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Abstract The adult kidney maintains a constant volume and
composition of extracellular fluid despite changes in water
and salt intake. The neonate is born with a kidney that has a
small fraction of the glomerular filtration rate of the adult and
immature tubules that function at a lower capacity than that of
the mature animal. Nonetheless, the neonate is also able to
maintain a constant extracellular fluid volume and composi-
tion. Postnatal renal tubular development was once thought to
be due to an increase in the transporter abundance to meet the
developmental increase in glomerular filtration rate. However,
postnatal renal development of each nephron segment is quite
complex. There are isoform changes of several transporters as
well as developmental changes in signal transduction that
affect the capacity of renal tubules to reabsorb solutes and
water. This review will discuss neonatal tubular function with
an emphasis on the differences that have been found between
the neonate and adult. We will also discuss some of the factors
that are responsible for the maturational changes in tubular
transport that occur during postnatal renal development.

Keywords Renal development - Sodium transport -
Nephron - Ontogeny of renal transport

This review focuses on the postnatal developmental changes that
occur in tubular transport. While not the objective of this review,
it is important to understand that there are changes in the glo-
merular filtration rate and thus delivery of solutes and water
during renal development. The glomerular filtration rate of a
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term newborn is only 2 ml/min compared to 100—120 ml/min in
the adult [1]. If one normalizes the glomerular filtration rate to an
adult’s body surface area, the glomerular filtration rate increases
fourfold during the first 1-2 years of life, at which point the adult
glomerular filtration rate is attained [2, 3]. This developmental
change in glomerular filtration rate is not due to an increase in
glomerular number as no new nephrons are formed after 34—
36 weeks of gestation. However, there are changes in renal
hemodynamics and the glomerular basement membrane that
result in an increase in the glomerular filtration rate during
postnatal development. The most important factor that leads to
an increase in glomerular filtration rate is the postnatal increase
in glomerular surface area [4, 5]. If there was no increase in
solute and water reabsorption that parallels the increase in glo-
merular filtration, the neonate would become volume-depleted
with a minor developmental increase in glomerular filtration rate
[6, 7]. Thus, there is a balance between changes in glomerular
filtration rate and transport designated glomerulotubular balance.
Glomerulotubular balance persists in the adult nephron so that
changes in glomerular filtration rate seen with changes in extra-
cellular fluid volume are paralleled by appropriate changes in
tubular transport. However, in very premature neonates, there is
some glomerulotubular imbalance evidenced by glucosuria, with
normal serum glucose levels [1, 8, 9]. This overview of devel-
opmental changes in tubular transport will focus on the major
changes that occur in renal transport mechanisms during post-
natal development. There are also developmental differences in
hormone levels that regulate tubular transport, as well as hor-
mone receptor abundance, signal transduction and tubular re-
sponse to various hormones that occur during postnatal devel-
opment that are beyond the scope of the current review.

Proximal tubule

The proximal tubule receives the glomerular ultrafiltrate,
which is isotonic to plasma. The proximal tubule is
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responsible for the bulk reclamation of the glomerular filtrate.
The proximal tubule reabsorbs all of the filtered glucose and
amino acids, the vast majority of filtered phosphate as well as
80 % of the filtered bicarbonate and two-thirds of the filtered
chloride [10]. The proximal tubule is very permeable to water
and the luminal fluid remains isotonic to plasma during the
entire course along this nephron segment. The early portion of
the proximal tubule reabsorbs most of the filtered glucose and
amino acids and most of the filtered bicarbonate that will be
reabsorbed by this segment. This leaves the late proximal
tubule with a higher luminal chloride and lower luminal
bicarbonate concentration than the peritubular plasma. In the
latter parts of the proximal tubule, NaCl is reabsorbed by
active and passive means as will be discussed below. An
illustration of a proximal tubular cell is shown in Fig. 1.

The rate of proximal tubule transport is significantly less in
the neonate than in the adult segment. In utero and in prema-
ture infants born before 34 weeks gestation, nephrons are still
being formed. Nephron formation occurs in a centrifugal
fashion with juxtamedullary nephrons much more mature than
those of the superficial cortex [11]. There is a developmental
increase in proximal tubular transport in both superficial and
juxtamedullary nephrons, but the increase is more profound in
the superficial nephrons [12, 13]. As in the adult, transport by
the neonatal proximal tubule is isotonic. As solutes are
reabsorbed, water moves through cells through water channels
designated aquaporin 1. Aquaporin 1 water channels are pres-
ent in most cells in the body so that the intracellular and
extracellular osmolality are equal. The rate of volume absorp-
tion by proximal tubular transport is dependent on the com-
bined rate of transport of the individual solutes absorbed.
Most solute transport is secondary to active transport, but
there is also a component of passive solute transport that
occurs along the paracellular pathway.

Most transport along the nephron is sodium dependent, where
the low intracellular sodium generated by the Na'/K'-ATPase
provides the driving force for sodium across the apical mem-
brane. Na'/K"-ATPase is a heterodimer consisting primarily of oc
and 3 subunits. The o-subunit is the catalytic unit that binds
sodium, potassium, and ATP. The (3-subunit is essential for
targeting the o-subunit to the cell membrane and stabilizing the
Na'/K'-ATPase preventing its movement from the basolateral
membrane to the apical membrane. There are four isoforms of
the a-subunit and three isoforms of the 3-subunit; 1 and (1
subunits are the primary isoforms in the adult kidney. A -y subunit
has also been shown to be a part of Na /K *-ATPase, but it is not
essential for the enzymatic activity of Na'/K'-ATPase [14, 15].

The neonatal kidney has a lower rate of Na'/K'-ATPase
activity than that of adults. In rodents, the activity increases
approximately 3—4 fold in the postnatal period [16, 17]. As with
many solutes, the increase in Na'/K -ATPase activity occurs at
the time of weaning, when there is a rise in serum glucocorti-
coid and thyroid hormone levels [18, 19]. In addition to
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Fig. 1 Illustration of a proximal tubular cell. The top cell is an early
proximal tubular cell near the glomerulus depicting the reabsorption of
organic solutes and bicarbonate. The lumen is acidified predominantly by
an apical Na"/H" exchanger. The basolateral Na'/K™-ATPase lowers
intracellular sodium and generates the driving force for this active trans-
port, which is by and large sodium dependent. The lower cell depicts a
late proximal tubular cell where there is a chloride gradient generated by
the preferential reabsorption of bicarbonate over chloride ions in the early
proximal tubule. Thus, the late tubular fluid is mostly composed of NaCl,
which is actively reabsorbed via the apical Na'/H" and Cl /Base ex-
changers. The higher luminal chloride provides a concentration gradient
for passive chloride transport along the paracellular pathway. Since the
concentration of bicarbonate in the blood is greater than the lumen,
bicarbonate could diffuse back into the lumen, but the tight junction is
quite impermeable to bicarbonate. In this and all figures, the black circles
depict transporters that require ATP

evidence that the increase in glucocorticoids and thyroid hor-
mone are responsible for the increase in renal Na'/K"-ATPase
activity [20-22], an increase in apical sodium transport may
also be a factor that induces the maturation of Na'/K'-ATPase
on the basolateral membrane [23-26]. The induction of post-
natal transport will be covered in detail later in this manuscript.

As an example of organic solute transport, we will discuss
glucose transport. Glucose is reabsorbed in an electrogenic
fashion with sodium, as shown in Fig. 1. The reabsorption of
glucose with sodium leaves the lumen of the proximal tubule
with a negative transepithelial potential that is the driving
force for the paracellular reabsorption of chloride ions [10].
There are two renal glucose transporters. SGLT1 is a high-
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affinity, low-capacity transporter that is expressed in the distal
part (S3 segment) of the proximal tubule [27]. SGLT1 trans-
ports two sodium ions into the cell for every glucose molecule.
This transporter is also present in the intestine and mutations
with loss of function of this transporter result in profuse
neonatal watery diarrhea due to glucose-galactose malabsorp-
tion [28]. SGLT2 is a high-capacity, low-affinity transporter
that is present in the early proximal tubule (S1 and S2 seg-
ment) where it performs the bulk reclamation of filtered glu-
cose. SGLT2 transports one sodium ion for every glucose
molecule. Mutations of this transporter cause familial
glucosuria where there is glucosuria without hyperglycemia
[29]. There is a developmental increase in glucose transport
during development that is due to an increase in the number of
transporters as well as an increase in the Na'/K'-ATPase that
provides the driving force for sodium across the apical mem-
brane [13, 30]. The developmental increase in glucose trans-
port is due to an increase in both SGLT1 and SGLT2 [31].

The Na'/H" exchanger (NHE) is directly or indirectly
responsible for most sodium bicarbonate and NaCl reabsorp-
tion by the adult proximal tubule [10, 32, 33]. The NHE
secretes protons into the tubular lumen. The driving force
for this process is the low intracellular sodium generated by
the Na'/K"-ATPase on the basolateral membrane as depicted
Fig. 1. The luminal proton titrates the filtered bicarbonate
forming H,COs, which dissociates into CO,+H,O facilitated
by carbonic anhydrase IV on the apical membrane. CO, can
diffuse into the proximal tubule cell and form H,COs, which
is facilitated by carbonic anhydrase II in the cytosol. The
bicarbonate formed from dissociation of H,CO; exits the cell
in a sodium-dependent manner, leaving the proton to be
secreted via the apical NHE. In the adult, approximately
one-third of renal acidification occurs by the H'-ATPase
[33, 34]. There does not appear to be any H'-ATPase activity
in the neonatal proximal tubule [34].

The rate of volume absorption and bicarbonate reabsorp-
tion is lower in the neonatal proximal tubule than that in the
adult [13, 35]. There is a maturational increase in carbonic
anhydrase II and IV and the basolateral sodium bicarbonate
cotransporter that facilitates bicarbonate exit from the cell
[36-39]. However, the increase in NHE activity is profound
and likely accounts for most of the developmental increase in
renal acidification [39—41].

There are ten NHE isoforms, but NHE3 is the predominant
isoform on the apical membrane of the adult proximal tubule
[42—44]. The abundance of NHE3 is far less on the brush
border of the neonate compared to the adult proximal tubule
[40, 45, 46]. However, unlike the adult proximal tubule where
all of NHE activity could be attributed to NHE3 [43, 44], there
is a discordance between NHE activity and NHE3 mRNA and
protein abundance in the neonate. There is far greater NHE
activity than could be explained by NHE3 alone in the neo-
natal proximal tubule [41]. Evidence for another proximal

tubule NHE on the apical membrane was first found in
NHE3 ™" mice [47]. NHES was found to be this developmen-
tal NHE, which is highly expressed in neonatal proximal
tubules but barely detectable in adults, as shown in Fig. 2.
NHES8 was found to have significantly different properties
than NHE3 in terms of its regulation and its sensitivity to
amiloride analogues, which inhibit NHEs [48, 49]. Metabolic
acidosis in neonates in vivo and in cells expressing NHES
in vitro increase NHES activity consistent with this isoform
playing an important role in neonatal proximal tubule acidifi-
cation [40, 48].

The proximal tubule plays a major role in NaCl transport.
Approximately two-thirds of the filtered NaCl is reabsorbed
by the proximal tubule [10]. NaCl transport in the proximal
tubule is in part active and mediated by the parallel operation
of the apical NHE and a chloride/base exchanger [50, 51].
Thus, the parallel operation of these two transporters results in
the electroneutral reabsorption of NaCl and the secretion of a
hydrogen ion and a base. The nature of the base that is secreted
is not clear. The base could be a hydroxyl ion resulting in the
net secretion of H™ + OH ™, or water. Other ions that have been
postulated to be secreted in exchange for chloride include
bicarbonate, formate, and oxalate [50-57]. The relative im-
portance of these ions for the reabsorption of chloride trans-
port in the adult and neonate is not known. The rate of active
transcellular NaCl transport in neonatal proximal tubules is far
less in the neonate than in the adult [55, 57]. This is due to the
lower rate of the NHE as well as Cl /base” exchanger [55, 57].

Approximately one-third of the NaCl transport is passive
and paracellular in the adult proximal tubule [58, 59]. The
driving force for the paracellular reabsorption of chloride ions
is the higher luminal chloride composition generated by pref-
erential bicarbonate reabsorption in the early portion of the
proximal tubule. Chloride could thus diffuse along the
paracellular pathway as shown in Fig. 1. The magnitude of
chloride absorption is not only dependent on the generation of a
chloride concentration gradient but also the permeability prop-
erties of the paracellular pathway. There are marked differences
in the permeability properties of the paracellular pathway in the
neonatal and adult proximal tubule [60—64]. The neonatal
proximal tubule has a lower chloride permeability and higher
transepithelial resistance than that of the adult, which limits
passive chloride transport in the neonate [55, 57, 65].

The tight junction between epithelial cells forms the barrier
between the apical and the basolateral membrane. The fibrils in
the tight junction are composed of occludin and a family of
proteins called claudins, which have approximately 20 mem-
bers [66, 67]. Claudins are low molecular weight proteins that
have four membrane-spanning domains that join with claudins
on adjoining cells. The permeability of the paracellular path-
way is dependent in large part on which claudin isoforms are
expressed by a nephron segment [67]. As an example, the high
magnesium and calcium permeability of the paracellular
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Developmental changes in mouse brush-border membrane NHE3 (A) and NHES (B)
protein abundance.
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Fig. 2 The apical protein expression of the Na”/H" exchanger during post-
natal development. As shown, NHES is highly expressed in the neonate while
NHES3 is the predominant Na/H" exchanger in the adult proximal tubule. The

pathway in the thick ascending limb is due to the expression of
claudin 16 and 19 [68, 69]. Mutations in claudin 16 or 19 lead
to familial hypomagnesemia with hypercalciuria [68, 70]. The
adult proximal tubule expresses claudin 1, claudin 2, claudin
10a, claudin 12, and occludin. The neonatal proximal tubule
not only expresses these claudin isoforms but also claudins 6,
9, and 13 [60]. Claudins 6 and 9 have been shown to increase
transepithelial resistance and decrease chloride permeability
when transfected into MDCK cells in vitro [71]. Thus the
lower chloride permeability and higher transepithelial resis-
tance in neonatal compared to adult proximal tubules is likely
due to the expression of these two claudin isoforms.

Phosphate transport
Phosphate is a component of nucleic acids and thus necessary
for RNA and DNA synthesis. Additionally, phosphate has many

important and diverse roles in intracellular signaling, enzymatic
reactions, facilitating oxygen delivery, as well as being a
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isoform change occurs at the time of weaning and is likely mediated by the
increase in thyroid hormone and glucocorticoids that occur during that time
(figure reproduced from reference [40], used with permission)

component of bone. There are inherent developmental changes
in phosphate transport from the neonate to the adult. Neonates
are in positive phosphate balance, which is critical for growth
and have higher serum phosphate levels compared to adults.
Adult humans ingest approximately ~1-1.5 g of phosphate
every day and remain in phosphate balance. The proximal tubule
is the primary site of phosphate reabsorption from the glomerular
filtrate. The sodium phosphate cotransporters 2a and 2c
(NaPi2a and NaPi2c) are present on the brush border of the
proximal tubule and mediate reabsorption of 70-80 % of filtered
phosphate. NaPi2a and NaPi2c have differing roles in phosphate
reabsorption in humans and rodents. In humans, NaPi2c seems to
play a major role in mediating phosphate reabsorption compared
to NaPi2a, as homozygous deletion of NaPi2c causes hereditary
hypophosphatemic rickets with hypercalciuria (HHRH) [72].
Patients with HHRH have hypophosphatemia, hypercalciuria,
and elevated levels of 1,25 vitamin Ds. The role of NaPi2a in
humans remains unclear. Recently, Magen et al. reported two
patients with a NaPi2a mutation who had hypophosphatemia,
phosphaturia, and features of Fanconi’s syndrome [73].
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In rodents, NaPi2a is the principal transporter responsible for
reabsorption of 70 % of filtered phosphate and deletion of
NaPi2a results in hypophosphatemia, phosphaturia, increased
1,25 vitamin D5 levels, and skeletal abnormalities [74]. Deletion
of NaPi2c in rodents did not affect serum phosphate levels,
however mice lacking NaPi2c developed hypercalcemia, hyper-
calciuria, and elevated 1,25 vitamin D5 levels [75]. Deletion of
both NaPi2a and NaPi2c resulted in a more severe
phenotype than that of NaPi2a null mice with regards
to hypophosphatemia, phosphaturia, and skeletal miner-
alization defects consistent with NaPi2c¢ playing a com-
pensatory role in the absence of NaPi2a [76].

Neonates have a lower glomerular filtration rate (GFR)
than adults; however, a reduced filtered load of phosphate is
not the cause for the higher serum phosphate levels in neonates.
Studies performed in 3 to 7-day newborn guinea pigs have
demonstrated that for any filtered load of phosphate below the
threshold maximum for phosphate, the neonate reabsorbed twice
the amount of phosphate per unit mass of the kidney than the
adult [77]. Similarly, growing rats had a higher rate of phosphate
reabsorption (normalized for GFR) than the mature rats [78]. In
humans, the fractional excretion of phosphate (FEPhos) is
lower in neonates than in adults [79, 80]. Full-term neonates
have a FEPhos of less than 0.2 % within the first 36 h of life,
which increases to 6.5 % by 2—7 days of life [81]. This is in
contrast to adults who have a FEPhos of 10-20 %.

The higher serum phosphate levels in neonates are at least in
part due to increased tubular phosphate reabsorption. Brush
border membrane vesicles (BBMV) from neonatal guinea pigs
have a higher V ., for phosphate uptake than adult guinea pigs
[82]. Despite the higher rate of phosphate uptake by the prox-
imal tubule, the intracellular phosphate concentration is lower
in neonates than adults, suggesting that basolateral membrane
phosphate transport into the blood may also be faster in neo-
nates than adults, but this has not been studied [83, 84].

Developmental studies found that NaPi2a is initially
expressed at the time of brush border development on the
proximal tubule. Interestingly, there is a developmental de-
crease in NaPi2a protein abundance at the time of weaning
when phosphate transport is very high [85]. When renal
cortical mRNA from immature rats (3 weeks old) or adult rats
(>12 weeks old) was injected to oocytes, phosphate uptake
was higher in the oocytes with mRNA from the 3-week-old
compared to the adult rat. Moreover, when mRNA derived
from the kidney cortex of 3-week-old animals was depleted of
NaPi2a using subtractive hybridization techniques and
injected into oocytes, sodium-dependent phosphate transport
was still present, while similar experiments using adult kidney
mRNA abolished phosphate transport in the oocytes [86].
These data suggested the presence of another phosphate trans-
porter responsible for maintaining the increased renal phos-
phate reabsorption seen at the time of weaning. Studies ex-
amining the cause for the increase in phosphate transport in

weanling rats led to the discovery of NaPi2c, which is the
growth-related phosphate transporter with higher expression
in weaning rats than in the adult rats [87].

Parathyroid hormone (PTH) and fibroblast growth factor
23 (FGF23) are phosphaturic hormones that could play a role
in the higher phosphate levels in neonates. Administration of
PTH to immature and adult rats decreased renal reabsorption
of phosphate in both groups of rats; however, immature rats
maintained a higher renal reabsorption of phosphate compared
to adults [88, 89]. Furthermore, infusion of PTH into the
perfusate of isolated guinea pig kidneys increased the
FEPhos in adult but not neonatal kidneys [77]. Thus, these
data demonstrate an attenuated response of PTH on renal
phosphate transport in growing animals. A study of healthy-
term infants demonstrated that intact FGF23 levels were com-
parable between neonates and adults despite the higher phos-
phate levels in neonates [90]. Whether there is a blunted
response to FGF23 in neonates has not been studied.

Thick ascending limb

The thick ascending limb reabsorbs ~25 % of the filtered NaCl
and is impermeable to water, generating a tubular fluid as low as
osmolality of ~50 mOsm/kg'H,O. An illustration of a thick
ascending limb cell is shown in Fig. 3. The generation of
hypo-osmolar luminal fluid is necessary for free water excretion.
NaCl reabsorbed from the thick ascending limb is also important
in the generation of a hyperosmolar medullary interstititum for

Thick Ascending Limb Cell

J

Na* 3Na
K+
CI-
S cr—
Mg++ ;
Ca++

K+

Na* \
Fig.3 The thick ascending limb reabsorbs 25 % of the filtered NaCl. The
NKCC on the apical membrane is the transporter that is inhibited by loop
diuretics. The recycling of potassium across the apical potassium channel
(ROMK) results in a lumen-positive potential difference. This positive
lumen potential provides a driving force for passive cation absorption
along the paracellular pathway. The paracellular pathway in the thick
ascending limb is very permeable to cations. A mutation in transporters
involved in thick ascending limb transport depicted here can cause
Bartter’s syndrome
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urinary concentration. The luminal transporter that mediates
sodium entry into the cell is the Na'-K'-2CI™ cotransporter
(NKCC). Transport is electroneutral since two chloride ions are
transported for every sodium and potassium ion [91]. This is the
transporter that is inhibited by furosemide and bumetanide.
There are a number of isoforms of Na™-K"-2CI" cotransporter
and NKCC?2 is the one present in the thick ascending limb [92,
93]. Sodium exits the thick ascending limb cell via the Na/K -
ATPase on the basolateral membrane. As in the proximal
tubule, the Na'/K"-ATPase generates a low intracellular sodi-
um concentration providing a driving force for sodium to enter
the cell across the apical membrane. Chloride is transported out
of the cell by CIC-Kb, a chloride channel that requires Barttin,
a subunit necessary for trafficking of CIC-Kb to the basolateral
membrane [94]. Potassium is recycled into the lumen via
ROMK (rat outer medullary potassium channel), which gen-
erates a lumen-positive potential. This lumen-positive potential
provides a driving force for passive reabsorption of cations
including calcium and magnesium along the paracellular path-
way. The paracellular pathway has tight junction proteins
designated claudin 16 and 19, which interact to form a tight
junction, which is very permeable to cations [68, 95].

Bartter’s syndrome is an inherited disorder resulting
from mutations in NKCC2, ROMK, CICKb, or Barttin.
There is sometimes a history of polyhydramnios and in-
fants born with Bartter’s syndrome usually present with
polyuria and failure to thrive. Electrolytes reveal a
hypochloremic, hypokalemic, metabolic alkalosis with hy-
percalciuria and nephrocalcinosis. Barttin is also expressed
in the inner ear and patients with mutation in Barttin have
sensorineural deafness. Patients with mutations in ROMK
can develop transient hyperkalemia since ROMK is also in
the collecting duct and it is not fully expressed in neonates.
The calcium sensing receptor is present on the basolateral
side of the thick ascending limb cell and activating muta-
tions of this receptor have been associated with Bartter’s
syndrome and hypocalcemia [96, 97].

There are a number of changes that occur in the thick ascend-
ing limb during postnatal maturation. The mRNA and protein
abundance of NKCC2, Na"/K*-ATPase and ROMK increase
during renal development, resulting in a developmental increase
in sodium reabsorption in the thick ascending limb [98—-100].
Despite these maturational changes in transport, the thick as-
cending limb is able to dilute urine in human neonates and
neonates drink mother’s milk, a hypotonic fluid. Human neo-
nates are able to excrete urine with an osmolality of ~50 mOsm/
kg'H,0O, which is comparable to that of adults.

Distal convoluted tubule

The distal convoluted tubule is responsible for reabsorption of
5-10 % of filtered sodium and is impermeable to water, thus
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maintaining the hypo-osmolar tubular fluid generated by the
thick ascending limb. NaCl reabsorption primarily occurs via
Na'-Cl™ cotransporter (NCC), which is the electroneutral
transporter inhibited by thiazide diuretics [101, 102]. An
illustration of a distal convoluted tubule cell is shown in
Fig. 4. To a lesser extent, NaCl reabsorption occurs by parallel
Na'-H" exchanger (NHE2) and HCO; -CI” exchangers. On
the basolateral membrane, similar to other parts of the neph-
ron, Na~ exit is mediated via Na*/K -ATPase. Chloride is
transported from the cell via a K'-CI™ cotransporter (KCC4)
and a chloride channel (CIC-K2) [103]. Potassium exits across
the basolateral membrane via K channels.

Gitelman’s syndrome is an autosomal recessive disorder that
usually presents in late childhood or adolescence with weak-
ness, muscle cramps, constipation, salt craving, and thirst.
Patients have hypokalemic metabolic alkalosis with secondary
hyperaldosteronism, hypomagnesemia, and hypocalciuria. The
vast majority of the patients have a mutation in the NCC gene
[104, 105]. A few patients have been shown to have mutations
in the CICNKB gene, a human ortholog of CIC-K2 [106, 107].
Patients with Gordon’s syndrome (pseudohypoaldosteronism
type 2 or familial hyperkalemic hypertension) have a gain of
function of NCC and an inhibition in ROMK. Patients with
Gordon syndrome have hypertension, hyperkalemia, low plas-
ma renin levels, and metabolic acidosis. Mutations in WNK]
and WNK4 (With No Lysine kinases) are the genes responsi-
ble for Gordon’s syndrome [108]. Recently, mutations in
Kelch-like 3 and Cullin 3, which are involved in ubiquitination
and degradation of WNK4, have also been shown to cause
Gordon’s syndrome [109, 110]. Thiazide diuretics are the treat-
ment of choice in patients with Gordon’s syndrome and the
detailed description of regulation of NCC by WNKs in Gordon
syndrome has been covered previously by a review in Pediatric
Nephrology [108].

Distal Convoluted Tubule Cell
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Fig. 4 The distal convoluted tubule is responsible for 5-10 % of NaCl
transport. The apical membrane NaCl cotransporter is the one inhibited
by thiazide diuretics. Mutations in the NaCl cotransporter result in
Gitelman’s syndrome
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There is limited data available on the developmental chang-
es in solute transport in the distal convoluted tubule. Despite
the decrease in sodium transport in all of the nephron seg-
ments discussed thus far, neonates are less able to excrete a
sodium load compared to adults [111, 112]. A micropuncture
study measured the fraction of filtered sodium remaining in
the early distal tubule and late distal tubule in both volume
depleted and volume expanded states [ 112]. In both states, a 3-
week-old rat had a higher fraction of filtered sodium in the
early distal tubule (keeping with decreased sodium reabsorp-
tion proximally) but had a comparable fraction of filtered
sodium remaining in the late distal tubule compared to an
adult rat, indicating increased distal tubule sodium reabsorp-
tion in the neonatal kidney compared to the adult.

The distal convoluted tubule is also responsible for
transepithelial calcium and magnesium reabsorption via tran-
sient receptor potential vanilloid 5 (TRPVS5) and transient re-
ceptor potential melastatin 6 (TRPM®6), respectively [113, 114].
The distal tubule is responsible for the fine tuning of calcium
and magnesium reabsorption resulting in <5 % of filtered cal-
cium and magnesium being excreted in the urine [113]. There is
not much known about the developmental changes in the ex-
pression or function of these calcium or magnesium channels.

Urinary concentration and dilution

The thin and thick ascending limbs reabsorb solutes without
water. By the end of the thick ascending limb, the urine osmo-
lality is ~50—100 mOsm/kg-water. This is true whether the urine
will be concentrated above the plasma osmolality or if the urine
will be excreted at an osmolality of 50-100 mOsm/kg-water
[115, 116]. There can be solute reabsorption without water in
the distal convoluted tubule and collecting duct, resulting in a
urine osmolality of 50 mOsm/kg-water. Whether the urine will
be concentrated is dependent on an intact collecting tubule and
the action of vasopressin [117]. Vasopressin is secreted if there
is an increase in serum osmolality or if the effective arterial
volume is very low. The adult can excrete approximately one-
sixth of the glomerular filtration rate as free water (approxi-
mately 30 I/day) and thus it is virtually impossible for an adult
with an intact diluting system to drink themselves into
hyponatremia. On the other hand, in the presence of vasopres-
sin, the urine osmolality can increase to 1,200 mOsm/kg-water
[117]. By comparison, some desert rodents can concentrate
their urine to over 3,000 mOsm/kg-water.

The human neonate can excrete urine with an osmolality of
50 mOsm/kg-water, which is fortunate, as they drink a hypo-
tonic fluid, mother’s milk [118, 119]. Nonetheless, the lower
GFR in the neonate limits the ability to excrete a free water
load, which is apparent when neonates are fed inappropriately
diluted formula resulting in hyponatremia and seizures [120].
There is a maturational increase in the maximum urinary

osmolality that can be excreted but even so a neonate is able
to excrete urine with an osmolality of 600 mOsm/kg-water
[121-123]. There are several reasons why a neonate cannot
concentrate urine to the same extent as an adult but we will
focus on maturational changes in transport.

The collecting duct responds to vasopressin by inserting
aquaporin 2 containing vesicles into the apical membrane
allowing water to enter the principal cell in the collecting duct.
This process is dependent on cAMP, which is increased when
vasopressin binds to the vasopressin 2 receptor. Water exits
the cell across the basolateral membrane via aquaporin 3 and
aquaporin 4. While there is a maturational increase in vaso-
pressin receptors in the collecting duct [124], the rate-limiting
step in the ability to excrete a concentrated urine appears to be
the lower abundance of aquaporin 2 in the collecting duct in
neonates shown in some studies [125, 126].

The level of intracellular cAMP that is generated when
vasopressin binds to its receptor is lower in the neonate than
in the adult [127-129]. The attenuated cAMP content is likely
due to the vasopressin-induced generation of prostaglandins in
the neonate, which increase phosphodiesterase activity [130,
131]. The ability of the neonatal tubule to generate cAMP in
response to vasopressin is comparable to the adult when
prostaglandin synthesis is inhibited [130, 131].

Cortical collecting duct

The cortical collecting duct is responsible for the fine tuning
of sodium, potassium, and acid/base transport. The collecting
duct has two types of cells. The principal cell reabsorbs
sodium and secretes potassium, while the intercalated cell
plays a role in renal acidification. Recent studies show that
there is also sodium transport in the intercalated cell, which is
discussed in a recent review by Eladari et al. [132]. Examples
of cortical collecting duct cells are shown in Fig. 5. Sodium is
reabsorbed via the epithelial sodium channel (ENaC). ENaC
has three subunits designated alpha, beta, and gamma, which
are necessary for the channel to function. The trafficking of
ENaC to the apical membrane is under the control of aldoste-
rone and vasopressin [133, 134]. With insertion into the apical
membrane ENaC allows sodium to traverse into the cell along
the electrochemical gradient mediated by the Na'/K"-ATPase
on the basolateral membrane. This results in a lumen-negative
potential difference that serves as a driving force for either K
secretion through a potassium channel designated ROMK, the
secretion of a proton by the neighboring intercalated cell, or the
reabsorption of a chloride ion along the paracellular pathway. A
gain-of-function mutation of ENaC results in Liddle’s syndrome,
an autosomal dominant disorder characterized by hypertension,
hypokalemia, and a metabolic alkalosis [135]. A loss-of-function
mutation of ENaC results in pseudohypoaldosteronism type 1,
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Fig. 5 This figure depicts the three cell types in the collecting duct. The
top cell is the principal cell. Sodium is absorbed across the apical
membrane through a channel designated ENaC. The driving force is the
basolateral Na"/K*-ATPase that lowers intracellular sodium. Sodium
transport across the apical membrane results in a lumen-negative potential
difference that is itself the driving force for potassium secretion through a
potassium channel designated ROMK. The principal cell also expresses
water channels (aquaporin 2) that are inserted into the apical membrane in
response to vasopressin to increase water flow across this cell into the
hypertonic medulla in order to produce concentrated urine. Below this
cell is the type A intercalated cell, which plays a role in renal acidification.
Both the proton pump and H/K*-ATPase are involved in luminal proton
secretion. The third cell is a type B intercalated cell, which secretes
bicarbonate under conditions of a metabolic alkalosis. Note that the
proton pump is on the basolateral membrane of this cell

which is characterized by hypotension, hyperkalemia, and met-
abolic acidosis [136].

There is postnatal maturation of the collecting duct principal
cells. The rate of sodium transport and the transepithelial
potential difference is less in the neonate than in the adult
[137, 138]. The lower rate of sodium transport in the neonatal
collecting tubule compared to the adult tubule is due to the
paucity of sodium channels on the apical membrane of the
neonatal collecting tubule compared to the adult, and the ones
that are present are more likely to be closed not allowing
sodium to enter into the cell [139]. The paucity of apical
membrane sodium channels in the neonate occurs despite the
fact than the mRNA abundance for all of the ENaC subunits is
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at the adult level by 3 days of age in the rat [140]. This indicates
that there is significant posttranscriptional regulation during
development that limits expression in the neonate. While aldo-
sterone is the primary regulator of ENaC activity in the adult,
there is a resistance to the action of aldosterone to increase
sodium transport in the neonatal rat [140].

The intracellular potassium concentration is about 140—
150 mEq/l and potassium is an essential element for growth.
While the fraction of total body potassium in the extracellular
fluid is very small, it is highly regulated in the adult and an
increase in potassium concentration leads to an increase in
aldosterone, which enhances potassium secretion by the
collecting duct. Teleologically, the neonate needs to conserve
potassium for growth. Several studies have shown that there is
a maturational increase in the ability of the distal nephron to
excrete potassium [137, 141, 142]. The maturational increase
in potassium secretion by the neonatal cortical collecting duct
occurs at a later time during development than that of sodium
transport [137]. In the rabbit, the maturational change in
potassium secretion lags behind developmental increase in
collecting duct sodium transport [137].

The collecting duct has two apical potassium channels
[136]. The principal cell has a potassium channel that has a
high probability of being open, designated ROMK. There is
also a flow-stimulated potassium channel that is activated when
there is high luminal flow, which is present on principal cells
but is predominantly located on intercalated cells [143, 144].
The increase in the ability to secrete potassium by the collecting
tubule is due primarily to an increase in ROMK expression
[145, 146]. The ability of channels to conduct ions is dependent
on the number of channels present and the probability of the
channels being open. During development of the collecting
duct, it is the number of ROMK channels and not their open
probability that limits potassium secretion [145].

The amount of potassium secretion in the adult is in part
determined by flow of sodium to the distal nephron [143].
Sodium delivery in the presence of aldosterone will increase
sodium absorption via ENaC, which will increase the driving
force for potassium secretion by increasing the lumen-negative
potential difference [136]. This flow-stimulated potassium se-
cretion is limited in the neonate [137]. This is in part due to the
limited sodium absorption by the collecting tubule of the
neonate, but also because of the paucity of stretch activated
maxi-K channels (also known as BK channels) [147].

The neonatal cortical collecting duct has fewer intercalated
cells in the cortex than the adult, which are also histologically
immature. The outer medullary collecting duct intercalated
cells are more mature in appearance than in the outer cortex
and are present in numbers comparable to that of the adult
[148]. The intercalated cell can be of two types. The type A
intercalated cell has a proton pump (H ' -ATPase) and as well
as an H'/K"-ATPase on the apical membrane. The base that is
generated from proton secretion is secreted across the



Pediatr Nephrol (2015) 30:2085-2098

2093

basolateral membrane by a CI /HCO 3 exchanger, designated
anion exchanger 1 (AE1). In the cortical collecting duct, there
are also cells which have the H'-ATPase on the basolateral
membrane and a different CI /HCO 3 exchanger, designated
pendrin, on the apical membrane for base secretion if there is
metabolic alkalosis. These cells are designated type B inter-
calated cells. The number of type A and type B intercalated
cells increase in the cortical collecting duct during postnatal
maturation [148—151]. The outer medullary collecting duct
only has type A intercalated cells for final renal acidification.

Direct measurement of bicarbonate reabsorption has been
performed in the neonatal and adult rabbit, which imbibes an
alkaline mother’s milk as a neonate and eats an alkaline diet as
an adult. There is no net bicarbonate transport in the first several
weeks of age in the cortical collecting duct. As the rabbit
matures, there is net secretion of bicarbonate by the collecting
duct [152]. Since there are both bicarbonate reabsorbing and
bicarbonate secreting type B intercalated cells in the cortical
collecting duct, it is possible that they may be functioning at an
equal rate in the neonatal collecting duct resulting in no net
bicarbonate transport. Removal of chloride from the basolateral
side of the cell arrests the CI /HCO 5 exchanger necessary for
the type A cell to secrete protons into the lumen, while removal
of chloride from the lumen allows one to study the type A
proton secreting cell independent of the base secreting type B
cell. In studies using this technique, the adult rabbit cortical
collecting duct has both bicarbonate secretion and absorption
with overall net bicarbonate secretion, while the neonate has
little or no bicarbonate secretion and a small amount of bicar-
bonate absorption indicating that both acid-secreting and base
secreting cells are immature at birth [152]. Consistent with the
centrifugal maturation of the kidney, the outer medullary
collecting duct, which secretes protons in the tubular lumen
for final urinary acidification is histologically relatively mature
compared to that of the cortical collecting duct [148, 150, 153].
Direct measurements of bicarbonate transport show that the rate
of outer medullary collecting duct bicarbonate transport in the
neonate is comparable to that of the adult [152].

Induction of maturational changes in tubular transport

What causes the developmental changes in tubular transport?
As noted, there is a developmental increase in transport for
most sodium-dependent transporters along the nephron. The
increase in tubular transport during development parallels the
increase in GFR and there is evidence that the increase in
sodium delivery can be an inductive factor inducing matura-
tional changes in transport. An increase in apical membrane
sodium transport has been shown to increase basolateral Na'/
K'-ATPase [24]. However, the greatest change in transport for
most sodium-dependent transporters occurs at the time of
weaning. Both thyroid hormone and glucocorticoids increase

at the time of weaning and there is evidence that they are
responsible for the maturational change in transport of several
solutes [18, 19, 154, 155].

To show that a hormone is responsible for maturation of a
developmental process, the change in that process should be
concordant with the change in concentration of that hormone.
In addition, administration of the hormone before the normal
maturational change should result in a premature change in the
process being studied and prevention of the maturational
change if the hormone should prevent that normal maturational
change in the process from occurring. Finally, the hormone
should be able to effect the change in the process in vitro. As an
example of how glucocorticoids affect tubular development,
let us examine the Na'/H" exchanger NHE3 where all the
criteria for demonstrating the importance in renal maturation
have been fulfilled. First, as shown in Fig. 2, the increase in
NHE3 occurs at about the time of weaning, which is also the
time when there is a decrease in NHE8 [40, 46]. Prenatal
administration of dexamethasone increases the rate of neonatal
proximal convoluted tubule bicarbonate absorption to rates
measured in adults [35]. Dexamethasone has a direct epithelial
action to increase NHE3 activity in OKP cells (Opossum
Kidney Proximal Tubular Cells) in vitro by increasing gene
transcription [156, 157]. Neonatal adrenalectomy partially pre-
vents the developmental increase in brush border membrane
NHE3 protein abundance and NHE activity but has no effect
on NHE3 mRNA abundance [158]. However, preventing the
developmental increase in both thyroid hormone and gluco-
corticoids totally prevents the increase in NHE3 mRNA, brush
border membrane protein, and NHE activity [159]. In addition,
glucocorticoids decrease the expression of brush border mem-
brane NHES in neonates and decrease NHES transporter ac-
tivity in vitro [160]. Thus, glucocorticoids are likely an impor-
tant factor in the maturational increase in NHE3 and may play
a role in the maturational decrease in NHES.

There is evidence that glucocorticoids affect the maturation
of multiple other transporters. Administration of glucocorti-
coids to rat neonates prematurely increases Na'/K-ATPase
mRNA abundance and activity [17, 22, 161] and thus could
increase sodium transport in multiple nephron segments.
Glucocorticoid administration to neonates results in a decrease
in the rate of phosphate transport as well as a decrease in
apical membrane phosphate transporter abundance [162, 163].
Administration of dexamethasone to neonatal rats increases
NKCC and ROMK mRNA and protein abundance in the thick
ascending limb [98, 126]. In addition, administration of dexa-
methasone increases aquaporin 2 mRNA and protein expression
and the urinary concentrating ability of neonatal rats [98, 126].

Serum thyroid hormone levels increase threefold at the time
of weaning and thyroid hormone has been shown to have a role
in the isoform switch from NHES to NHE3 [19].
Administration of thyroid hormone to neonates increases brush
border membrane NHE activity, while maintaining a low
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thyroid hormone during development prevents the maturational
increase in NHE activity [154]. Thyroid hormone has opposing
effects on NHE3 and NHES8 expression. Administration of
thyroid hormone to neonatal rats before the developmental
isoform switch results in an increase in NHE3 and decrease
in NHES protein expression [ 164]. Preventing the developmen-
tal increase in thyroid hormone prevents the developmental
increase in NHE3 and decrease in NHES [159]. Thyroid hor-
mone has a direct epithelial effect in vitro to increase NHE3
protein abundance and NHE3 activity in OKP cells that express
NHES3 [165], while thyroid hormone decreases NHES8 protein
abundance and NHE activity in NRK cells that express NHES
[164]. The chloride base exchanger is also affected by the
developmental change in thyroid hormone affecting ac-
tive NaCl transport [57]. Thyroid hormone also affects
the maturation of passive transport by increasing the
chloride permeability of the paracellular pathway [57].
In summary, this review covers developmental changes that
occur in tubular transport along the nephron. In addition to
changes in transporter abundance and isoform changes for
some transporters, most transporters are regulated by hormones
and other factors such as pH, electrolytes, and renal nerves. The
concentration of many hormones that affect transport, their
receptor abundance and signal transduction pathways can un-
dergo developmental changes as well, which is a topic beyond
the scope of the present review. In spite of all these develop-
mental changes, the kidney is able to alter transport appropri-
ately to buffer changes that occur in the extracellular fluid.

Summary points

» There is a significant increase in the glomerular filtration
rate during postnatal development, which is paralleled by
an increase in tubular transport.

* In addition to a maturational increase in transporter abun-
dance, there are isoform changes for some transporters
during postnatal maturation.

* The developmental increase in serum glucocorticoids and
thyroid hormone that occurs at the time of weaning is an
important factor inducing developmental changes in sev-
eral transporters.

Multiple choice questions (answers are provided following
the reference list)

1. Which of the following statements about the glomerular
filtration rate is true:

A. The postnatal increase in glomerular filtration rate is
due predominantly due to the increase in glomerular
capillary surface area.
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B. Glomerulogenesis is always complete by time of birth.

C. When corrected for body surface area, the glomerular
filtration rate remains constant after birth.

D. The glomerular filtrate of the adult is an ultrafiltrate
of plasma unlike that of the neonate.

E. Superficial nephrons are formed before juxtamedullary
nephrons due to centrifugal pattern of nephron
maturation.

Which statement about proximal tubule transport is

correct?

A. While there is substantial reabsorption of solutes, the
composition of the luminal fluid remains constant
along the proximal tubule.

B. There is an isoform switch of the Na"/H" exchanger
from NHES to NHE3 during postnatal development.

C. PTH is responsible for the developmental increase in
proximal tubular phosphate transport.

D. The main driving force for solute transport is the
apical membrane Na'/K*-ATPase pump.

E. The osmolality of the luminal fluid of the late prox-
imal tubular fluid is higher than that in the peritubular
capillaries.

Which of the following statements is true about the

collecting duct:

A. Transport by the cortical collecting duct is predomi-
nantly regulated by vasopressin.

B. The reabsorption of sodium across the apical mem-
brane is via an electroneutral mechanism.

C. There is a maturational increase in both the apical
epithelial sodium channel and potassium channel
during post natal development.

D. Sodium transport is mediated by an aldosterone-
sensitive channel designated ROMK.

E. The low intracellular potassium concentration in this
segment is due to the basolateral Na'/K "-ATPase.

Which of the following is true regarding urinary dilution

in the neonate:

A. Urinary dilution occurs in the collecting duct.

B. The diluting segment is permeable to water in the
neonate compromising the diluting capacity.

C. A neonate cannot drink enough free water to develop
hyponatremia.

D. The neonate can dilute urine to 50 mOsm/kg-H,O.

E. Adults with normal diluting capacity can excrete
30 % of their glomerular filtrate as free water.

Which of the following is true regarding the developmen-

tal changes in urinary concentrating ability:

A. The term neonate can concentrate urine to 600
mOsm/kg-H,O.

B. The final urine osmolality in the neonate is dependent
on aquaporin 1 trafficking to the apical membrane.
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C. The neonate cannot concentrate urine above the plas-

ma osmolality.

D. Unlike adults, vasopressin does not regulate urine

osmolality in the premature neonate.

E. The final urine osmolality is due entirely to the os-

molality of the interstitial fluid.

This work was supported by National Institutes of

Health Grants DK-41612 (MB), DK078596 (MB), T32 DK07257 to
Peter Igarashi and Michel Baum, and 1P30DK079328-01(Peter Igarashi,
PI-MB Co PI Core B) and KO8 DK089295 (JG).

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Arant BS Jr (1978) Developmental patterns of renal functional

maturation compared in the human neonate. J Pediatr 92:705-712

. Rubin MI, Bruck E, Rapoport M (1949) Maturation of renal func-

tion in childhood: clearance studies. J Clin Invest 28:1144—1162

. Dean RFA, McCance RA (1947) Inulin, diodone, creatinine and

urea clearance in newborn infants. J Physiol (London) 106:431-439

. John E, Goldsmith DI, Spitzer A (1981) Quantitative changes in the

canine glomerular vasculature during development: physiologic
implications. Kidney Int 20:223-229

. Knutson DW, Chieu F, Bennett CM, Glassock RJ (1978) Estimation

of relative glomerular capillary surface area in normal and hyper-
trophic rat kidneys. Kidney Int 14:437-443

. Spitzer A, Brandis M (1974) Functional and morphologic matura-

tion of the superficial nephrons. Relationship to total kidney func-
tion. J Clin Invest 53:279-287

. Horster M, Valtin H (1971) Postnatal development of renal function:

micropuncture and clearance studies in the dog. J Clin Invest 50:
779-795

. Haworth JC, MacDonald MS (2004) Reducing sugars in the urine

and blood of premature babies. Arch Dis Child 32:417-421

. Tuvad F, Vesterdal J (1953) The maximal tubular transfer of glucose

and para-aminohippurate in premature infants. Acta Paediatr Scand
42:337-345
Rector FC Jr (1983) Sodium, bicarbonate, and chloride absorption
by the proximal tubule. Am J Physiol 244:F461-F471
Evan AP, Gattone II, Schwartz GJ (1983) Development of solute
transport in rabbit proximal tubule. II. Morphologic segmentation.
Am J Physiol 245:F391-F407
Larsson L, Horster M (1976) Ultrastructure and net fluid transport in
isolated perfused developing proximal tubules. J Ultrastruct Res 54:
276-285
Schwartz GJ, Evan AP (1983) Development of solute transport in
rabbit proximal tubule. I. HCO-3 and glucose absorption. Am J
Physiol 245:F382-F390
Aperia A (2012) 2011 Homer Smith Award: to serve and protect:
classic and novel roles for Na+, K+ -adenosine triphosphatase. J Am
Soc Nephrol 23:1283-1290
Feraille E, Doucet A (2001) Sodium-potassium-
adenosinetriphosphatase-dependent sodium transport in the
kidney: hormonal control. Physiol Rev 81:345-418
Schwartz GH, Evan AP (1984) Development of solute transport in
rabbit proximal tubule. III. Na-K-ATPase activity. Am J Physiol
246:F845-F852
Aperia A, Larrson L, Zetterstrom R (1981) Hormonal induction of
Na-K-ATPase in developing proximal tubular cells. Am J Physiol
241:F356-F360
Henning SJ (1978) Plasma concentrations of total and free cortico-
sterone during development in the rat. Am J Physiol 235:E451-E456

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

Walker P, Dubois JD, Dussault JH (1980) Free thyroid hormone
concentrations during postnatal development in the rat. Pediatr Res
14:247-249

Nakhoul F, Thompson CB, McDonough AA (2000) Developmental
change in Na, K-ATPase alphal and betal expression in normal and
hypothyroid rat renal cortex. Am J Nephrol 20:225-231

Garg LC, Tisher CC (1985) Effects of thyroid hormone on Na-K-
adenosine triphosphatase activity along the rat nephron. J Lab Clin
Med 106:568-572

Celsi G, Nishi A, Akusjarvi G, Aperia A (1991) Abundance of Na(+)-
K(+)-ATPase mRNA is regulated by glucocorticoid hormones in
infant rat kidneys. Am J Physiol 260:F192-F197

Fukuda Y, Aperia A (1988) Differentiation of Na+-K+ pump in rat
proximal tubule is modulated by Na+-H+ exchanger. Am J Physiol
255:F552-F557

Larsson SH, Rane S, Fukuda Y, Aperia A, Lechene C (1990)
Changes in Na influx precede post-natal increase in Na, K-ATPase
activity in rat renal proximal tubular cells. Acta Physiol Scand 138:

99-100
Harris RC, Seifter JL, Lechene C (1986) Coupling of Na-H ex-

change and Na-K pump activity in cultured rat proximal tubule
cells. Am J Physiol 251:C815-C824

Cramb G, Cutler CP, Lamb JF, McDevitt T, Ogden PH, Owler D,
Voy C (1989) The effects of monensin on the abundance of
mRNA(alpha) and of sodium pumps in human cultured cells. Q J
Exp Physiol 74:53-63

Hediger MA, Rhoads DB (1994) Molecular physiology of sodium-
glucose cotransporters. Physiol Rev 74:993-1026

Wright EM, Turk E, Martin MG (2002) Molecular basis for glucose-
galactose malabsorption. Cell Biochem Biophys 36:115-121
Kanai Y, Lee WS, You G, Brown D, Hediger MA (1994) The
human kidney low affinity Na+/glucose cotransporter SGLT2.
Delineation of the major renal reabsorptive mechanism for D-glu-
cose. J Clin Invest 93:397-404

Beck JC, Lipkowitz MS, Abramson RG (1988) Characterization of
the fetal glucose transporter in rabbit kidney: comparison with the
adult brush border electrogenic Na'-glucose symporter. J Clin
Invest 82:379-387

You G, Lee WS, Barros EJ, Kanai Y, Huo TL, Khawaja S, Wells
RG, Nigam SK, Hediger MA (1995) Molecular characteristics of
Na(+)-coupled glucose transporters in adult and embryonic rat
kidney. J Biol Chem 270:29365-29371

Preisig PA, Rector FC Jr (1988) Role of Na+-H+ antiport in rat
proximal tubule NaCl absorption. Am J Physiol 255:F461-F465
Preisig PA, Ives HE, Cragoe EJ Jr, Alpern RJ, Rector FC Jr (1987)
Role of the Na+/H+ antiporter in rat proximal tubule bicarbonate
absorption. J Clin Invest 80:970-978

Baum M (1992) Developmental changes in rabbit juxtamedullary
proximal convoluted tubule acidification. Pediatr Res 31:411-414
Baum M, Quigley R (1991) Prenatal glucocorticoids stimulate
neonatal juxtamedullary proximal convoluted tubule acidification.
Am J Physiol 261:F746-F752

Schwartz GJ, Olson J, Kittelberger AM, Matsumoto T, Waheed A,
Sly WS (1999) Postnatal development of carbonic anhydrase IV
expression in rabbit kidney. Am J Physiol 276:F510-F520
Winkler CA, Kittelberger AM, Watkins RH, Maniscalco WM,
Schwartz GJ (2001) Maturation of carbonic anhydrase IV expres-
sion in rabbit kidney. Am J Physiol Renal Physiol 280:F895-F903
Brion LP, Zavilowitz BJ, Rosen O, Schwartz GJ (1991) Changes in
soluble carbonic anhydrase activity in response to maturation and
NH4Cl loading in the rabbit. Am J Physiol 261:R1204-R1213
Baum M (1990) Neonatal rabbit juxtamedullary proximal convo-
luted tubule acidification. J Clin Invest 85:499-506

Twombley K, Gattineni J, Bobulescu 1A, Dwarakanath V, Baum M
(2010) Effect of metabolic acidosis on neonatal proximal tubule acid-
ification. Am J Physiol Regul Integr Comp Physiol 299:R1360-R1368

@ Springer



2096

Pediatr Nephrol (2015) 30:2085-2098

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Shah M, Gupta N, Dwarakanath V, Moe OW, Baum M (2000)
Ontogeny of Na+/H+ antiporter activity in rat proximal convoluted
tubules. Pediatr Res 48:206-210

Schultheis PJ, Clarke LL, Meneton P, Miller ML, Soleimani M,
Gawenis LR, Riddle TM, Duffy JJ, Doetschman T, Wang T,
Giebisch G, Aronson PS, Lorenz JN, Shull GE (1998) Renal and
intestinal absorptive defects in mice lacking the NHE3 Na+/H+
exchanger. Nat Genet 19:282-285

Wu MS, Biemesderfer D, Giebisch G, Aronson PS (1996) Role of
NHE3 in mediating renal brush border Na+-H+ exchange.
Adaptation to metabolic acidosis. J Biol Chem 271:32749-32752
Baum M, Twombley K, Gattineni J, Joseph C, Wang L, Zhang Q,
Dwarakanath V, Moe OW (2012) Proximal tubule Na+/H+ ex-
changer activity in adult NHES8-/-, NHE3-/-, and NHE3-/-/
NHES8-/- mice. Am J Physiol Renal Physiol 303:F1495-F1502
Baum M, Biemesderfer D, Gentry D, Aronson PS (1995) Ontogeny
of rabbit renal cortical NHE3 and NHE1: effect of glucocorticoids.
Am J Physiol 268:F815-F820

Becker AM, Zhang J, Goyal S, Dwarakanath V, Aronson PS, Moe
OW, Baum M (2007) Ontogeny of NHES in the rat proximal tubule.
Am J Physiol Renal Physiol 293:F255-F261

Choi JY, Shah M, Lee MG, Schultheis PJ, Shull GE, Muallem S, Baum
M (2000) Novel amiloride-sensitive sodium-dependent proton secretion
in the mouse proximal convoluted tubule. J Clin Invest 105:1141-1146
Joseph C, Twombley K, Gattineni J, Zhang Q, Dwarakanath V,
Baum M (2012) Acid increases NHES surface expression and
activity in NRK cells. Am J Physiol Renal Physiol 302:F495-F503
Zhang J, Bobulescu IA, Goyal S, Aronson PS, Baum MG, Moe OW
(2007) Characterization of Na+/H+ exchanger NHES in cultured
renal epithelial cells. Am J Physiol Renal Physiol 293:F761-F766
Aronson PS (2002) Ion exchangers mediating NaCl transport in the
renal proximal tubule. Cell Biochem Biophys 36:147-153
Aronson PS (1995) 1994 Homer W. Smith Award. From flies to
physiology—accidental findings along the trail of renal NaCl trans-
port. J Am Soc Nephrol 5:2001-2013

Aronson PS (1996) Role of ion exchangers in mediating NaCl
transport in the proximal tubule. Kidney Int 49:1665-1670
Aronson PS, Kuo SM (1989) Heterogeneity of anion exchangers
mediating chloride transport in the proximal tubule. Ann N 'Y Acad
Sci 574:96-101

Kurtz I, Nagami G, Yanagawa N, Li L, Emmons C, Lee I (1994)
Mechanism of apical and basolateral Na(+)-independent Cl-/base
exchange in the rabbit superficial proximal straight tubule. J Clin
Invest 94:173-183

Shah M, Quigley R, Baum M (1998) Maturation of rabbit proximal
straight tubule chloride/base exchange. Am J Physiol 274:F883—
F888

Shah M, Quigley R, Baum M (1999) Neonatal rabbit proximal
tubule basolateral membrane Na+/H+ antiporter and Cl-/base ex-
change. Am J Physiol 276:R1792-R1797

Shah M, Quigley R, Baum M (2000) Maturation of proximal
straight tubule NaCl transport: role of thyroid hormone. Am J
Physiol Renal Physiol 278:F596-F602

Alpern RJ, Howlin KJ, Preisig PA (1985) Active and passive
components of chloride transport in the rat proximal convoluted
tubule. J Clin Invest 76:1360-1366

Baum M, Berry CA (1984) Evidence for neutral transcellular NaCl
transport and neutral basolateral chloride exit in the rabbit convo-
luted tubule. J Clin Invest 74:205-211

Abuazza G, Becker A, Williams SS, Chakravarty S, Truong HT, Lin
F, Baum M (2006) Claudins 6, 9, and 13 are developmentally
expressed renal tight junction proteins. Am J Physiol Renal
Physiol 291:F1132-F1141

Baum M, Quigley R (2004) Thyroid hormone modulates rabbit
proximal straight tubule paracellular permeability. Am J Physiol
Renal Physiol 286:F477-F482

@ Springer

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Baum M, Quigley R (2005) Maturation of rat proximal tubule
chloride permeability. Am J Physiol Regul Integr Comp Physiol
289:R1659-R1664

Baum M (2008) Developmental changes in proximal tubule NaCl
transport. Pediatr Nephrol 23:185-194

Quigley R, Baum M (2002) Developmental changes in rabbit
proximal straight tubule paracellular permeability. Am J Physiol
Renal Physiol 283:F525-F531

Sheu JN, Baum M, Bajaj G, Quigley R (1996) Maturation of rabbit
proximal convoluted tubule chloride permeability. Pediatr Res 39:
308-312

Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita S,
Tsukita S (1993) Occludin: a novel integral membrane protein
localizing at tight junctions. J Cell Biol 123:1777-1788

Van Itallie CM, Anderson JM (2004) The molecular physiology of
tight junction pores. Physiology (Bethesda) 19:331-338
Renigunta A, Hou J, Konrad M, Gomes AS, Schneeberger EE, Paul
DL, Goodenough DA, Waldegger S (2008) Claudin-16 and
Claudin-19 interact and form cation selective tight junction com-
plex. Eur J Pediatr 167:372

Simon DB, Lu Y, Choate KA, Velazquez H, Al Sabban E, Praga M,
Casari G, Bettinelli A, Colussi G, Rodriguez-Soriano J, McCredie
D, Milford D, Sanjad S, Lifton RP (1999) Paracellin-1, a renal tight
junction protein required for paracellular Mg2+ resorption. Science
285:103-106

Weber S, Schneider L, Peters M, Misselwitz J, Ronnefarth G,
Boswald M, Bonzel KE, Seeman T, Sulakova T, Kuwertz-Broking
E, Gregoric A, Palcoux JB, Tasic V, Manz F, Scharer K, Seyberth
HW, Konrad M (2001) Novel paracellin-1 mutations in 25 families
with familial hypomagnesemia with hypercalciuria and
nephrocalcinosis. J Am Soc Nephrol 12:1872-1881

Sas D, Hu MC, Moe OW, Baum M (2008) Effect of claudins 6 and 9
on paracellular permeability in MDCK II cells. Am J Physiol Regul
Integr Comp Physiol 295:R1713-R1719

Bergwitz C, Roslin NM, Tieder M, Loredo-Osti JC, Bastepe M,
Abu-Zahra H, Frappier D, Burkett K, Carpenter TO, Anderson D,
Garabedian M, Sermet I, Fujiwara TM, Morgan K, Tenenhouse HS,
Juppner H (2006) SLC34A3 mutations in patients with hereditary
hypophosphatemic rickets with hypercalciuria predict a key role for
the sodium-phosphate cotransporter NaPi-Ilc in maintaining phos-
phate homeostasis. Am J Hum Genet 78:179-192

Magen D, Sprecher E, Zelikovic 1, Skorecki K (2005) A novel mis-
sense mutation in SLC5A2 encoding SGLT2 underlies autosomal-
recessive renal glucosuria and aminoaciduria. Kidney Int 67:34-41
Beck L, Karaplis AC, Amizuka N, Hewson AS, Ozawa H,
Tenenhouse HS (1998) Targeted inactivation of Npt2 in mice leads
to severe renal phosphate wasting, hypercalciuria, and skeletal
abnormalities. Proc Natl Acad Sci U S A 95:5372-5377

Segawa H, Onitsuka A, Kuwahata M, Hanabusa E, Furutani J,
Kaneko I, Tomoe Y, Aranami F, Matsumoto N, Ito M, Matsumoto
M, Li M, Amizuka N, Miyamoto K (2009) Type Ilc sodium-
dependent phosphate transporter regulates calcium metabolism. J
Am Soc Nephrol 20:104-113

Segawa H, Onitsuka A, Furutani J, Kaneko I, Aranami F, Matsumoto
N, Tomoe Y, Kuwahata M, Ito M, Matsumoto M, Li M, Amizuka N,
Miyamoto K (2009) Npt2a and Npt2c in mice play distinct and
synergistic roles in inorganic phosphate metabolism and skeletal
development. Am J Physiol Renal Physiol 297:F671-F678
Johnson V, Spitzer A (1986) Renal reabsorption of phosphate during
development: whole-kidney events. Am J Physiol 251:F251-F256
Caverzasio J, Bonjour JP, Fleisch H (1982) Tubular handling of Pi
in young growing and adult rats. Am J Physiol 242:F705-F710
Dean RF, McCance RA (1948) Phosphate clearance in infants and
adults. J Physiol (London) 107:182—-186

Connelly JP, Crawford JD, Watson J (1962) Studies of neonatal
hyperphosphatemia. Pediatrics 30:425-432



Pediatr Nephrol (2015) 30:2085-2098

2097

81.

82.

83.

84.

85.

86.

87.

88.

&9.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Hohenauer L, Rosenberg TF, Oh W (1970) Calcium and phospho-
rus homeostasis on the first day of life. Biol Neonate 15:49-56
Neiberger RE, Barac-Nieto M, Spitzer A (1989) Renal reabsorption
of phosphate during development: transport kinetics in BBMV. Am
J Physiol 257:F268-F274

Barac-Nieto M, Dowd TL, Gupta RK, Spitzer A (1991) Changes in
NMR-visible kidney cell phosphate with age and diet: relationship
to phosphate transport. Am J Physiol 261:F153-F162

Barac-Nieto M, Corey H, Liu SM, Spitzer A (1993) Role of intra-
cellular phosphate in the regulation of renal phosphate transport
during development. Pediatr Nephrol 7:819-822

Traebert M, Lotscher M, Aschwanden R, Ritthaler T, Biber J, Murer
H, Kaissling B (1999) Distribution of the sodium/phosphate trans-
porter during postnatal ontogeny of the rat kidney. ] Am Soc
Nephrol 10:1407-1415

Silverstein D, Barac-Nieto M, Spitzer A (1996) Mechanism of renal
phosphate retention during growth. Kidney Int 49:1023-1026
Segawa H, Kaneko I, Takahashi A, Kuwahata M, Ito M, Ohkido I,
Tatsumi S, Miyamoto K (2002) Growth-related renal type II Na/Pi
cotransporter. J Biol Chem 277:19665-19672

Haramati A, Mulroney SE, Webster SK (1988) Developmental
changes in the tubular capacity for phosphate reabsorption in the
rat. Am J Physiol 255:F287-F291

Spitzer A, Barac-Nieto M (2001) Ontogeny of renal phosphate
transport and the process of growth. Pediatr Nephrol 16:763—771
Takaiwa M, Aya K, Miyai T, Hasegawa K, Yokoyama M, Kondo Y,
Kodani N, Seino Y, Tanaka H, Morishima T (2010) Fibroblast
growth factor 23 concentrations in healthy term infants during the
early postpartum period. Bone 47:256-262

Molony DA, Reeves WB, Andreoli TE (1989) Na+:K+:2Cl- co-
transport and the thick ascending limb. Kidney Int 36:418-426
Gamba G, Miyanoshita A, Lombardi M, Lytton J, Lee WS, Hediger
MA, Hebert SC (1994) Molecular cloning, primary structure, and
characterization of two members of the mammalian electroneutral
sodium-(potassium)-chloride cotransporter family expressed in kid-
ney. J Biol Chem 269:17713-17722

Payne JA, Forbush B III (1995) Molecular characterization of the
epithelial Na-K-ClI cotransporter isoforms. Curr Opin Cell Biol 7:
493-503

Kramer BK, Bergler T, Stoelcker B, Waldegger S (2008)
Mechanisms of disease: the kidney-specific chloride channels
CICKA and CICKB, the Barttin subunit, and their clinical rele-
vance. Nat Clin Pract Nephrol 4:38-46

Li J, Ananthapanyasut W, Yu AS (2011) Claudins in renal physiol-
ogy and disease. Pediatr Nephrol 26:2133-2142

Seyberth HW, Schlingmann KP (2011) Bartter- and Gitelman-like
syndromes: salt-losing tubulopathies with loop or DCT defects.
Pediatr Nephrol 26:1789—1802

Seyberth HW (2008) An improved terminology and classification
of Bartter-like syndromes. Nat Clin Pract Nephrol 4:560-567
Stubbe J, Madsen K, Nielsen FT, Skott O, Jensen BL (2006)
Glucocorticoid impairs growth of kidney outer medulla and accel-
erates loop of Henle differentiation and urinary concentrating ca-
pacity in rat kidney development. Am J Physiol Renal Physiol 291:
F812-F822

Horster M (1978) Loop of Henle functional differentiation: in vitro
perfusion of the isolated thick ascending segment. Pflugers Arch
378:15-24

Schmidt U, Horster M (1977) Na-K-activated ATPase: activity
maturation in rabbit nephron segments dissected in vitro. Am J
Physiol 233:F55-F60

Hropot M, Fowler N, Karlmark B, Giebisch G (1985) Tubular
action of diuretics: distal effects on electrolyte transport and acidi-
fication. Kidney Int 28:477-489

Stokes JB (1989) Electroneutral NaCl transport in the distal tubule.
Kidney Int 36:427-433

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Palmer LG, Frindt G (2006) CI- channels of the distal nephron. Am
J Physiol Renal Physiol 291:F1157-F1168

Simon DB, Lifton RP (1996) The molecular basis of inherited
hypokalemic alkalosis: Bartter’s and Gitelman’s syndromes. Am J
Physiol 271:F961-F966

Simon DB, Nelson-Williams C, Bia MJ, Ellison D, Karet FE,
Molina AM, Vaara I, Iwata F, Cushner HM, Koolen M, Gainza
FJ, Gitleman HJ, Lifton RP (1996) Gitelman’s variant of Bartter’s
syndrome, inherited hypokalaemic alkalosis, is caused by mutations
in the thiazide-sensitive Na-Cl cotransporter. Nat Genet 12:24-30
Jeck N, Schlingmann KP, Reinalter SC, Komhoff M, Peters M,
Waldegger S, Seyberth HW (2005) Salt handling in the distal
nephron: lessons learned from inherited human disorders. Am J
Physiol Regul Integr Comp Physiol 288:R782-R795

Jeck N, Konrad M, Peters M, Weber S, Bonzel KE, Seyberth HW
(2000) Mutations in the chloride channel gene, CLCNKB, leading
to a mixed Bartter-Gitelman phenotype. Pediatr Res 48:754-758
Xie J, Craig L, Cobb MH, Huang CL (2006) Role of with-no-lysine
[K] kinases in the pathogenesis of Gordon’s syndrome. Pediatr
Nephrol 21:1231-1236

Shibata S, Zhang J, Puthumana J, Stone KL, Lifton RP (2013)
Kelch-like 3 and Cullin 3 regulate electrolyte homeostasis via
ubiquitination and degradation of WNK4. Proc Natl Acad Sci U S
A 110:7838-7843

Louis-Dit-Picard H, Barc J, Trujillano D, Miserey-Lenkei S,
Bouatia-Naji N, Pylypenko O, Beaurain G, Bonnefond A, Sand
O, Simian C, Vidal-Petiot E, Soukaseum C, Mandet C, Broux F,
Chabre O, Delahousse M, Esnault V, Fiquet B, Houillier P, Bagnis
CI, Koenig J, Konrad M, Landais P, Mourani C, Niaudet P, Probst
V, Thauvin C, Unwin RJ, Soroka SD, Ehret G, Ossowski S,
Caulfield M, Bruneval P, Estivill X, Froguel P, Hadchouel J,
Schott JJ, Jeunemaitre X (2012) KLHL3 mutations cause familial
hyperkalemic hypertension by impairing ion transport in the distal
nephron. Nat Genet 44:456-460

Goldsmith DI, Drukker A, Blaufox MD, Edelmann CM Jr, Spitzer A
(1979) Hemodynamic and excretory response of the neonatal canine
kidney to acute volume expansion. Am J Physiol 237:F392-F397
Aperia A, Elinder G (1981) Distal tubular sodium reabsorption in
the developing rat kidney. Am J Physiol 240:F487-F491

Dimke H, Hoenderop JG, Bindels RJ (2011) Molecular basis of
epithelial Ca2+ and Mg2+ transport: insights from the TRP channel
family. J Physiol 589:1535-1542

Dimke H, Hoenderop JG, Bindels RJ (2010) Hereditary tubular
transport disorders: implications for renal handling of Ca2+ and
Mg2+. Clin Sci (Lond) 118:1-18

Gottschalk CW, Mylle M (1959) Micropuncture study of the mam-
malian urinary concentrating mechanism: evidence for the counter-
current hypothesis. J Am Soc Nephrol 8:153-164

Jamison RL, Gehrig JJ Jr (1992) Urinary concentration and dilution:
physiology. In: Windhager EE (ed) Renal physiology. Oxford
University Press, New York, pp 1219-1280

Jamison RL, Maffly RH (1976) The urinary concentrating mecha-
nism. N Engl J Med 295:1059-1067

McCance RA, Naylor NJ, Widdowson EM (1954) The response of
infants to a large dose of water. Arch Dis Child 29:104-109
Aperia A, Herin P, Lundin S, Melin P, Zetterstrom R (1984)
Regulation of renal water excretion in newborn full-term infants.
Acta Paediatr Scand 73:717-721

David R, Ellis D, Gartner JC (1981) Water intoxication in normal
infants: role of antidiuretic hormone in pathogenesis. Pediatrics 68:
349-353

Hansen JOL, Smith CA (1953) Effects of withholding fluid in the
immediate post-natal period. Pediatrics 12:99-113

Polacek E, Vocel J, Neugebaurova L, Sebkova M, Vechetova E
(1965) The osmotic concentrating ability in healthy infants and
children. Arch Dis Child 40:291-295

@ Springer



2098 Pediatr Nephrol (2015) 30:2085-2098
123. Winberg J (1959) Determination of renal concentrating capacity in 147. Woda CB, Bragin A, Kleyman TR, Satlin LM (2001) Flow-
infants and children without renal disease. Acta Paediatr Scand 48: dependent K+ secretion in the cortical collecting duct is mediated
318-328 by a maxi-K channel. Am J Physiol Renal Physiol 280:F786—F793
124. Ammar A, Roseau S, Butlen D (1992) Postnatal ontogenesis of 148. Evan AP, Satlin LM, Gattone VH, Connors B, Schwartz GJ (1991)
vasopressin receptors in the rat collecting duct. Mol Cell Endocrinol Postnatal maturation of rabbit renal collecting duct. II.
86:193-203 Morphological observations. Am J Physiol 261:F91-F107
125. Yamamoto T, Sasaki S, Fushimi K, Ishibashi K, Yaoita E, Kawasaki 149. Bonnici B, Wagner CA (2004) Postnatal expression of transport
K, Fujinaka H, Marumo F, Kihara I (1997) Expression of AQP proteins involved in acid-base transport in mouse kidney. Pflugers
family in rat kidneys during development and maturation. Am J Arch 448:16-28
Physiol 272:F198-F204 150. Satlin LM, Schwartz GJ (1987) Postnatal maturation of rabbit renal
126. Yasui M, Marples D, Belusa R, Eklof AC, Celsi G, Nielsen S, collecting duct: intercalated cell function. Am J Physiol 253:F622—
Aperia A (1996) Development of urinary concentrating capacity: F635
role of aquaporin-2. Am J Physiol 271:F461-F468 151. Satlin LM, Evan AP, Gattone VH III, Schwartz GJ (1988) Postnatal
127. Gengler WR, Forte LR (1972) Neonatal development of rat kidney maturation of the rabbit cortical collecting duct. Pediatr Nephrol 2:
adenyl cyclase and phosphodiesterase. Biochim Biophys Acta 279: 135-145
367-372 152. Mehrgut FM, Satlin LM, Schwartz GJ (1990) Maturation of HCO3
128. Joppich R, Schrader J, Haberle DA (1980) Effect of antidiuretic transport in rabbit collecting duct. Am J Physiol 259:F801-F808
hormone and dibutyryl cAMP upon the urinary concentrating ca- 153. Matsumoto T, Fejes-Toth G, Schweartz GJ (1993) Developmental
pacity in neonatal piglets. Pediatr Res 14:1234-1237 expression of acid-base-related proteins in the rabbit kidney. Pediatr
129. Schlondorff D, Weber H, Trizna W, Fine LG (1978) Vasopressin Nephrol 7:792-797
responsiveness of renal adenylate cyclase in newborn rats and 154. Baum M, Dwarakanath V, Alpern RJ, Moe OW (1998) Effects of
rabbits. Am J Physiol 234:F16-F21 thyroid hormone on the neonatal renal cortical Na+/H+ antiporter.
130. Bonilla-Felix M, John-Phillip C (1994) Prostaglandins mediate the Kidney Int 53:1254-1258
defect in AVP-stimulated cAMP generation in immature collecting 155. Henning SJ, Leeper LL, Dieu DN (1986) Circulating corticosterone
duct. Am J Physiol 267:F44-F48 in the infant rat: the mechanism of age and thyroxine effects. Pediatr
131. Quigley R, Chakravarty S, Baum M (2004) Antidiuretic hormone Res 20:87-92
resistance in the neonatal cortical collecting tubule is mediated in 156. Baum M, Amemiya M, Dwarakanath V, Alpern RJ, Moe OW
part by elevated phosphodiesterase activity. Am J Physiol Renal (1996) Glucocorticoids regulate NHE-3 transcription in OKP cells.
Physiol 286:F317-F322 Am J Physiol 270:F164-F169
132. Eladari D, Chambrey R, Peti-Peterdi J (2012) A new look at 157. Baum M, Cano A, Alpern RJ (1993) Glucocorticoids stimulate
electrolyte transport in the distal tubule. Annu Rev Physiol 74: Na+/H+ antiporter in OKP cells. Am J Physiol 264:F1027-F1031
325-349 158. Gupta N, Tarif SR, Seikaly M, Baum M (2001) Role of glucocor-
133. Butterworth MB, Edinger RS, Frizzell RA, Johnson JP (2009) ticoids in the maturation of the rat renal Na+/H+ antiporter (NHE3).
Regulation of the epithelial sodium channel by membrane traffick- Kidney Int 60:173—181
ing. Am J Physiol Renal Physiol 296:F10-F24 159. Gupta N, Dwarakanath V, Baum M (2004) Maturation of the Na/H
134. Butterworth MB, Edinger RS, Johnson JP, Frizzell RA (2005) Acute antiporter (NHE3) in the proximal tubule of the hypothroid adre-
ENaC stimulation by cAMP in a kidney cell line is mediated by nalectomized rat. Am J Physiol Renal Physiol 287:F521-F527
exocytic insertion from a recycling channel pool. J Gen Physiol 125: 160. Joseph C, Gattineni J, Dwarakanath V, Baum M (2013)
81-101 Glucocorticoids reduce renal NHE8 expression. Physiol Rep. doi:
135. Vehaskari VM (2009) Heritable forms of hypertension. Pediatr 10.1002/phy2.31
Nephrol 24:1929-1937 161. Igarashi Y, Aperia A, Larsson L, Zetterstrom R (1983) Effect of
136. Welling PA (2013) Regulation of renal potassium secretion: molec- betamethasone on Na-K-ATPase activity and basal and lateral cell
ular mechanisms. Semin Nephrol 33:215-228 membranes in proximal tubular cells during early development. Am
137. Satlin LM (1994) Postnatal maturation of potassium transport in J Physiol 245:F232-F237
rabbit cortical collecting duct. Am J Physiol 266:F57-F65 162. Prabhu S, Levi M, Dwarakanath V, Arar M, Biber J, Murer H, Baum
138. Vehaskari VM (1994) Ontogeny of cortical collecting duct sodium M (1997) Effect of glucocorticoids on neonatal rabbit renal cortical
transport. Am J Physiol 267:F49-F54 sodium- inorganic phosphate messenger RNA and protein abun-
139. Satlin LM, Palmer LG (1996) Apical Na+ conductance in maturing dance. Pediatr Res 41:20-24
rabbit principal cell. Am J Physiol 270:F391-F397 163. Arar M, Levi M, Baum M (1994) Maturational effects of glucocor-
140. Vehaskari VM, Hempe JM, Manning J, Aviles DH, Carmichael MC ticoids on neonatal brush-border membrane phosphate transport.
(1998) Developmental regulation of ENaC subunit mRNA levels in Pediatr Res 35:474-478
rat kidney. Am J Physiol 274:C1661-C1666 164. Gattineni J, Sas D, Dagan A, Dwarakanath V, Baum M (2008)
141. Lorenz JM, Kleinman LI, Disney TA (1986) Renal response of Effect of thyroid hormone on the postnatal renal expression of
newborn dog to potassium loading. Am J Physiol 251:F513-F519 NHES8. Am J Physiol Renal Physiol 294:F198-F204
142. Lelievre-Pegorier M, Merlet-Benichou D, Roinel N, DeRouffignac 165. Cano A, Baum M, Moe OW (1999) Thyroid hormone stimulates the
C (1983) Developmental pattern of water and electrolyte transport renal Na/H exchanger NHE3 by transcriptional activation. Am J
in rat superficial nephrons. Am J Physiol 245:F15-F21 Physiol 276:C102-C108
143. Rodan AR, Huang CL (2009) Distal potassium handling based on
flow modulation of maxi-K channel activity. Curr Opin Nephrol Answers

144.

145.

146.

Hypertens 18:350-355

Pacha J, Frindt G, Sackin H, Palmer LG (1991) Apical maxi K
channels in intercalated cells of CCT. Am J Physiol 261:F696-F705
Satlin LM, Palmer LG (1997) Apical K+ conductance in maturing
rabbit principal cell. Am J Physiol 272:F397-F404

Zolotnitskaya A, Satlin LM (1999) Developmental expression of
ROMK in rat kidney. Am J Physiol 276:F825-F836

@ Springer

AR
>0 QW


http://dx.doi.org/10.1002/phy2.31

	Developmental changes in renal tubular transport—an overview
	Abstract
	Proximal tubule
	Phosphate transport
	Thick ascending limb
	Distal convoluted tubule
	Urinary concentration and dilution
	Cortical collecting duct
	Induction of maturational changes in tubular transport
	Summary points
	Multiple choice questions (answers are provided following the reference list)
	References


