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Summary

The early postnatal period is characterized by a great plasticity
with critical windows in which any inadequate insult or
intervention may be able to influence both positively and
adversely postnatal growth and development. After birth the rat
littermates enter the presuckling period (initial 6 hours
terminated by the first nursing), characterized by transition from
the amniotic fluid to the air, by the changes of the ambient
temperature, by the termination of placental nutrition and by
oxidative stress. After this stage the suckling period initiates and
the littermates start to consume milk of their mothers.
Comsumption of milk culminates on day 15, then decreases and
terminates on postnatal day 28. The end of the suckling period
and the onset of physiological weaning is determined by the
moment when the youngs for the first time consume the solid
food together with milk (postnatal day 17 in rats). On day 19 the
first intake of drinking water occurs. The weaning period
terminates by the last consumption of maternal milk — on
postnatal day 28. It is necessary to stress that the duration of
early postnatal periods is independent of the changes of body
weight. The precise knowledge of individual ontogenetic periods
critical for further development is crucial for the prediction and
explanation of reactions to various pathogenetic stimuli both

under experimental conditions and in clinical medicine.
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Introduction

Infant growth during the early postnatal period is
obviously the result of the development of complex
functional, structural and metabolic mechanisms, which
are, however, not yet entirely clarified. The organism is
not fully developed at birth and the process of maturation
thus continues during the immediate postnatal period
(Patel and Srinivasan 2010). It is evident that this period
of immaturity is characterized by a great plasticity with
critical windows in which any inadequate insult or
intervention may be able to influence both positively and
adversely postnatal growth and development. The
adaptation to the insult can develop either immediately or
during the later developmental period; these effects are
considered as the “late effects of early adaptations”.
According to this idea the tissues are most sensitive to
injury during the period of intensive growth. The
intervention during this critical period can modify the
structure and function of this particular tissue or organ.
The consequences of an intervention during the critical
developmental period can appear after a period of
latency, either spontaneously or induced by some other
insults.

The interest in this topic increased in the late
fifties of the last century. Kennedy (1957) studied the late
impacts of changes in nutrition, Scott (1958, 1970)
analyzed the behavior of mothers. Kfecek and Palaty
(1967), Krecek (1970) and Koldovsky et al. (1995)
introduced the concept of premature weaning.
Simultaneously, Ostadalova and Pafizek (1968),
Ost'adalova et al. (1970, 1976) and Barraclough (1970)
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opened the basic question of the early and late effects of
different hormones. It is surprising that the interest on
“late effects of early adaptations” occurred again in the
last years (Netuka et al. 2006, Vickers 2011, De Mello et
al. 2012). The phenomenon of postnatal plasticity,
classified as the postnatal programming, became even a
part of the more general concept of the developmental
origins of adult health and disease (Armitage et al. 2005,
Barker 2007).

The decisive role in the postnatal development is
played without doubt by maternal nutrition. Possible
consequences of an inadequate alimentation before
weaning, during weaning and after the weaning period
became a topic of an increasing number of papers (Angel
and Back 1985, Huynh et al. 2008, Patel and Srinivasan
2011, Smith and Spencer 2012). While the beginning of
the suckling period is clearly defined, the end of this
period, i.e. the beginning of the weaning period is not
fully recognized. Similarly, the end of the weaning period
as well as the period of the essential presence of mothers
in the litters are not precisely determined; they vary in
rats from the 21st to the 26th postnatal day (Prior and
Armitage 2009, Patel and Srinivasan 2010, Connor et al.
2012). The aim of this short review is, therefore, to
summarize the data available on the periodization of the
nutritional status during the early postnatal period in the
rat.

Presuckling period

Presuckling period (first 6 hours after birth)
represents a typical example of developmentally decisive
critical period. The fetus makes numerous adaptations to
ensure normal development in spite of its low arterial PO,
(47 mm Hg), which corresponds to an altitude of 8000 m
(“Mt. Everest in utero”, Eastman 1954). Among these
adaptations are polycythemia, leftward shift of the
dissociation curve, fetal hemoglobin, a high cardiac
output and low arterial blood pressure, which help to
provide adequate oxygen and nutrient delivery to the
developing tissues. Fetal heart operates at near maximum
levels and is very sensitive to increases in afterload. The
major changes in oxygen saturation can be observed
within delivery. During the short period of time
mammalian fetus comes from the hypoxic environment
with low PO, and low oxygen saturation (18 %) into the
normal atmosphere (PO, 160 mm Hg), arterial saturation
increases more than five times (from 18 to 97 %). The
delivery is, furthermore, accompanied by the transition

from the amniotic fluid to the air, by the marked decrease
of the ambient temperature, by the termination of
placental nutrition and by oxidative stress. This transition
requires appropriate physiological adaptations: onset of
pulmonary respiration, transition from fetal to neonatal
circulation, switching-on of thermoregulation and
increase of basal metabolic rate (for review see Ostadal
et al. 2011). Very important is the change of nutrition:
transplacental supply is interrupted and mother milk
nutrition is not yet fully developed (Kuma et al. 2004).
The nutrient deprivation, as was presented by Kuma et al.
(2004) in mouse newborns, elicits in the cells a complex
series of well orchestrated steps that result in the
processes of degradation and recycling known as
autophagy. Autophagy is a nonstop life-sustaining
repairing and renewal process that is considered as
necessary for turnover of cellular components with a
particular importance after birth. The authors observed
massive induction of autophagy in the heart muscle, the
diaphragm, the lungs and the skin — the organs that face
marked postnatal adaptation at the first line. The
induction of autophagy was immediate and transient,
reaching maximum levels only 3 to 6 hours after birth
and declining to basal levels within a day or two later
(Heintz 2004, Kuma et al. 2004). These studies showed

that autophagy is required to produce amino acids to

provide energy shortly after birth and to maintain
simultaneous development.
Postuatal
Hours () 6
I ——
& |
——
Presuckling period
Days 12 - 18 28
- L I I L |
& > 2 :
< & S & '
. '.Q\\-?%\"\OQ\ ‘J\\G\b\o\ \'roc
QQQ\\\\\\ ‘\‘Q\&\ 1\6&
Q-f} N

Suckling pertod

Weaning pertod

Fig. 1. Periodization of the early postnatal life in rats.

To reverse postnatal hypoglycemia, the

presuckling  newborns  utilize glucose from

glycogenolysis as well as from gluconeogenesis and
1985). These
metabolic pathways emerge after birth to reach adult
values after 24 hours (Girard 1990). The utilization of

plasma lactate (Mayor and Cuezva
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these metabolites depends strictly on the oxygen supply.
This situation is consistent with the important role of
oxygen supply after birth (Fig. 1).

Suckling period

Several hours after these dramatic changes the
nursing begins; the suckling period initiates (Fig. 1) and
the littermates start to consume milk of their mothers.
The newborns thus pass from a high carbohydrate and
low fat metabolism, typical for several hours after birth,
to a diet characterized by a high fat and low carbohydrate
levels (Girard 1981). The composition of the maternal
milk changes significantly during postnatal development:
on day 10 (suckling period), the rat milk contains 72.5 %
of water, 12.6 % of fat, 9.2 % of proteins, 3.3 % of
carbohydrates, and 1.4 % of minerals. Ten days later
(weaning period) the content of fat in the milk decreases
three times and the protein content two times (Godbole e?
al. 1981). After weaning the milk is replaced by the adult
diet which contains less fat and more carbohydrates
(Fereé et al. 1986).

Weaning period

It is obvious that for further analysis of the effect
of nutritional status on growth and development, the
exact determination of the boundary between the suckling
and weaning period is of great importance. For the
quantitative assessment of the duration of the exclusively
maternal milk intake (suckling period) and for the
limitation of the weaning period (combination of milk
and solid food intake), the gamma emitters were used; the
whole body measurement of radioactivity of the
individual littermates was thus possible (Babicky et al.
1970). The advantage of this approach is the possibility to
determine the actual state of the nutritional relationships
of the young, and to assess simultaneously the proportion
of nutrients received by means of or independently of the

maternal organism.

a) Duration of maternal milk consumption

To determine the duration of the maternal milk
consumption, the rat mothers were administered strontium
%Sr (element homologous to calcium) in the form of SrCl,,
body
estimated (Fig. 2).
Simultaneously the uptake of *Sr in the tibiae of the

in a subcutaneous injection and the whole

radioactivity of sucklings was

youngs was measured to exclude a possible contamination

of the animals” body surface. The experiments revealed the
maximum intake of the milk between postnatal days 12
and 19. This period corresponds with the first running of
the youngs out from the litter and with the opening of their
eyes. The milk intake then decreases and the littermates
stop drinking maternal milk between postnatal days 27 and
28 (Babicky et al. 1970); this stage represents, therefore,
the end of the weaning period.
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Fig. 2. Strontium ®Sr metabolism during lactation (whole body
and whole litter counting). Situation 24 hours after the injection.
m—a sucklings; e---e lactating mothers; *— —* controls (non-
lactating females). Adapted from Babicky et a/. (1970).
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Fig. 3. Intake of *'Ba labeled food (full line) and '*®Au labeled
drinking water (broken line). Adapted from Babicky et al. (1970,
1973a).

It can be summarized that the end of the suckling
period and the onset of physiological weaning (Fig. 1) is
determined by the moment when a young, for the first
time, takes food in a form other than maternal milk. The
weaning period terminates when the young animals
spontaneously stop drinking maternal milk. To determine
labelled the

this point, the solid laboratory diet
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radionuclide barium ('*'Ba) in the form of BaSO, was
oferred to littermates and their whole body radioactivity
was measured (Fig. 3 and 5). The experiments showed
that the first traces of the diet were accepted on day 17 —
the day of the end of suckling period and the beginning of
the weaning period (Babicky et al. 1973a).

Transition to solid food is probably induced by
insufficient nutritional caloric supply and by higher
nutritional needs of the littermates, corresponding to their
advanced growth and maturity (Babicky et al. 1970). It
can be assumed that the possibility of taking solid food
and fluids separately is associated with the development
of the mechanisms of osmolarity (Kiecek and Kieckova
1957, Solomon et al. 1976). It seems, however, that the
decisive factor is the food volume: as nutrient
requirements increase, it becomes more useful to take
lower volume with higher quantity of calories.

Experiments with prolonged lactation proved
that the cause of the end of lactation is not on the
mother’s side but is connected with the higher nutritional
needs of the littermates, adequate to their advanced
growth and maturity (Babicky et al. 1973a).

b) Determination of the first intake of drinking water

To complete the nutritional status, the analogous
approach was used also for the determination of the
intake of drinking water. The drinking water labeled by
colloidal '**Au was offered to young animals and the first
traces of radioactivity were recorded on the 19th day of
postnatal life (Fig. 3 and 5, Table 1). It may be assumed
that the balance between the supplied calories and water
in the mother’s milk is disturbed by the intake of other
calories from the solid food; this is probably the reason
why the water intake follows the intake of solid food —
prandial drinking (Babicky et al. 1972).

Table 1. Consumption of milk and water in developing rats.

¢) Relation to body growth

The early postnatal nutritional periods are
independent of the changes in body weight, as was shown
in experiments with the youngs kept in litters of different
size (Kennedy 1957, Babicky et al. 1973b). The
boundaries of individual periods are strictly dependent on
the age of the animals, and they are in good agreement
with the development of osmoregulation and maturation
of the higher regulatory alimentary centres (Ktfecek and
Kteckova 1957). In this relation it would be of interest to
mention that at least in rats the body growth is not linear
during the early postnatal period. There are two small
retardations that are more expressed as decays of weight
increments (Fig. 4 and 5). The decline during the first
days of postnatal life is evidently connected with the
dramatic changes at birth (see above) and slowly
appearing maternal milk production. The slowdown of
the body growth around the 16th day of postnatal life can
be explained by the relatively insufficient caloric supply
from the milk; this also stimulates the transition to solid
food (Babicky ef al. 1970).
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Fig. 4. The growth rate of suckling rats expressed as a daily
body weight increments. Adapted from Babicky et a/. (1972).

Postnatal life Milk Water Total Total
Day ml ml ml ml/100 g
b.w.
15 5.9 - 5.9 20.2
16 5.8 - 5.8 19.2
17 5.7 0.2 5.9 19.0
18 5.4 0.6 6.0 18.5
19 54 2.3 7.3 21.0
20 4.5 3.6 8.1 21.8

Adapted from Babicky et al. (1972).
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Fig. 5. Body weight of suckling rats from day 2 to day 28.
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During the relatively long weaning period (the
third and fourth weeks after birth) the youngs change
stepwise the way of nutrition. While the littermates and
their mothers create an absolutely integral unit during the
suckling period, i.e. the youngs are in nutritional and
social dependence on their mothers, during the weaning
period the close interrelationship between the mother and
the littermates slowly decreases. Moreover, during this
period the development of the skull, teeth, and brain
alimentary centres can be observed and the formation of
the anatomical relationships in the oral cavity occurs
(Scot 1958, Widdowson and McCance 1960). All these
changes are important for adult nutritional habits.

Premature weaning

The relatively long weaning phase contrasts
strikingly with sudden change from intrauterine life to the
postnatal life. It should be stressed that the removal of the
youngs from their mothers before the 28th day of
postnatal life must be regarded as the premature weaning
i.e. as an insult with all possible serious impacts on both
mothers and youngs (Angel and Back 1985, Smith and
Spencer 2012). For females the lactation represents a
period with a very intensive metabolism accompanied
with great changes in calcium handling (Fig. 2). Sudden
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