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Development of colonic sodium transport in early
childhood and its regulation by aldosterone

H R Jenkins, T R Fenton, N McIntosh, M J Dillon, P J Milla

Abstract
Aldosterone is important in the regulation of
sodium conservation by both kidney and
colon. In the very preterm neonate marked
urinary salt wasting occurs because of
immature renal tubular function, but little is
known of the ontogeny of colonic transport
processes. Using an in vivo rectal dialysis
technique, we have shown that in the human
infant the colon has well developed salt con-
serving mechanisms from early in the last
trimester of gestation and that aldosterone is
an important regulatory hormone. Sodium
transport mechanisms in the colon appear to
develop before those in the kidney and it is
possible that the colon is the major organ of
sodium conservation in the preterm neonate.
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Disturbances in salt and water homeostasis
develop more readily in infancy than later in life
at a time when brain development is occurring
rapidly and adequate nutrition and conservation
of fluid and electrolytes are vital for optimal
growth.' The maintenance of electrolyte and
water balance in the growing child is achieved by
satisfactory renal tubular function and a norm-

ally functioning gastrointestinal tract, with the
colon, in particular, playing an important part.

In adult man aldosterone is known to play a

critical role in the regulation of sodium conserva-

tion by kidney and colon, and in young infants it
has been reported that circulating aldosterone
levels are high.23 Despite this relative hyper-
aldosteronism, however, urinary salt wasting
occurs which is most marked in the very preterm
infant' and may be related to the state of
development of the renal tubule.
There are close homologies between the trans-

port processes of the renal tubule and the colon,
and active absorption of sodium has been shown
in the colon of adult humans and experimental
animals.7'-" To date there have been no syste-
matic studies of the development of colonic
mechanisms for sodium absorption in infancy or

their regulation by aldosterone. In view of the
renal sodium wasting in very preterm infants,
the colon may assume greater importance in salt
and water homeostasis. We have therefore
investigated colonic sodium absorption in pre-
term neonates, infants, and older children and
the importance of aldosterone as a regulatory
hormone.

Methods

PATIENTS
Patients were put into the following groups: (a)
preterm neonates, gestational age 30-33 weeks

(n= 15); (b) preterm neonates, gestational age
34-37 weeks (n= 14); (c) full term neonates
gestational age 38-44 weeks (n=5); (d) infants,
age 1-12 months (n= 17); (e) older children, age
1-8 years (n= 19); (f) children with end organ
unresponsiveness to aldosterone (pseudohypo-
aldosteronism=PHA), age 6-12 months (n=2);
(g) children with aldosterone deficiency (con-
genital adrenal hyperplasia, 21-hydroxylase
defect=CAH), age 6-18 months (n=3). Patients
in group (g) were studied: (i) while receiving
their usual mineralocorticoid and glucocorticoid
supplements and (ii) 48 hours after discontinu-
ing mineralocorticoid supplements. Normal
plasma sodium concentrations were maintained
during this period by increased oral sodium
supplementation; (h) children with secondary
hyperaldosteronism (congenital chloride-losing
diarrhoea=CCD), age 10-24 months (n=2).

Rectal sodium absorption was measured in
groups (a)-(c) in the second week of post natal
life to avoid changes caused by acute fluctuations
in electrolyte and fluid balance induced by
labour and delivery. Plasma aldosterone was
measured in seven infants in group (a) and four
infants in group (b) and compared with pre-
viously published reference data for children in
groups (c)-(e) derived by one of us (MJD) using
the same assay in the same laboratory.2

Infants in groups (a)-(e) had remained in
hospital after birth because of feeding difficulties
or mild respiratory problems. All were fed
enterally and none was ventilated. Children in
groups (d) and (e) were in the recovery phase
after medical admission for a variety of prob-
lems. Children in groups (f), (g), and (h) were
studied during admission for further investiga-
tion of their disease. None of the children
studied had large intestinal disease and none
(except group h) showed evidence of diarrhoea.

Electrolyte transport by the rectum and rectal
potential difference (pd) were measured by a
non-equilibrium dialysis method as previously
described'2 13 using dialysis bags of 3 or 4 cm in
length, depending on the size of the child. No
recordings of transmural pd were made during
studies of preterm neonates, however, as the
insertion of a subcutaneous needle was not felt to
be justified in such tiny infants. The initial
dialysis electrolyte solution was isotonic and
contained Na 140, K 20, Cl 130, and HCO3 30
mmol/l; the electrolyte concentrations of the
dialysate before and after the one hour incuba-
tion were measured by flame photometry in a
5-channel Auto-Analyzer. Specimens showing
faecal contamination were discarded. It has been
shown that the dialysis membrane itself provides
no diffusional barrier, and the majority of
electrolyte and water movement occurs across
the mucosa in contact with the dialysis bag. 12 It is
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assumed that the thin intermediate fluid layer
between the dialysis bag and the empty rectum
behaves as a compartment of small capacity and
thus, as the dialysis membrane is so much more
permeable than the gut epithelium, the concen-
tration of electrolytes in the fluid layer rapidly
approximates to its concentration in the tube;
thus a steady state is reached and the presence of
the dialysis membrane can be ignored.

In this study net movements of sodium and
potassium across the rectal mucosa were calcu-
lated and expressed per unit area ofmucosa using
the following standard formula:'2

V0 I0-Vt it
Jn= OOOx nmol/min/cm'

Axt

where Jn=net movement; V and I=the volume
of the tube in millilitres and the concentration of
the ion in mmol/l respectively; A=the surface
area of the dialysis bag in cm2 and t=the time of
exposure in minutes; the subscripts o and t refer
to initial and final values.

Plasma aldosterone concentrations were
measured before performing rectal dialysis and
analysed as previously described.'4 Plasma
electrolytes were normal in all patients, and
studies were performed at the same time of the
day (morning) to avoid differences induced by
the diurnal variation in aldosterone secretion.
Mean values ± 1 SD were calculated and the

groups compared using one-way analysis of
variance." The studies were approved by
the ethical committees of the Hospitals for
Sick Children and St George's Hospital, and
informed, written consent was obtained from the
infants' parents.

Results

RECTAL SODIUM ABSORPTION, POTASSIUM
SECRETION, AND PLASMA ALDOSTERONE
CONCENTRATIONS IN INFANCY AND

CHILDHOOD(Table I)
Sodium absorption was highest in (a) 315 (62)
nmol/min/cm2 (mean (SD)) falling progressively
to near adult values'2 in (e) 149 (44) nmol/min/
cm2. Using a one-way analysis of variance, there
was a significant variation between the five
groups (a)-(e) at the 5% level. To determine
which particular groups were significantly differ-
ent from each other we used Student-Newman-
Keuls multiple comparisons procedures at the
5% significance level. Groups (a) and (b) were
not significantly different from each other but

TABLE I Rectal sodium absorption, potassium secretion, potential difference, and plasma
aldosterone concentrations in children ofdifferent ages (groups a-e)

(a) (b)
Preterm neonates (c) (d) (e)

Term neonates Infants Children
ga 30-33 wks 34-37 wks 38-44 wks 1-12 mo 1-8yrs

n 15 14 5 17 19
Na abs 315 (62) 302 (67) 243 (36) 203 (50) 149 (44)
K sec 38 (36) 37 (30) 47 (31) 27 (20) 33 (26)
P aldo 5464 (3810) 3085 (2080) 1248 (380) 780(295) 240(190)
PD NM NM 43(12) 38(10) 39(11)

n= number of patients studied in each group; Na abs= rectal sodium absorption; K sec= rectal
potassium secretion in nmol/min/cm'; P aldo=plasma aldosterone in pmolUl; PD=rectal potential
difference in mV; ga=gestational age; NM=not measured. Figures show mean (SD).

both were significantly different from (c)-(e); of
groups (c)-(e), (c) and (d) were not significantly
different from each other whereas (e) was
significantly different from both (c) and (d).
There were no significant differences in potas-
sium secretion between groups (a)-(e).

Plasma aldosterone concentrations were
markedly raised in preterm neonates, (a) 5464
(3810) and (b) 3085 (2080) pmol/l, when com-
pared with previously published aldosterone
concentrations for full term neonates, 1248 (380)
pmol/l, and infants 780 (295) pmol/1.2 Rectal
sodium absorption and plasma aldosterone
values were closely associated throughout
infancy and childhood.

RECTAL SODIUM ABSORPTION, POTASSIUM
SECRETION, POTENTIAL DIFFERENCE,
AND PLASMA ALDOSTERONE
CONCENTRATIONS IN CHILDREN WITH

DISORDERED ALDOSTERONE METABOLISM
(Table II)
In age matched control children (n= 14) rectal
sodium absorption was 183 (34) and potassium
secretion 33 (23) nmollmin/cm2 with rectal
potential difference 39 (9) mV (mucosa negative
with respect to serosa) and plasma aldosterone
720 (280) pmol/l. In PHA (f), however, there was
markedly reduced rectal sodium absorption, 71
and 101, potassium secretion, 0 and 5 nmol/min/
cm2, and reduced rectal potential difference, 7
and 9 mV, despite very high concentrations of
circulating aldosterone, 3900 and 10 500 pmolIl,
suggesting an unresponsiveness of colonic
reabsorptive mechanisms to aldosterone.

In CAH (g), after 48 hours without mineralo-
corticoid supplementation, plasma aldosterone
concentrations were unrecordable in the three
patients and rectal sodium absorption, 55, 68,
46, and potassium secretion 0, 2, 6 nmol/min/
cm2, and potential difference, 13, 18, 25 mV,
were greatly reduced compared with controls.
When studied previously during a period of
adequate mineralocorticoid supplementation,
these patients in (g) yielded results not signific-
antly different from the control group (sodium
absorption 148, 153, 130 and potassium secre-
tion 31, 37, 15 nmollmin/cm2 and potential
difference 35,5 4, 40 mV), indicating the import-
ance of aldosterone in promoting rectal sodium
absorption.

In CCD (h), a condition in which colonic
sodium reabsorptive mechanisms are
unimpaired, rectal sodium absorption, 368 and
312 nmol/min/cm2, potassium secretion 107,
50 nmol/min/cm2 and rectal potential difference,
98 and 87 mV, were markedly raised, pre-
sumably because of the very high concentrations
of circulating plasma aldosterone, 9750 and
1240 pmol/l, reflecting the secondary hyper-
aldosteronism found in these patients.

Discussion
Young children are particularly prone to disturb-
ances of electrolyte and water homeostasis. In
the older child and adult, renal function is
mature, but in the preterm neonate there is
glomerulotubular imbalance and a relative renal
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TABLE ii Rectal sodium absorption, potassium secretion, potential difference, and plasma
aldosterone concentrations in children with disordered aldosterone metabolism and age matched
controls (groups f-i)

(f) (g-) (g+) (h)()
n 2 3 3 2 14
Naabs 71, 101 55, 68,46 148,153,130 368, 312 183 (34)
Ksec 0, 5 0,2,6 31, 37, 15 107, 50 33 (23)
Paldo 3900, 10500 0,0,0 NM 9750, 1240 720(280)
PD 7,9 13, 18, 25 35, 54,40 98, 87 39(9)

(f =children with pseudohypoaldosteronism; (g)-=children with congenital adrenal hyperplasia, (g
studied after withholding corticosteroid supplements; (g±) after corticosteroid supplements
administered; (h)-=children with congenital chloride-losing diarrhoea; (i)=age-matched controls.
Other abbreviations as in Table I with figures showing individual patient results in groups (f)-h) and
mean (SD) in group (i).

salt wasting state exists'16 despite high circulating
concentrations of aldosterone.23

Colonic reabsorption of sodium may thus
assume increased imnportance in this group of
children, but little is known of the ontogeny
or efficiency of sodium salvage by the colon
throughout childhood or of the factors which
may be important in its regulation. Studies in the
experimental animal.'7" an the adult human252'
suggest that both mineralocorticoids and gluco-
corticoids may promote active sodium transport
in the colon, although their actions may be
mediated through different types of cortico-
steroid receptors in the mucosa.2223 The effect of
aldosterone on childhood colonic transport is less
evident although it has been suggested that it is
important.'31 Aldosterone production is high in
the young infant and does not decline to adult
values until later in childhood,'2324 whereas initial
data suggest that cortisol concentrations in
unstressed preterm and term neonates may be
normal or minimally raised.2526
Our studies have examined the development

of rectal sodium transport in children of different
ages and the role of aldosterone as a regulatory
factor. We have shown (Table I) that rectal
sodium absorption is highly efficient throughout
childhood with the highest rates of absorption
found in the very preterm neonates. In contrast,
the renal mechanism for sodium salvage in the
preterm infant is very inefficient, suggesting that
the mechanisms of sodium transport in the colon
are present and mature, or are inducible, before
those in the kidney. Although there are topo-
graphical variations in electrolyte transport
throughout the large intestine,27 it is tempting to
extrapolate our rectal data and speculate that the
colon as a whole may play the major role in
overall sodium salvage in the very preterm
infant.
Our data also provide evidence regarding the

influence ofaldosterone on rectal sodium absorp-
tion. The very high concentrations of circulating
aldosterone found in preterm neonates may be
secondary to renal sodium loss, and it is likely
that the very efficient rectal sodium transport
seen in this age group is the result of a direct
effect of aldosterone on the colon. Supportive
evidence for the role of aldosterone as an import-
ant regulatory factor is provided by the close
association between plasma aldosterone and
rectal sodium absorption, and the fact that rectal
absorption of sodium is greatly affected by
differing states of aldosterone metabolism (Table
II). In pseudohypoaldosteronism there appears
to be a generalised defect of mineralocorticoid

dependent ion-transporting epithelia, including
the colon. Thus despite the very high circulating
concentrations of aldosterone found in these
patients, rectal sodium absorption was markedly
reduced. In salt-losing congenital adrenal hyper-
plasia, the defect is in mineralocorticoid produc-
tion, resulting in aldosterone deficiency. After
discontinuing exogenous mineralocorticoid for
48 hours, both rectal sodium absorption and
potential difference fell dramatically in our
patients, while previous studies during adequate
mineralocorticoid supplementation produced
results not significantly different from age
matched controls. The two patients with con-
genital chloride-losing diarrhoea showed greatly
increased rectal sodium absorption and potential
difference associated with very high circulating
concentrations of aldosterone, providing further
evidence for the crucial role that aldosterone
appears to play in colonic transport. It is also
well known that increased concentrations of
aldosterone are associated with colonic potas-
sium secretion,2 and the increase in rectal potas-
sium secretion in one of the children with
secondary hyperaldosteronism seen in our study
was predictable. The potassium secretion is
largely driven by the electrical gradient which is
produced by sodium absorption; thus stimula-
tion of sodium absorption by aldosterone will
result in an increased transmural potential
difference and therefore increased potassium
secretion. It is noteworthy that rectal potential
difference and rectal potassium secretion were
similar in groups (c)-(e). Unfortunately, rectal
potential difference was not measured in the
preterm neonates (group a-b) but, despite high
circulating aldosterone concentrations and
increased rectal sodium absorption in these
babies, there was no significant increase in rectal
potassium secretion. The reasons for this differ-
ence in very young infants are unclear, but may
be related to a delayed maturation of active
potassium secretion. Indeed, in the fetal lamb
kidney, aldosterone appears to promote sodium
reabsorption, but it has no simultaneous effect
on potassium secretion until the last trimester of
gestation.2"
Our observations do not provide any evidence

for the mechanism by which aldosterone might
promote sodium absorption in developing
human colon. Recent observations in adult rat
distal colon, however, suggest that the prime
effect of aldosterone is on the amiloride sensi-
tive electrogenic component of net sodium
absorption.'8 In the suckling and weanling rat
net sodium absorption occurs only through an
amiloride sensitive channel,3' although studies
in newborn pig distal colon suggest that the
increase in concentrations of circulating
aldosterone immediately after birth may induce a
change in sodium transport from an amiloride
insensitive to an amiloride sensitive electrogenic
mechanism in the early neonatal period.3' 32 In

human wenling dital colon net sod;ium upntake
is entirely accounted for by short circuit current
and is also amiloride sensitive.33 It seems highly
likely, therefore, that the effect of chronically
high circulating concentrations of aldosterone in
the preterm infant is to promote increased
sodium absorption by the induction of amiloride
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sensitive electrogenic sodium absorption. Our
data regarding sodium absorption, potential
difference and aldosterone concentrations in
older infants with defects in aldosterone
metabolism are at least consistent with this
hypothesis.

In conclusion, our studies have shown for the
first time that colonic sodium transport mecha-
nisms are efficient in very early infancy, and that
aldosterone is an important regulatory influence.
In view of the relative renal immaturity in the
preterm neonate, the colon may be of particular
importance in overall sodium and water homeo-
stasis in this age group.
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