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Perinatal mortality, growth and
survival to weaning in offspring of rats reared on diets
moderately deficient in protein
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1. The reproductive performance of rats reared from weaning on a moderately protein-
deficient (I.P) diet containing 8o gcasein/kg, or on a control diet (HP) containing
250 g casein/kg has been studied. Although the rate of growth was reduced in LP animals, these
rats eventually achieved the same adult weight and appearance as the controls.

2. Weight gain during the first 2 weeks of gestation was similar in the two dietary groups,
but during the 3rd week HP rats gained twice as much weight as the LP animals.

3. Viable litters were produced by 78 % of the HP rats mated but by only 33 % of LP rats.
Most of the offspring which died did so during or soon after birth; so the perinatal mortality for
the offspring of LP rats was 73 % compared with only 26 % for control rats. After the first few
days of life, the chance of survival of HP and LP offspring was similar.

4. At birth the mean body-weight of the offspring was 5-4 g for HP offspring and 47 g for
LP offspring. However, the mean body-weight at birth of viable offspring was similar whether
they were from HP or LP rats (HP 5-6 g; LP 5-3 g). At weaning, HP offspring weighed 312 g
and LP offspring only 133 g.

5. When the HP diet was given to LLP rats at parturition, the viable offspring achieved a
weaning weight of 315 g, but there was no decrease in the perinatal mortality.

Severe food restriction. results in infertility in women (Antanov, 1947; Smith, 1947)
and poor reproductive performance in the rat, even when food intake is restricted only
during reproduction (Nelson & Evans, 1953; Chow & Lee, 1964). A severe restriction
of dietary protein usually results in a reduction in energy intake as well, which in itself
would impair reproductive performance. Certainly a diet containing 20 g casein/kg is
inadequate for the maintenance of pregnancy in the rat whether due to a lack of pro-
tein, energy, or both (Aschkenasy-Lelu & Aschkenasy, 1957). On the other hand, a
less severe restriction in dietary protein imposed only during gestation may have little
effect on the weight and size of the litter at term, as has been shown with a 100g
casein/kg diet (Naismith, 1966) or at birth when a 70 g wheat-protein/kg diet was offered
(Venkatachalam & Ramanathan, 1964). These observations support the idea that the
foetus can obtain the nutrients it needs at the expensc of the maternal tissues (Ham-
mond, 1944). Except in instances of severe dietary inadequacy this may well be true
during gestation, but is apparently less so during the lactation period when the nutrient
demands on the mother are particularly high. Thus in Venkatachalam & Ramanathan’s
(1964) experiments, although the 70 g wheat-protein/kg diet supported pregnancy,
there was a slower postnatal growth and a higher death rate in the offspring of the
protein-deficient mothers.

* Present address: Department of Physiology and Biochemistry, The University, Southampton
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When rats are reared from weaning on protein-deficient diets, reproductive per-
formance may also be impaired, as judged by the number and weight of offspring
brought to weaning (Goettsch, 1949; Stewart & Sheppard, 1971; Widdowson &
Cowen, 1972). It is not clear, however, to what extent the smaller number of offspring
reaching weaning is a consequence of inadequate lactation by the mother and to what
extent earlier events may be responsible. The work reported here attempts to clarify
this point.

EXPERIMENTAL

Female rats, bred at Mill Hill from a Hooded Lister stock, were housed at 22-5 + 2°
in wire-mesh cages. Humidity was maintained by flooding the floor twice daily. In
addition to normal daylight, artificial light was supplied for 12 h/d.

Table 1. Composition of control (HP) and moderately protein-deficient

(LP) diets

Amount in diet (g/kg)

Dried, milled constituent HP LP

Casein (Casumen) 250 8o

Carbohydrate* 350 520

Cellulose (Solka Floct) 100 100

Sucrose 150 150

Arachis oil 100 100

Salt mixture (Jones & Foster, 1942} 40 40

Vitamin mixture} 10 10
NDp :E (NDpCal %) o115 (11°5) o051 (5°1)

NDp :E, ratio of energy supplied by utilizable protein to total metabolizable energy.

Fat-soluble vitamins were supplied orally as o-1 ml/rat per week of a solution in arachis oil of : retinol
o'6 mg/l, ergocalciferol 7-5 ugfml, a-tocopherol acetate 5 mg/ml, menaphthone 3-32 mg/ml.

* Supplied as sucrose or as maize starch.

t Johnson, Jérgensen & Wettre Ltd, London EC4.

1 Composition (mg/kg): biotin 3-9, cobalamin o-1, folic acid 39, inositol 3900, nicotinic acid 97s,
calcium pantothenate 1160, pyridoxine hydrochloride 39, riboflavin 193, thiamin hydrochloride 58,
choline hydrochloride 11000, p-aminobenzoic acid 11000, maize starch to 1 kg.

Expt 1. Rats were weaned at 23 d of age at 35 + 5 ¢ body-weight and allocated at
random to an 8o g casein/kg diet (ILP) or a 250 g casein/kg diet (HP) offered ad Zb.:
the composition of the diets is shown in Table 1. They were weighed regularly and
their food intake was measured from time to time during growth, and throughout
pregnancy and lactation.

As they approached 150 g in body-weight, which occurred at about 4 months of age
in HP rats and 6 months of age in LP rats, they were separated into individual cages
and males were introduced. The presence of a mating plug was regarded as evidence of
a successful mating. During gestation, food intake and body-weight were measured
over each weekly period. On the 21st day of gestation, wood-wool was introduced as a
nesting material; a litter was looked for each morning and afternoon. Gestation in both
dietary groups was of 22-23 d duration. The mother and litter were weighed 24 h after
the litter was first observed and subsequently on days 4, 7, 14 and 21 post partum.
The cumulative results reported are from first pregnancies only and were obtained
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Fig. 1. Mean body-weight gain with increasing age in rats weaned on to a control diet (HIP)
containing 250 g caseinfkg or a moderately protein-deficient diet (LLP) containing 8o g
casein/kg.

Table 2. Mean body-weight and food intake of growing rats receiving a
control (HP) or a moderately protein-deficient diet (LP)

HP LP
A A (4 A Y
Food intake Food intake
; A ’ A —
Age Body-wt Wt Energy Body-wt Wt Energy
(weeks) (2) (g/rat per d} (J/kg®™ per d) (g) (g/rat per d) (J/kg"™ per d)
4 59 7°6 1105 42 56 1096
9 137 98 778 66 72 962
10 157 103 766 — — —
12 — _ — 95 92 929
16 178 11°3 753 113 93 854
26 — —_ —_ 160 11-8 845

from a total of sixty animals in five different batches during a 3-year period. Results
from second and subsequent pregnancies will be reported elsewhere.

Expt 2. In a parallel experiment, rats were killed on the 21st day of gestation
and the number and weight of the foetuses were noted. The mammary tissue from the
posterior six glands was excised and weighed; the anterior six glands were set aside for
histological and chemical analysis. Additional results from these experiments are
reported elsewhere (Turner, 1972).

Expt 3. A further group of twelve rats was fed on the LP diet during growth and
pregnancy. From parturition onwards the HP diet was offered; the performance of the
mothers and litters was observed until the litters were weaned at 21 d of age.

RESULTS
Weight gain and food intake of non-pregnant rats
Although the rate of body-weight gain was reduced in LP rats, their weight eventually
caught up with that of the control animals (Fig. 1). As adults, LP were indistinguish-
able from HP rats in size, appearance, vigour and apparent health.
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Table 3. Mean values with their standard errors (g) for body-weight and mean values (g)
for weight gain during pregnancy and lactation of rats giving birth to viable or non-viable
litters and reared from weaning on a conirol diet (HP) or a moderately protein-deficient
diet (LP), or reared on the LP diet and given the HP diet at parturition

{Nos. of animals shown in parentheses)

HP LP
p - e A . LP - HP
Non-viable Non-viable at parturition.
Viable litters litters  Viable litters  litters  Viable litters
Period (z1) () & (16) (4)
On day of pregnancy:
I 165+3°1 167+ 41 160t 49 161 +38 147134
7 18340 178%2'9 174456 175139  160t479
4 204+ 46 200+ 35 191 +68 192+3°9 177+ 46
21 258 +6'4 260+ 34 2231+99 218+ 49 203+ 52
Gain in days:
1-14 39 33 37 3r 30
14-21 54 6o 32 26 26
I-21 93 93 63 57 56
On day of lactation:
1 194t49  193t40  171E65 17142 155137
4 203+ 44 198 £5°x 162 £ 76 169+ 6-3
7 202+3°9 154t 69 172+ 42
14 201 +4°8 135+ 47 176+ 51
21 197t£42 125+38 172464
Gain in days: 1—21 3 —46 17

The food intake of LP animals was less than that of the controls at all ages during
the growing phase (Table 2). However, for any body-weight, the food consumption in
the two dietary groups was similar. When the values were expressed as J/kg”" per d,
the LP rats tended to eat more at any given age (Table 2). Therefore LP rats can be
regarded as protein-deficient, but not energy-deficient. Their rate of growth was
limited by their protein intake, but their energy intake was always appropriate for an
animal of their particular body-weight. In this respect they differed from animals
subjected to energy restriction, or to a protein and energy restriction.

Weight gain and food intake of pregnant rats

During the first 2 weeks of gestation, there was little difference in weight gain be-
tween the two dietary groups (HP, 38 g; LP, 31 g). During the 3rd week, however, the
HP rats gained nearly twice as much weight as their LP counterparts (HP g5 g; LP,
28 g) (Table 3). This difference was not related to food intake, which was similar in both
groups during gestation (about 310 g) but must be regarded as an effect of the lower
protein intake of the LP rats (Table 4).

Survival of offspring

Some rats from both dietary groups produced litters no member of which survived
to weaning (non-viable litters). Results are presented separatcly for viable and non-
viable litters and for the rats producing them.
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Table 4. Food intake (g/rat per d) during pregnancy and lactation of rats giving birth to
viable lLitters and reared from weaning on a control diet (HP) or a moderately protein-
deficient diet (LP) or reared on the LP diet and given the HP diet at parturition

{Means for thirty HP and thirty LP non-pregnant, twenty-seven HP pregnant, twenty-one
HP lactating, twenty-four LP pregnant, eight LP lactating and four LP — HP at parturition)

Condition
Non-pregnant

Pregnant, week:

1
2
3

Total during pregnancy

Lactating, week:

1
2

3

HP
114

128

14°4

I5'9
302

240
321
42:4*

LP
11-8

14°1
15°5
15-0

312

1671
190
rg-o*

* Includes creep feeding by litter.

LP - HP
at parturition

182
302
301#*

Table 5. Reproductive performance of rats reared from weaning on a control

diet (HP) or a moderately protein-deficient diet (LP)

Criterion

Exposed to males
Mated
Resorbed

Full-term litters not delivered
Foetuses alive at term*

Litters born

Offspring alive:

post

Viable
litters
21
partum, day 1 223
4 210
7 208
14 204
21 201
Perinatal mortality (%):
to day 1
4

HP

30
29
2
o

305

16
26

Non-viable
litters

6

33
17
o
o
o

LP
30
28
2
2
204
Viable Non-viable
litters litters
8 16
56 46
55 o
54 o
54 o
54 o
50
73

* Determined from a parallel series of experiments.

From HP rats, 789, of the litters were viable, compared with only 339, from LP
animals. Thus the total numbers of offspring weaned from twenty-seven HP and
twenty-four LP litters born were 201 and 51 respectively. Expressed as offspring
weaned per rat mated, this represents a reproductive performance of 6-g for HP rats
and 2-0 for LP animals (Table 5).

The LP litters were always smaller than those of HP animals, even before parturition.
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Thus on the 21st day of gestation the HP litters contained a mean of 11-3 foetuses/
litter and the LP animals 8-5 foetuses/litter (P < o-oo1). After birth there was a
similar difference in the size of viable litters (HP 10-6 offspring/litter, LP 7-0 offspring/
litter; P < o-oo1), which was maintained to weaning (HP ¢-7 offspring/litter,
LP 6-4 offspring/litter; P < o-oo1). Therefore, within viable litters there was little
difference between dietary groups in postnatal mortality (HP 8-5%, loss, LP 8-6%
loss). The death of LP offspring can also be expressed as the perinatal mortality
by comparing the litter size before birth with the number of live offspring after birth.
When this comparison was made between the 21st day of gestation and the 4th day
post partum, by which day most of the non-viable offspring were dead, the perinatal
mortality in the LP group was very high (HP 269, LP 739, (Table 3).

Weight of offspring
The weaning weight of offspring of LP rats was reduced (HP 31g, LP 13g;
P < o-0o1) (Table 6). Thus the total weight of conceptus brought to weaning, as g
offspring/rat mated, was about 215 g for HP rats but only about 27 g for LP rats. On
the 1st day after birth, however, there was no significant difference between the mean
weight of viable offspring from HP and LP rats (HP 5:6 g, LP 53 g).

Table 6. Mean body-weight of offspring of rats reared from weaning on a
control diet (HP) or a moderately protein-deficient diet (LP)

(Mean values with their standard errors for twenty-one viable HP litters, six non-viable
HP litters, eight viable LP litters and sixteen non-viable LP litters)

Mean body-weight/pup (g)

HP LP

~ A Al 4 A Y
Non-viable Non-viable
Day after birth: Viable litters litters Viable litters litters

1 56+or 48to3tt 5302 g1xorttf

4 8'Ii0'2 J— 6.41_0.3*** -

7 109+ 04 — 76 Lo g*EE —

14 183+13 — 10°g+ o 2%* —

21 312t12 — 13-3 £ o2 %¥* —

Wt of litter weaned/ 215 — Py A —

rat mated (g)

Statistically significant differences: ** P < oor; *** P < ow0or (HP ». LP); ++ P < cor1;
t+1++ P < o'ocor (viable z. non-viable).

Note: mean body-weights of all pups alive on day 1 post partum were: HP, 5-4 g and LP, 47 g
(P < o-or1).

Since more of the LP litters were non-viable and since non-viable offspring from
both dietary groups were underweight on the 1st day post partum (HP 4-8 g, LP 41 g),
the mean birth weight differed between dietary groups when viable and non-viable
litters were considered together as a single group (HP 5-4 g, LP 47 g; P < o-01). The
effect of the LP diet, however, was to increase the number of non-viable litters pro-
duced. Viable offspring from both dietary groups were of similar mean body-weight on
the 1st day post partum and had a similar subsequent rate of survival of offspring to
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Table 7. Mean total weight at term of the posterior six mammary glands
of control (HP) and moderately protetn-deficient (LP) rats

HP Lp
No. of rats g 11
Weight of glands: g 6-86 448
g/kg body-wt 265 203
g/pup 1 d post parium 063 o064
g/pup weaned 070 o069

weaning. However, the rate of weight gain to weaning was reduced in LP viable litters
(at weaning HP 312 g, L.P 13°3 g).

Lactation

Although the absolute weight of mammary tissue was reduced in LP rats; so was the
litter size even before birth. The weight of mammary tissue per offspring was similar
in both dietary groups (Table 7). The histological appearance of mammary tissue
from the HP rats was indistinguishable from that of LP rats (B. Christie, personal
communication). It would appear, therefore, that the LP rats had an amount of
apparently normal mammary tissue similar to that of HP rats when expressed in terms
of the litter size at term (HP 0-61, LP 0:56 units) on the 1st day post partum (HP o065,
LP o-64 units) or on the 21st day post partum (HP o-69, LP o-70 units).

The food intake of LP rats during lactation was less than that of the control animals,
especially in the 2nd and 3rd weeks (Table 4). The poor weight gain by LP offspring
during lactation suggests that milk production was inadequate in LP rats. Since there
was no detectable defect in the mammary tissue, and since the total amount of mam-
mary tissue available per offspring was similar in both dietary groups, it could be that
the LP rats were unable to increase their food intake sufficiently to meet the require-
ment for adequate lactation. This would seem to be confirmed by the fact that the LP
mothers of viable litters lost about 279, of their body-weight during lactation (Table 3).
When LP rats were given the HP dict from parturition onwards, they did not lose
weight during lactation. Their food intake and the weight gain of their offspring were
similar to those of HP control animals. However, the number of litters which were
non-viable remained unchanged at the level characteristic of LP animals (Table 8).

Table 8. Comparison of the mean body-weight and survival of rats reared from weaning
on a control diet (HP) or a moderately protein-deficient diet (LP), or reared on the LP diet
and given the HP diet at parturition

L.P - HP at
Criterion HP LP parturition
No. of litters born 27 24 12
Viable litters (%) 78 33 33
Perinatal mortality (%) 26 73 70
Mean body-wt of
viable offspring (g):
day 1 56 53 50

day 21 31°3 133 3175
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DISCUSSION

It is often stated that animals consuming a protein-deficient diet give birth to
underweight offspring with a reduced chance of survival (Goettsch, 1949; Venkata-
chalam & Ramanathan, 1964; Stewart & Sheppard, 1971; Widdowson & Cowen,
1972). In the experiments described above, it has been shown that both HP and LP
rats give birth to some underweight litters with a poor chance of survival and that the
effect of the LP diet was to increase the number of underweight non-viable litters
produced. The mean body-weight of viable offspring on the 1st day post partum and the
rate of survival within viable litters were similar in both dietary groups. The rate of
weight gain by LP offspring was reduced presumably as a result of a poor milk yield.
No defect was seen in the histology of the mammary gland of LP rats and, when the
HP diet was given to LD rats at parturition, the food intake of the mother and the
weight gain of the offspring were similar to those of HP controls; this suggests that the
factor limiting milk production in LP rats was not the mammary gland but the maternal
food intake during lactation. Since the food intake by LP and HP rats was similar both
before mating and during gestation, the fact that LP rats were unable to increase the
intake of the LP diet to meet the nutrient requirement for lactation, but were able to
eat larger amounts of the HP diet, raises interesting questions about the mechanism of
control of food intake in this situation.

Perinatal mortality was not decreased when the HP diet was given to LP rats at
parturition. There was no detectable difference in body-weight or gross body composi-
tion between HP and LP foetuses on the 21st day of gestation (T'urner, 1972), but there
was a large difference in perinatal mortality in the two dietary groups that was apparent
even on the 1st day post partum. It is possible to speculate that either there was some
undetected defect in the LP foetuses at term or that some aspect of parturition was
deranged in LP rats and this resulted in the high perinatal death in the LP group. Since
two of the thirty LP rats mated did not give birth to a litter, but were observed to have
a fully grown litter éz utero in the process of being resorbed 3 d after the expected day
of parturition, one could speculate that prolonged parturition or a failure to initiate
labour may have contributed to the high perinatal loss. This needs further investi-
gation.

It has been suggested from experiments in dogs that a mild nutrient deficiency in
pregnancy is borne by the mother and a more severe deficiency shared between
mother and baby (Platt & Stewart, 1967, 1968). This idea supports the concept of the
foetus acting as a parasite, or at least as having a high priority for available nutrients
(Hammond, 1944 ; Naismith, 1969}. The results presented here are not at variance with
this idea but they do show that a moderate deficiency of dietary protein which is ade-
quate to support slow growth to normal adult size (at which time the HP and LP rats
were indistinguishable) was totally inadequate for the production of viable offspring
even though there was no lesion detected in the foetuses at term. To what extent
comparable long-term variations in the protein content of human diets may affect
reproductive ability is difficult to evaluate in precise terms and must at this time remain
speculative,
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investigations, and to Miss Susan Terry for invaluable support in the later stages of

the work.
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