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Abstract
Aim—To investigate sodium (NA+) potas-
sium (K+) adenosine triphosphatase
(ATPase) activity in newborn infants at
diVerent gestational ages, to elucidate the
mechanism underlying poor renal sodium
conservation in preterm infants.
Methods—Fifty three healthy newborn
infants, gestational age 30–42 weeks, were
studied. Umbilical cord red blood cell
Na+ K+ATPase activity, plasma renin ac-
tivity, and plasma aldosterone activities
were measured in all of them. Red blood
cell Na+ K+ATPase activity was re-
examined in eight preterm infants, one
and two weeks after birth. Total and
ouabain sensitive ATPase activity was
measured spectrophotometrically using a
method that couples ATP hydrolysis with
NADH oxidation.
Results—Red blood cell Na+ K+ATPase
activity was significantly lower (p<0.01) in
preterm babies with a gestational age
below 35 weeks, compared with those with
aged 35 weeks and above: 2.3 (0.8) and 6.7
(1.3) nmol NADH/minute/mg protein, re-
spectively. There was no correlation be-
tween gestational age, Na+ K+ATPase,
plasma renin activity and aldosterone
values either in the preterm or term
babies. Two weeks after birth, irrespective
of gestational age, the enzyme activity of
the preterm babies increased to values
similar to those observed in the term
neonates at birth.
Conclusion—The diVerences in sodium
homeostasis between term and preterm
babies are modulated via changes in
Na+ K+ATPase activity.
(Arch Dis Child Fetal Neonatal Ed 1999;81:F184–F187)
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Regulation of sodium balance has an essential
role in postnatal growth and maturation.
Significant diVerences in sodium handling
between prematurely born and term babies
have been observed. The term baby is charac-
terised by a positive sodium balance and a lim-
ited ability to excrete a sodium load.1–3 In con-
trast, the premature infant, when fed with
conventional “humanised” formula4–8 or during
intravenous maintenance therapy,9 is prone to
develop an increasingly negative sodium bal-

ance due to a reduced capacity for renal
sodium conservation.

The long term consequences of a sodium
deficient state are unknown, but its occurrence
during the postnatal period of rapid brain
growth is worrying and certainly in contrast to
the rapid intra-uterine accretion of sodium
(and other elements) into the brain. The
oVspring of rats fed a sodium deficient diet
during pregnancy had a decreased brain weight
and reduced brain protein and RNA content,
compared with normal controls.10 Further-
more, in young mice hyponatraemia persisting
for several days or more is associated with a
significant loss of brain sodium11 and
potassium12 and possibly amino acid13 content.

Several mechanisms to explain the inappro-
priate natriuresis in preterm infants have been
suggested: (i) low proximal tubular reabsorp-
tive capacity due to a functional immaturity of
the glomerulotubular balance,14 possibly re-
lated to a failure of a tubuloglomerular
feedback via the macular densa5; (ii) unrespon-
siveness of the renal tubule in the premature
infant to aldosterone15; (iii) low activity of the
transporting enzyme system (Na+ K+ATPase).
Schmdit and Horster16 have shown low enzyme
activity in all segments of the newborn rabbit
tubule. Na+ K+ ATPase is expressed in almost
all eukaryotic cells. It couples the hydrolysis of
ATP to the vectorial transport of NA+ and K+
across the cell membrane. The cation gradients
by Na+ K+ATPase are of fundamental
importance for such vital functions as control
of cell volume nutrient uptake, membrane
excitability, and transepithelial transport of
sodium.17

That being so, we set out to investigate red
blood cell Na+ K+ATPase activity in neonates
at various gestational ages on the supposition
that low such activity may be aetiological in the
natruiresis of the premature infant.

Methods
Fifty three healthy neonates, comprising 27
preterm and 26 full term babies, were studied.
Their gestational ages ranged from 30 to 42
weeks. Gestational age was estimated from the
mother’s menstrual history and on physical
assessment of the infant, using the criteria of
Dubowitz et al.18 Pregnancies were uncompli-
cated for diabetes, hypertension, eclampsia or
other chronic diseases. Umbilical cord red
blood cell Na+ K+ATPase was assessed in all,
and re-examined in eight premature infants at
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one and two weeks after birth. All the
re-studied infants were in good health and
none underwent an exchange transfusion.

The investigation was approved by the
ethical committee of the hospital and informed
consent was obtained from the parents.

Mixed umbilical cord blood was collected at
birth in EDTA tubes, placed on ice, and trans-
ferred immediately to the laboratory for evalu-
ation of red blood cell Na+ K+ATPase activity.
The method for estimating this has been
described before.19 Preparation of red blood
cell ghosts20 was performed on blood collected
on Na–EDTA and centrifuged at 600 × g for 30
minutes (4°C). Packed red blood cells were
washed three times in 0.9% NaCl with a 5
minute centrifugation after each wash. Red
blood cells were haemolysed in 10 mM (Tris/1
mM EDTA, and ghosts were sedimented at 27
000 × g for 20 minutes (4°C). The pellet was
washed two to four times in 10 mM Tris (pH
7.4) with a 10 minute centrifugation at 27 000
× g (4°C) after each wash. Membranes were
re-suspended in 20 mM N-2-hydroxyethyl-
piperazine-N-2-ethanesulfonic acid (pH 7.4)/2
mM DTT.

Total and ouabain sensitive ATPase activities
were measured spectrophotometrically at 37°C
in a thermostated Gilford 2600 spectropho-
tometer (Guilford Instruments Lab. Inc.,
Oberlin, OH, USA) using a method that
couples ATP hydrolysis with NADH oxida-
tion.21 Na+ K+ATPase activity was calculated
by subtracting ouabain sensitive ATPase activ-
ity from total ATPase activity. The final
composition of the reaction mixture was as fol-
lows: 50 mM Tris HCI (pH 7.4); 130 mM Na
Cl; 5 mM KCI; 3 mM MgCl2; 3 mM vanadium
free Tris–ATP; 1.5 mM NADH; 0.83 mM
phosphoenolpyruvate; 1 IU/ml pyruvate ki-
nase; and 1 IU/ml lactate dehydrogenase. Oua-
bain concentration, when present, was 1 mM.
The reaction was started by the addition of 50
to 75 µg membrane protein and run in
triplicate. Results were expressed as nanomoles
of NADH oxidised/minute/ mg protein. Analy-
sis of variance for precision within and between
assays yielded p values for the F ratios of >0.5.
The lower limit of detectability was 0.2 nmol
NADH/min/mg protein. The amount of mem-
brane proteins was measured by a modification
of the method of Lowry et al22 with a commer-
cial kit (Sigma Chemical Co, St Louis, MO;
procedure P5656).

Plasma renin activity and aldosterone were
determined by radioimmunoassay commercial
kits: PRA (New England Nuclear, Boston,
MA) Aldosterone (Diagnostic Products Co,
Los Angeles, CA).

Results of red blood cell Na+ K+ATPase
activity are presented as the mean (SD).
Significance was assessed by t test for unpaired
series. P values of <0.05 were considered
significant. The relation between red blood cell
Na+ K+ATPase activity and plasma renin and
aldosterone values, respectively, was assessed
by linear regression analysis.

Results
Na+ K+ATPase activity values were signifi-
cantly lower (p<0.01) in preterm neonates with
a gestational age below 35 weeks, compared
with those with a gestational age of 35 weeks
and above: 2.3 (0.8) and 6.7 (1.3) (nMol
NADH/min/mg protein), respectively (fig 1).
There was no correlation between gestational
age and Na+ K+ATPase activity values either in
the preterm or in the more mature infants (fig
1).

In eight preterm neonates enzyme activity
was re-examined a week and two weeks after
birth (fig 2). Red blood cell Na+,K+ ATPase
activity was low in six out of these preterm
infants one week after birth. However, two
weeks after birth, the enzyme activity increased
to values similar to those observed in term
neonates in seven of them, although four could
still be considered premature, based on
gestational age (fig 2). These eight preterm
babies had normal plasma sodium concentra-
tions during their first two weeks of life.

No gestational age related change in plasma
renin activity or aldosterone values were
observed for the group as a whole or when
values in neonates of less or more than 35
weeks of gestation were evaluated separately.
Plasma renin activity mean values in the
preterm neonates were 59.5 (64.9) ng/l/s and

Figure 1 Relation between umbilical cord red blood cell
Na+ K+ATPase activity and gestational age.
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Figure 2 Umbilical cord red blood cell Na+ K+ATPase
activity (squares), re-measured one week (triangles) and
two weeks (circles) after delivery.
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35.4 (41.7) ng/l/s in the full term neonates;
mean aldosterone concentration was 3200
(1735) pmol/l and 2103 (1457) pmol/l, respec-
tively. No correlation was found between red
blood cell Na+ K+ATPase activity and either
plasma renin activity or aldosterone values.

Discussion
Sodium deficiency during the neonatal period,
particularly in premature infants, may irrevers-
ibly aVect somatic growth and the development
of the nervous system.23 The term baby thrives
on a rather low intake of sodium, as prevails
during the period of breast feeding.24 In contrast,
the premature infant, when fed conventional
“humanised” infant formula, will frequently fail
to thrive and become hyponatraemic,4 23 25 thus
necessitating supplementation with a relatively
high salt diet.26 27 The negative sodium balance
in the premature infant is attributed to low renal
sodium conservation.4–9 A change in sodium
homeostasis from a negative to a positive
balance occurs at a gestational age of 33–35
weeks.7 In our study we observed constantly low
red blood cell Na+ K+ATPase activity in preterm
infants which increased at 34–35 weeks of
gestational age. The increase observed sug-
gested that there may be a relatively sudden
maturation of Na+ K+ATPase activity. Our data
correspond to previous observations of a change
in sodium homeostasis occurring at this
gestational age.7 It seems that excessive renal
sodium loss in premature infants reflects the low
activity of this enzymatic system. Experimental
studies in rabbits have shown that
Na+ K+ATPase activity is low in all tubular seg-
ments in the neonatal period.16 Similarly, in
guinea pigs the fractional reabsorption of
sodium is low during fetal life and increases rap-
idly at term.28 Week 34 to 36 of gestation seems
to be a period of rapid maturation of various
renal tubular transport mechanisms. The frac-
tional reabsorption of â2 microglobulin,29 as well
as of glucose and amino acids,30 increase to adult
levels during this period. The stepwise increase
in renal functional development that occurs
from the 34th to 36th gestational week has often
been attributed to the completion of nephrogen-
esis that takes place during the same period.31 32

It seems that the increase in Na+ K+ATPase
activity occurring at a gestational age of 34–35
weeks reflects a maturational process which pre-
pares the fetus for extrauterine nutrition during
which sodium supply drops precipitously, com-
pared with its abundance in the maternal circu-
lation during the fetal period.

We have already observed19 low red blood
cell Na+ K+ATPase activity in patients with
pseudohypoaldosteronism (PHA). The in-
crease in red blood cell enzyme values
correlated with gradual clinical improvement,
reduction in salt intake, and normalisation of
plasma renin activity. Furthermore, Cugini et
al33 found low Na+ K+ATPase activity and
reduced Na+ K+ transmembrane flux in the red
blood cells of a child with PHA. It is therefore
tempting to assume that the increase in red
blood cell Na+ K+ATPase activity in term
babies occurs in the renal tubules as well.

It has been shown that in preterm infants,
irrespective of gestational age, sodium balance
changes from negative to positive during the
second week of extrauterine life.7 We did not
study sodium balance in our infants, but we
showed a rise in Na+ K+ATPase activity in pre-
term babies, irrespective of their gestational
age, 1–2 weeks after birth. These changes were
similar to those values observed in term infants
at birth. The negative sodium balance seems to
be counterbalanced by the high sodium
content in the breast milk of mothers delivering
preterm infants.34 35

Recently, it was reported that the impair-
ment of Na+ reabsorption across the respira-
tory epithelia of very premature infants may
contribute to the pathogenesis of respiratory
distress syndrome.36 A partial normalisation of
potential diVerence (PD) measurement was
evident within the first 72 hours of life and after
7 days the PD values were in the range reported
for healthy term infants.36 These findings
correspond well with the increase in
Na+ K+ATPase activity we found in the pre-
term infants 1–2 weeks after birth.

We did not observe any significant changes
in plasma renin activity or plasma aldosterone
concentrations with maturation. Similar results
were also observed by others.15 37 38 In addition,
no correlation was found between plasma
aldosterone values and Na+ K+ATPase activity
in preterm and term babies. The excessive
renal sodium loss in preterm babies may reflect
an unresponsiveness of the renal tubule to
aldosterone, which rises progressively with
maturation.7 15 A reduction in urinary potassi-
um:sodium ratio in salt supplemented preterm
babies, as previously observed,26 suggests a
responsiveness of the distal tubule to mineralo-
corticoids. Therefore, it seems unlikely that
aldosterone deficiency or lack of renal tubular
response to this hormone has a significant role
in the excessive renal sodium loss in preterm
infants.

The results of this study indicate that the
diVerences in sodium homeostasis between
preterm and term infants may be modulated
via changes in Na+ K+ ATPase activity.

We are grateful to Anji Agajany, Jane Geva and Meytal Avgil for
their technical assistance.
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