attempts
have been made to define the site or sites of water
storage. Estimations of water content in verious
tissues (eg Hewitt «nd Van Liere, 1941) have not, in
generel, sﬁown any very striking change. The incrsase
in size of uterus and memmae will account for-a
considerable part of the weight increase, but this still
leaves, after taking into account the welghts of
of fspring, membranes snd amniotic fluid, about one third
of the totsl weight increase to be disposed of. Generasl
tissue and organ hyvertrophy could, however, account for
a considerable mass of water without any apparent chsange
in concentration; thus the increese in total nitrogen
of the liver, found by Poo et al (1939), without
a corresponding incres&se in hitfogen concentration
indicstes the liver as a storage plece for water also.

No adequete explanation of this water retention
has, so far, been forthcoming. It 1s reasonable to
suppose that if there 1s extra-cellular water retention
then there will be & corresponding retention of sodium

ionse The evidence found of & high sodium retention
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during pregnency (Coons et al, 1935; Hummel et al, 1937;
Freyberg et al, 1938), along with the evidence of
clinical practice of salt restriction dehydration in
pre-eclampsia (Chesley and Annitto 194%) duplicates
the problem without appreclably furthering the answere.
Indeed, the total sodium retained during pregnancy, if
all ionised, woqld entail a much gresaster water retention
than is indicated from the weight gain (Chesley, 19&&).
An interestling facet of this aspect of the
problem, however, is presented by the finding of Barelsre
and Richter (19%8) that, in diet self-selection studies,
the gppetite for NaCl of the pregnant rat rises by a
factor of 3'in the last week of gestation. This
sugeests that the sodlum retention may normally be
largely achieved by an increase in intake and may not
entail any grest alteration in excretione. Some
support for this is found in the large body of evidence
demonstrating the laeck of any substantial change in
renal function during normal pregnancy (Smith, 1951).
Although the assoclated retention of water and sodium
'are complementary questions rather than juestion and
snswer, the association does serve as a reminder that
whatever the normal degree and mechanism of water
retention, this is liable to alteration by alteration
in Na retention &nd, in particular, by restricted or

excessive salt intakes
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The tacit assumption thsast any water gained
will be extra-celluler is contra=indicated by the work
of Heppel and Schmidt (1938). They found that in rats,
excess retention of potassium above foetal requirements
is correlated with the maternal weight increase above
foetel weight. In potassium deficiency, up to 0.l
per cent. in the diet, the mothers lost weight during
pregnancy although they produced litters. Newton
(1935) found thst the weight increase in pregnant mice
was maintained after destruction of the foetuses and
was lost when the placentae were delivered at the normal
time. Newton and Van Wagenen (19&5) found, in similar
work on the monkey, that in this species the weight gain
was continued after destruction of the foetuses until
delivery of the placentae at term. 4 preliminary
report by Dewar and Newton (1950) of the results of

direct water balance studles, stetes that the post partum

weight loss in the "pseudo-parturient" mouse is 80

per cent., water and that water loss can occur at this
time along with nitrogen retention. Newcomer (19L7)
found in the rst, by removal of various combinations of
hypophysis, ovary, placente and foetus, thst only the
placenta was capable by itself of producing the
characteristic hydraemia of pregnancy. These
findings indicate thst the placenta is the dominant

factor in water retention 1In pregnancye.
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Several workers have observed the presence of gn
antidiuretic principle in pregnancy urine (Teel and
Reid, 1939; Krieger and Kilvington, 1940), and in
serum (Criffith et al, 1942), but thsre is doubt as to
whether this 1s present in significant excess over non-
pregnant levelse. there 1s no indication that this
particular anti-diuretic principle is of posterior
pltuitary origin, nor that the placsnta elaborates a
specific anti-diuretic.

zuckerman ¢t al (1939) have shown that treatment
with oestradiol increasses the water and salt contents of |
all tissues in the rate They also found evidence
that progesterone and testosterons stimulate water
and selt retsation but with a delay of some dayse
Taylor et al (1943) found that administration of oestrogens
or progeéterone reduced the loss of Na and of water in
the puerperal period. The increase in urinary
corticold excretion during pregnancy suggests the
mediation of the adrenal cortex in water retention;
the expected colncident effect of nitrogen catabolism
has alresdy been pointed out (p. 29 ).

It seems possible, from ths above evidence,
that one or more of the placental hormones, oestrogesn,
orogesterone, androgens (Hammond and Huggett, 1952),
may affect water balance non-specifically, or that the

placsnta may act through the pitultary or adrsnal
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cortex to produce water retention. Newcomer's evidsnce,
nowever, argues agalnst the pitultary being an essential
link in the schemes. If the somatotrophin of the
anterior pitultary is, in fact, concerned with the
nitrogen retention, then the degree of polydipsia which
occurs with its administration to non-presgnant animals
would, presumably, also occur naturally in pregnancye.
But in the non=pregnasnt organism this polydipsla appears
to be balenced, if not over=-balanced, by a polyuria

(68 Gaebler and Bartlett, 1939) and so it is unlikely
to account for any great degree of water retentione

Also the post partum loss of water with simultaneous

retention of nitrogen (vide supra) presents an obstacle

to the conception of one hormone stimulating both
retentions.

There 1s no evidence to indicate whether the
assumed wéter retention is achieved by an incrsass
in intake or a reduction in elimination or bothe.
Dewar and Newton's (1950) finding that the puerperal
water loss 1s achieved by a reduction in intake without
a corresponding fall in exeretion would suggest an

increase in intake uwuring retentione
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Effects of ige and Parity.

The numsrical assassment of reproductive
efficiency within species has, in general, shown that
this aefficiency is at a maximum at a certaln age group
and at 2 certsin parity. On either slide of this age
group and parity the rsoroductive efficisncy falls away.
The criteris of reproductive efficlenev used are
relstively simple snd gross, such as stillbirth snd
nsonatzl death rates, total wsighl and numbsrs in a
litter, number of youngz rearsd to wezning =nd so one.
Such critaria have no velidity for inter-species
comparisons but have s broad vslus in intra-spscies
comparisons. saird (1945, 1347) has shown minimum
stillbirth and neonatal death rates {(for Scotland)
to occur in the age group 20-24 years, and for the
second gnd third child in womene. Age and pserity
both sppear to be significantly associsted with thess
rates spart from their own associstion. Less clesarly,
from the hosnital records of iberdesn, he has shown a2
relgtion betwesn premeturitv and toxsemis znd thesse
factors.  Strandskov snd Zinhorn (1948) have found
substantielly the sems relstion with age of mother

in U.S. poomulations with sn adiitional senarstion into
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white and colourad mothers, the latter showinghigher
rates.

King (1924), Cox and Imboden (1936), Asdell
et al (1941) and Murray (1941) have all shown in rats,
a decllne in litter sizs and in percentage of young
weaned with increasing parity, the maximum lying at
about the first or second litter. Their data on birth
weights and weaning welghts show no consistent change
with paritye. Mehner (19L0), however, found no
conslstent change in litter size of guinea pigs with
suceeeding pregnancies. Korkman (1947) and Olsen (19%9)
have found substantially similar changes with parity in
pigs, although the maximum efficiency occurrsd ot a
later point.

Rowe ot al (1931c) found a lower maternal
bodyweight gain in multiparae than in primiparae, but
it may be noted that the former were subject to a
rather different environment and degree of worke
Robinson et al (1943) found a higher weight gain in
.primioarae, esoecially et the end of pregnancy, but
they also found that the greater weight gains were made
by the iInitially lighter women. McIlroy and Rodway
(1937) found a lower gain, unassociated with infant
weight, in older women and these workers slso found

that the greater gains were made by the initisglly
1ighter women. Brey (1938), on the other hand,
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claimed that neither parity, age nor body build of
mothers is a factor determining changes in bodywei ght.
Morgan and Davis (1936) found that the monthly weight
gains of dairy cows were, in the first gestation,
progressively greater after the fourth month, but that
in subsequent gestations the monthly increments were
equal and progressively smaller with each successive
gestatione. The weights of the calves slso declined
Withlparity but this did not entirely account for the
total decline in weight increment.

hese data on declining weight gein could
be interpreted as a decline in water retention with
each suoceeding pregnancy with as much validity as the
assumption of water retention from the evidence of
weight gain. Again, of course, there is no direet
evidence to relate the two phenomsna. It 1s also
possible that the changes in weight gain may be due to
conceptus weight even if independent of foetal welght.
It 1s interesting, in this respect, to note the finding
of Zacharjewski (1894) that the weight of amniotic
fluld is about one third lower in multiparae than in
primiparae, but this is based on only 5 and l cases
rSSpeCtivelj.

The evlidence for chsnges in retention of

individual substances is sparse and quite Inconclusivee.
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Hshl (1905), Bar (1907) and Wilson (1915) 211 found
evidence of a higher nitrogen retention in primiparae
but the values showed a great scatter snd the difference
is not statistically significant. Hummel ot al (1937)
in studies of one primipara and one quadripara found
the nitrogen retention of the former greatly in excess
of that of the latter while neither sacharjewski (189))
nor Coons and Blunt (1930) show any tendency to diffsrence.
Similar inconclusive and stetistically insignificant
evidence is available for mineral retentions.

It is of interest that the first pregnancy

in women seldon gives rise to icterus gravis of the

newborn in incompatable Rh matings while subsequent
pregnancies show increasing liebility to iso~immunisation
of the new-born. (Mollison et al, 1948). The szme
effect appears to operate in animals in which a parallel
condition is found (Bessis, 19&7), and may also operate
in the apparent stefility due to aBO incompatability
(7iaterhouse and Hogben, 1947). There is, st present,
no conclusive evidence to snow whether this increased
sensitivity of the foetus to maternal antibodies or the
increased 1liability of the maternal 3h negative blood

to sensitisation by the foetal antigen is due to
increasing maternal antibody titre, to physlologically
increased pe rmeabllity or to increased fragllity of the

placenta on successive gestations, or to some unknown
factor.
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MATERIATS

Experimental Animals

A1l the work reported here has been done
using female rats of the hooded Wistar strain. These
have been bred in this Institute as a closed colony,
excluding brother-sister mating, from a nucleus of 10
femaless and 3 males obtsined in 1948 from the stock of the
Rowett Research Institute.

Details of the charscteristics of the animals
used 1ﬁ the metabolic work and of those used in the foetsl

snd placental growth study are presented in table (28).

Diet

The use of a semi-synthetic diet, although
very much more convenient for metabolic work, in that it
can be chemlicelly and energetically more rigidly defined
(vide p.141 ), cerries with it always the risk of
nuﬁritiomal deficiencye. This 1s especially true when
the requirement is ior continued reproductive activity,

end the many complex problems involved here have reecently
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been reviewed by Russell (1948). The ed?ition to 2
seni-synthetic diet of natural foods such as greens «nd
fresh milk largely eliminates this risk, but such
aupplementation is not practicable in closed metavolic
studies.

To avoid the possibility of nutritional
deficiency et the cost of losing rigid definitlon of the
dlet, I decided to use a stock cube diet.

For the study on female 377 the Rowett Institute
stock rat cube diet wes used (Thomson, 19%6; modified,

Russell, 1948). This diet is adequate for reproduction

but improved performence is obteined if it is supplemented
by fresh milk and greens during pregnancy and lactation.

The composition of this diet is as follows:-

Whest O0ffel (bran) 17.7 per cent.
Ground whest 17.7 " !
, Sussex ground osts l?.g " "
Ground mailze 8. " "
Ground barley 8.8 " "
Wihite fish meal (60 per cent.
protein) hog t
Meat and bone meal (L5 per cent.
protein) 8.8 " "
Dried skimmed milk 1.0 " "
Dried yeast le2 " "
NaCl Ouy 1 ;
Cod~-liver-oil o.L " i

A1l the other studies were made using the Diet
1 (Bruce end Parkes, 1949) as prepasred commercially by

issociated Flour Nillers (London). This diet is stated
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to be adeguate, without supplement, for reproduction in
the rat z«nd mouse. The composition of this diet is as

follows:=

Wholemesl flour L6.0 per cent.
Sussex ground oats. Lo.o " "
Fish-meal 8.0 " "
Dried yeast 1.0 " "
Dried skimmed milk 3.0 " T
NaCl 1.0 t "
Cod=liver=oil. 1.0 " "
Digestible protein 13.6 " "
Soluble carbohydrate LBJ M "
Fat L!_. 1 1
Fibre 1.2 v "

It has become apparent both in this work and
from the general breeding performance of stock rats
receiving this diet in this Institute, that Diet L1 is
not adequate without supplement for continued reproduction.
On an exclusive regime of this diet weaning weights of
stock rats have dropped from 45 to 30 g. ; have been
unable to get any third or further litter from rats on
this regime and no sestisfactory reproductive performence

after the first litter.

The source of the deficiency in this diet 1s
not known, but possible ceuses are discussed later (p.266 )
The proteln content is given by Bpuce and Parkes es
sn anslyses of food batches used

1%2.6 per cent. and my O
show crude protein (total N x 6.25) to be 15-16 per cente
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of the fresh weight, or 17-18 ver cent. of the sir-dried
welght, which should be adequate. As cen be seen from
the above table the protein is not first class, but, in
any case, a relatively mild degree of protein deficiency
should not have such a drastic effect on reproductive

performance, (cf Russell, 1948).



THE METABOLISK APPARATUS

DISCUSSION OF DESIGN

0f the two methods of animal calorimetry,
direct and indirect, or respiration, calorimetry the
latter entails the construction of simpler and very
much less expensive apparatus, and if either is to be
used alone the indirect method is more informative,
giving a chemical as well as a physical picture of the
energy metabolism. For the present work, alsb, it 1is
important that whatever type of instrument be adopted

it must be adaptable to use for 2, hour periods of study.

Direct Calorimetry.

The modern water bio-calorimeter of the type
constructed by Rubner for the dog, and Atwater and Rosa
for man, is a complicated piece of machinery and its
construction and operation is beset with technical
difficulties. The more recent types of compensation
(Benedict and Lee, 1937) and differential (Murlin and
Burton, 1935) direct calorimeter are technic ally simpler
instruments if used for purely direct ¢alorimetry, but
adaptation to the simultaneous recording of respiratory

exchange greatly increases thelr complexity. A more
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recent development in direct calorimetry uses thermal
gradient methods (Benzinger & Kitzinger, 1919).  This
method 1s more easily adaptable to simultaneous
measurement of respiratory exchange and may also be
capable of quantitatively paritioning the heat disposal
by various routes. I did not consider, however, that
the great additional tecunical ditfficulty and expense of
direct calorimetry was justified in the present work.
Once the basic concept of the application of the law

of the conservation of energy to vital processes had
been established a great part of the necessity for
direct bio-calorimetry was eliminated. There is,
undoubtedly, much still to be done by parallel direct
and indirect methods in improving our knowledge of the
energetic equivalence of respiratory exchange in
different species under different dietary conditions,

but this work has not been undertaken here.

Indirect Calorimetry.

I decided to use the method of indirect
calorimetry, partly because of its greater simplicity,
but largely to obtain this fuller chemical picture
of the metabolic process. The design of a suitable

apparatus, however, presented some difficulty.



The advance in the precision of indirect
calorimeters from the pioneer experiments of Crawford
and of Lavoisier and Laplace to the instruments
constructed by Regnault and Reiset (1849) and by
Haldane (1892) was great, and these latter workers
set the type for all subsequent calorimeters of the
closed or open circuit types respectively. A further
major development in design produced the Benedict-Roth-
Collins recording spirometer type of calorimeter.
Otherwise development in indirect calorimetry lay
largely in adapting these three types of instrument to
the special size and habit requirements of dif ferent
species.

Most of the closed circuit modifications are
of a type not easily adaptable to the requirements of
long-period trials. In the case of the Regnault-Reiset
type of instrument the animal is subjected to an
atmosphere almost fully saturated with water vapour, while
in the case of the Benedict-Roth type of instrument
the humidity of the inspired air, although reduced to
some extent by the soda-lime absorbing tower, is still
much higher than normal. In neither instrument can
there be any measure of the water balance of the animal.
The Benedict-Roth instrument makes no measurement of the
COo production and uses the oxygen consumption and' an

éssumedly constant R.Q. as a valid measure of the energy



expenditure. This instrument also depends for its
operation on the ability of the respiratory pressure
changes to operate the valve mechanisms; obviously
such an arrangement is not feasible for very small
animals. Both of these types of instrument are also
limited by the relatively short metabolism period for
which they can be operated. Although the Regnault-
‘Reiset instrument could be modified to cover 2 hour periods
it is unlikely that subjection of an animal to 100 per
cent hunidity for such periods would give a very normal
picture of its energy metabolism. This criticism of
limited tine of study can be levelled with even greater
force at the manometric type of apparatus in which the
oxygen cmsunption is recorded by the fall in pressure
within an air-tight animal chamber conbtaining a COp
absorbent. This method of oxygen recording is not
satisfactory unless very accurate records of atmospheric
pressure are kept (Balogh, 1951), and the dependence of
coé absorption on simple ditffusion is not a happy
arrangement.

Haldane's open circuit method and its subsequent
modifications (e.g. Benedict, 1938), eliminates most of
the disadvantages of the standard closed circuit methods.
The animal can be supplied with air of a normal humidity
and the total water balance can be estimated. The

ventilation rate of the instrument can be varied at will
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to reduce the COp concentration to a very low valus.

The metabolism period can be of any length; with small
animals all the COp and water produced in one day can

be easily absorbed, but with large animals the period

of study can easily be maintained at one day by
continuously aspirating a small sample from the main
emerging air stream through an absorbing train (Ritzman
and Benedict, 1929). Such an arrangement has, however,
its own disadvantages. For small animals the oxygen
consumption by this method is found as a weight ditference
involving the weight change in the animal which is
extremely difficult to obtain with any degree of precision.
Over short periods of study it is possible that the

carbon dioxide production alone is a better measure of

the energy expenditure than 1s the oxygen consumption alone,
or even the oxygen consumption with the R.w. (Poulton, 1938).
For long periaeds of study, however, or any study which

does not involve the post-absorptive condition the Adams
end Poulton (1932, 193, ) comcept of the 'constant
combustion ratio' cannot be accepted. For large

animals, the air seampling mechanism, although simple in
theory, is technically di fficult if the records cbtained
are to be representative of the total gaseous exchange;

it is also necessary, with large animals to meter the

total airflow and to perform frequent gas analyses of the

chamber air. These sources of error would not have
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been of such great importance if the open-circuit method
had been used over long metabolism periads, but although
capable of being so used it seldom has been. The end
in view as usually been to obtain the metabolic rate

of an animal under a constant state of stress or rest,
either of which can only be meintained reliably for a
short time. The emphasis lald on the constancy of the
animal's state of activity, particulaerly the emphasis
laid on the importence of the basal state, (Benedict, 1938),
has, I believe, been largely responsible for the
restriction of calorimeter design to ﬁhe measurement of
short period trials.

The methods of calorimetry based on the analysis
of the expired air (Speck, 1892; Douglas, 1911,) are
essentially open circuit methods since the inspired air
is always atmospheric air. These methods could be
adepted to longer periods of observation but, again,they
require the actuation of a valve mechanism.

A combination of the open and closed types of
circuit was used in the indirect calorimetry component of
the Atwater-Rosa-Penedict calorimeter. A modification
of this, to measure the purely pulmonary respiratory
exchange in man was developed by Benedict (1912), and
used by Benedict and Cathcart (191%), in their study of
musculer work.  This depends on the circulation of an

isolated atmosphere, which is respired by the subject,
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through a water and carbon dioxide absorbing train by means
of a rotary blower punp. As the gasegous products of
metabolism are absorbed oxygen is passed in, to maintain
the oxygen tension of the atmosphere, either directly from
a cylinder (when the oxygen usage is measured gravi-
metrically), or from a spirometer (when it is measured
volumetrically). The fuﬁdamental principle of this

method was incorporated, by Knipping, in a small portable
apparatus for the clinical estimation of the basal

metabolic rate.

Used in its original form this method combines
the best of both worlds, enabliing direct measurement of
all the components of the respiratory metabolism and
easily adaptable, when used for small animals, to long
period studies. The major technical difficulty in the
construction of such a machine lies in devising a pumping
device which will not be liable to leaks to the outside
atmosphere.

When the present work was under consideration
an adaptation of the above method for measuring the total
metabolism of mice over 2} hour periods was published by
Dewar and Newton (1948). This instrument uses a Dale-
Schuster punp with bunsen valves for direction of the air-
flow. The velve mechénism used by this pump in its
intended function of fluid circulation is unsuitable for

air. The use of a rubber membrane pump effectively



— =7
-y 2N

]
<

eliminated the leak hazard from this part of the
instrument; other objJections to the use of this type of
punp are discussed later (p. 80). The oxygen used is
measured volumetrically being supplied continuously from
a spirometer to maintain the pressure of the circulated
atmosphere. This instrument is obviouély the best
small animal respiration calorimeter so far produced,
and I decided to use the design, modified for wse with
ratse. A fairly detailed description of the principles
of design of the instrument is given in their published
work, but I am indebted to the late Professor Newton

and to Dr. Dewar for much valuable additional information
on technical points, and for allowing me to inspect
their apparatus.

The primary modification to be made in the
instrument as designed by Dewar and Newton, was to increase
its size to accommodate rats. Other minor modifications
were made and these will be discussed at appropriate
points in the following description of the apparatus.

Diagrams of the original design by Dewar and
Newton, and of the final design adopted by me are given
as figs. (1) and (2). Photographs of the apparatus
which I constructed are given in figs. (3) and (L).
Although the instrument described here is based on
that of Dewar and Newton, considerable modifications had

to be made to the original form in siting and construction



of the components to adapt the apparatus for use with
rats. As only a few of the accessory and none of the
primary components were availeble commercially, the form

of the apparatus as constructed by me is given in detaill.

CONSTRUCTION OF THE METABOLISM APPARATUS

Constant Temperature Cabinet.

The entire apparatus must be maintained at
a uniform temperature, not only to reduce the corrections
necessary in volumetric measurements, but alsc to render
the metabolism of the animal as far as possible independent
of response to environmental temperature change. It is
necessary, also to protect the animal from extreme
temperature fluctuations whicn, in the rat, arc very
favourable to the develomment of respiratory infections.

A heat iInsulated cabinet which had been built
in this department for another purpose, but long disused,
was utilised. This is a double walled box, the outside
wall of plasterboard, strengthened with § in. x 2 in. wood
straps, of dimensions L7 in. x 29 in. x 29 in., and the
inside wall of plasterboard. A 2 in. interwall space
is filled with granulated cork. The roof and floor are
of & in. wood. There is no false floor. This gives

inside dimensions of [}3 in. x 25 in. x 27 in., and the
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design of the component parts and the assembly of the
apparatus had to be considered in relation to the size
of this cabinet.

The front of the cabinet is also doublefwalled,
the outer wall of '3 in. wood, and is hinged on the upper
edge, that is, it must be lifted up to allow free access
to the interior, (cf. fig. ). 1In its original form
this door had a central 9 in. square double glass window
and two 3 in. square oPenings to allow manual access to
the contained apparatus; for these were substituted one
double glass window 32 in. x 15 in. To the flying edge
of the door was bolted a heavy steel eye so that the door
could be held open by a chain and hock suspended from a
ceiling joist.

The box was gutted of the remnants of its
original contents. A toluene thermoregulator, a mercury
arnd coil relay and an air fan were retained.

On top of the main cabinet there is a subsidiary
box, fig. (3), not heat insulated, which had originally
been used to house the motor which drove the air fan by a
belt drive. I decided to mount the air pump and 1ts
driving motor here, the latter having a through shaft
from which the fan could be operated by a pulley and belt
drive as in the old system. This arrangement was altered
at an early stage; details of the final powering

arrangement are given on p.79 .

The plasterboard walls of the cabinet can
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only carry relatively light loads, so racks were made to
carry the animal chambers. These chambers, with their
accessories and the animal weigh about 8 kg.  Three sets
of racks were built; one on the back inside wall to carry
the loaded chamber actually on experiment; one on the
front left inside wall to carry the replacement chamber

so that it could be kept at the cabinet temperature; and
one on the front left outside wall to carry the chambers
during the changeover period and during the preparation

of « chamber for use. The racks were of vertical 1l in. x
1% in. section wooden batons, set 6% in. apart, and each
carrying 8 in. iron angle brackets. The batons are
screwed to the heavy jolsts which form the frame of the
cabinet. The angle brackets are set 18 in. above the
floor of the cabinet, allowing sufficient clearance for

the assembled chamber, and on their projecting ends are
mounted small wooden stops to guard against the chamber
being accidentally pulled off or shaken by vibration, figs.
(3) and (k).

Two openings already existed in the roof of the
cabinet. These are lined by 1y in. brass bushes to
prevent acattering of the granulated cork. One, in the
back left corner of the roof had been used for the
thermoregulator, the bulb being inside and the adjustment:
outside the cabinet. I decided to continue to use 1t

for this purpose. Although a thermoregulator might have
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been better installed in a more central position it would
then have interfered with the free movement of other
components of the apparatus, and I relied on the fan
maintaining a substantially uniform temperature throughout
the box. The other opening runs, in the front corner of
the roof, fram the main cabinet to the pump housing and
was suitable for carrying the air ducts to and from the

punp, fig. (1lh.)

Animal Chambers.

Two animal chambers were made to allow
conveniently rapid procedure in the daily changeover,
and also to avoid subjecting the animal to stale odours.

The design of these was based on that of Dewar and
Newbton, modified to accommodate an adult rat. Since an
adult rat is of the order of 10 times greater in weight
than an adult mouse the chamber size could not be
increased to & corresponding degree or it would have
become quite unmanageable. The chamber was, therefore,
made of a size which appeared mam geable but which would,
I believed, adequately accommodate an adult rat. Iater
experience has indicated that this chamber 1is on the small
side, allowing the animal very little freedom of movement,
and in a new instrument now under constrwtion the design

has been largely altered.



A photograph and diagram of the assembled
chamber, as constructed in the workshop here, are shown
in fizs. (5) and (6) respectively. The body is of
1/32 in. brass, brazed at the junction of the edges to
form a 6 in, diameter cylinder, The base, of the same
material, is conical, the angle of axial section being
120°; this base is brazed, at a %+ in. vertical overlap,
to the cylindrical body. At the apex of this cone 1is
brazed a 3+ in. brass tube 1% in. long, through which
can pass freely the stem of a metal collectling funnel
for urine. To the upper end of the cylinder is brazed
a heavy flange, of % in. brass, 1.4 in. wide. This
flange is tapped at eight points in its circumference and
carries 4x% in. brass bolts,.

The 1id of the chamber 1s of the same material
as the body and carries a simllar heavy brass flange.

The roof of the 1id 1s flat with a central 2 in. tube
outlet to carry the chamber thermometer, The flange of
the 1id has 5/16 in. holes bored to correspond to the
bolts tapped into the body flange.

In the chamber oriliginally desligned by Dewar and
Newton the alr inlet and outlet tubes both passed through
the 1id of the chamber. Ventilation is, however, better
achieved by bringing the air inlet to the bottom of the
chamber wlth the outlet at the top. In my design the
inlet tube passes through the wall of the body of the



chamber, just below the flange, and 1is there connected by

an angle block junction, to a vertical 5/16 in, diameter
brass plpe 8 in. long, which passes down the well of

the chamber almost to the beginning of the conical base.
The alr outlet 1s a similar tube tzpped into a block
‘bush in the wall of the 1id in a corresponding posltion.
This achieves the bottom to top airflow but avoids the
awkwardness of having a plpe descending from the 1id

to the bottom of the chamber with the possilbility of its
fouling the chamber contents during the removal or
replacing of the 1lid. The close proximity of the
external connections makes for ease of manipulation in
the setting up and dismantling of the apparatus. Tre
positioning of the connections near the flanges reduces
the possibility of flexion loosening the joints and
giving rise to leaks. The screw joints into the wall
and block ushes are reinforced by locking nuts and 211
the threads were packed with "Bostik" cement when the
chamber was finally assembled.

In the front of the chamber wall is a
rectangular window, 6 in. X 6 in. Through this, 1li:zht
can reach the chamver and the animal can e viszwed., The
window sutstance is 1/1€ in. perspex 7 in. x 7 in.,
bent in hot water along its long axis to the curvature cof

R
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at a more sultable temperature, ilOOC., were not
available when the se chambers were being made. The
perspex 1s fixed to the outside of the chamber wall by
screws passing through drilled holes in the perspex

and tapped into the chamber wall. The overlapping
adjacent surf:ces of perspex and brass (3 in. all round)
Werercoated with "Bostik" and the window screwed tightly
into place. This window was a major source of leaks
due to the springing of the perspex. The number of
binding screws was doubled and their threads were packed
with "Bostik". This improved the gas-tightness of the
chamber but did not completely solve the problem, The
perspex-metal borders, both inside and out, were filled
with "Durofix"™. These measures were effective in
reducling the tendency to leaks. It was found later that
the perspex was liable to minute fractures, caused by
successlive slight blows against the chamber racks; the
leaks which developed in this ﬁay were cured by smearing
perspex cementrover the region,

The tube outlet from the base of the chamber
is covered with £ in., rubber tubing sealed to the brass
tube with "Bostik". The rubber projects £ in. beyond
the end of the brass tube and the outside surface of its
1ower.end was buffed to a slight taper, sufficient to

allow 1t to act as an airtight stopper for the 1C0 ml.

Brlenmeyer flasks used as urine collection vessels.
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Gaskets 