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in Single Nephron Segments of Rat Kidney Cortex
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Abstract

Renal cortical tubules consist of polarized epithelial cells where
Na/H antiport activity has been demonstrated on the apical
and/or basolateral membrane. Apical Na/H antiport activity
plays an important role in transcellular bicarbonate (HCO3)
reabsorption, whereas basolateral Na/H antiport activity could
be involved in transcellular HCO3- secretion as well as cell vol-
ume and pH control.

To determine whether this heterogeneity in both localiza-
tion and function is due to the existence of more than one Na/H
antiporter, we studied the tissue distribution of Na/H anti-
porter mRNAby use of reverse transcription (RT) and polymer-
ase chain reaction (PCR) in isolated nephron segments from rat
renal cortex. The primers used were directed against the rat
renal cortical Na/H antiporter cDNAwhich is homologous to
the human growth factor-activatable Na/H antiporter. RT/
PCRof beta-actin mRNAwere performed as positive controls.

Na/H antiporter mRNAexpression in the proximal tubule
was not detectable in S1 and S2 segments from superficial and
most midcortical nephrons, which exhibit exclusively luminal
Na/H antiport activity. It was expressed in Si and S2 segments
from juxtamedullary nephrons which have also basolateral Na/
Hantiport activity. Beta-actin mRNAwas expressed uniformly
in all segments of the proximal tubule. Na/H antiporter mRNA
was also expressed in cortical thick ascending limb and cortical
collecting duct, segments with basolateral Na/H antiport
activity as well as in the glomeruli.

In conclusion, at least two different Na/H antiporters exist
in the renal cortex, i.e., the proximal tubule. The close correla-
tion between functional localization of basolateral Na/H anti-
port activity and mRNAexpression suggests that the rat kid-
ney Na/H antiporter DNAhomologous to the human growth
factor activatable Na/H antiporter encodes a basolateral ex-
changer. The observed expression in a minority of midcortical
proximal tubules could reflect a certain heterogeneity in these
nephron segments. (J. Clin. Invest. 1991. 88:783-788.) Key
words: Na/H antiporter * mRNAexpression * nephron seg-
ments * reverse transcription * polymerase chain reaction

Introduction
In the polarized renal cortical tubule cells, electroneutral, amil-
oride-sensitive Na/H antiport activity has been demonstrated
on either the luminal (apical) and/or the basolateral side. When
located on the apical membrane, the Na/H antiport activity

Receivedfor publication 25 March 1991.

effects proton secretion into the luminal fluid. The cellular bi-
carbonate ions thus generated are transported into the extracel-
lular fluid across an electrogenic Na/CO32-/HCO-3 symporter.
This polarized, in series location of a luminal Na/H antiporter
and a basolateral Na/CO32/HCO3 symporter allows efficient
transcellular bicarbonate reabsorption in the proximal tubule
and the cortical thick ascending limb (1-3). In the proximal
tubule, the luminal Na/H antiporter mediates as much as two-
thirds of proximal tubule bicarbonate reabsorption (4).

The physiological role of Na/H antiport activity located on
the basolateral membrane is less clear. In tubule segments with
the capacity to secrete bicarbonate into the luminal fluid such
as the cortical collecting duct, bicarbonate exit across the apical
membrane would acidify the cells. This acid load would stimu-
late a basolateral Na/H antiporter to secrete protons into the
extracellular fluid, thus completing the process of transcellular
bicarbonate secretion (5). In tubule segments not known to
secrete bicarbonate (e.g., cortical thick ascending limb, SI and
S2 segments ofjuxtamedullary nephrons, see below), a basolat-
eral Na/H antiporter could assume an important role in intrin-
sic cell regulation such as cell pH defense and cell volume con-
trol as well as be involved in signal transduction (growth factor
activation).

In the mammalian renal cortex, an exclusive apical loca-
tion for the Na/H antiporter has been demonstrated function-
ally for the proximal convoluted tubule of superficial and mid-
cortical nephrons (S 1 and S2 segments; 6-9). The cortical thick
ascending limb also has a luminal Na/H antiporter (2), but, in
addition, shows basolateral Na/H antiport activity (3). Na/H
antiport activity restricted to the basolateral membrane was
found in the cortical collecting duct (5). In the proximal tubule,
the existence and distribution of a basolateral Na/H antiporter
is controversial. While Geibel and co-workers described re-
cently that rabbit S1 and S2 segments from juxtamedullary
nephrons exhibit basolateral Na/H antiport activity (9), no
such evidence was found by Baum(10). In other cortical tubule
segments (i.e., the distal convoluted and connecting tubules)
no direct information about presence and location of Na/H
antiport activity is available. Na/H antiport activity has been
demonstrated, however, in the nonpolarized mesangial cells of
glomeruli (1 1).

It is not known, whether the heterogeneity in distribution
(location in S1 and S2 proximal tubule segments from superfi-
cial and midcortical versus juxtamedullary nephrons), polarity
(location on apical versus basolateral membrane), and function
(bicarbonate transport versus cell pH and volume control) of
Na/H antiport activity in the mammalian renal cortex is due to
differential epithelial sorting and regulation of one and the
same antiporter or to the existence of more than one anti-
porter.

Evidence from LLC-PKl cells, immortalized cells of renal
tubule origin, which exhibit apical and basolateral Na/H anti-
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port activity, raises the possibility of the existence of two differ-
ent antiporters. The apical antiporter exhibits low amiloride
sensitivity (IC50 for the amiloride analogue ethylisopropyl-
amiloride, - 10 ,uM), whereas the basolateral transporter is
very sensitive to ethylisopropylamiloride inhibition (IC5o - 20
nM; 12). Thus, based on these inhibition kinetics, the apical
form resembles the proximal tubule brush border Na/H anti-
porter, whereas the basolateral transporter behaves like the
ubiquitous transporter found in many epithelial and nonepith-
elial cells (13). It was postulated, therefore, that LLC-PKl cells
contain two different Na/H antiporters: a basolateral, "house-
keeping" Na/H antiporter involved in cell pH defense and vol-
ume regulation, and an apical Na/H antiporter involved in
transcellular proton/bicarbonate and possibly sodium trans-
port. In addition, recent preliminary evidence (14) suggests
that apical and basolateral antiporters in these cells are regu-
lated differently by Ca++/calmodulin-dependent processes. Im-
munostaining with polyclonal antibodies against amino acid
sequences of a cloned LLC-PKl Na/H antiporter with 95%
homology to the human growth factor activatable Na/H anti-
porter, revealed exclusive localization of this transporter on the
basolateral membrane in LLC-PKl cells (15). In addition, a
human Na/H antiporter probe was noticed to localize a basolat-
eral Na/H antiporter in the polarized intestinal cells, Caco2
and HT29 (Huet, C., D. Louvard, C. Sardet, and J. Pouyssegur,
personal communication). However, in the bovine kidney, im-
munostaining of the cortex was predominantly localized api-
cally, in the brush border membrane of proximal tubules (16).
These immunohistochemical observations raise the important
possibility that the expression of two different Na/H anti-
porters could be restricted to mutated, immortalized cell lines.

Wehave recently cloned and sequenced a partial-length rat
renal Na/H antiporter cDNA (17) which exhibits - 95% ho-
mology to the human, growth factor-activatable Na/H anti-
porter ( 18) and have shown that mRNAexpression ofthis trans-
porter is enhanced in response to metabolic acidosis in vivo
( 19). If there are two different antiporters in the renal cortex,
our cDNA would be expected to encode for the basolateral
antiporter based on the observations from immunohistochemi-
cal experiments. Thus, in the case of two different antiporters,
mRNAcorresponding to our cDNAshould not be expressed in
S1 and S2 proximal tubule segments of superficial and midcor-
tical nephrons. This mRNAshould be expressed, however, in
thick ascending limbs, cortical collecting ducts, possibly S1 and
S2 proximal tubule segments from juxtamedullary nephrons
and glomeruli.

The present studies were therefore designed to investigate
the segmental localization of the mRNAexpression of our re-
cently cloned rat renal Na/H antiporter in rat renal cortex. We
chose the technique of reverse transcription (RT)' of specific
mRNAin microdissected, isolated nephron segments with sub-
sequent amplification of the cDNA by the polymerase chain
reaction (PCR).

Methods

All chemicals and materials were RNAse-free, of molecular biology
grade and obtained from Sigma Chemical Co., St. Louis, MO, unless
stated otherwise.

1. Abbreviations used in this paper: PCR, polymerase chain reaction;
PCT, proximal convoluted tubule; RT, reverse transcription.

Experimental animals and microdissection. Male Wistar rats
weighing 80-140 g were obtained from the Animal Breeding Facility at
the Insel University Hospital, Berne, Switzerland. The animals had free
access to water and commercial rat food.

Rats were anesthetized by intraperitoneal injection of pentobarbital
and were sacrificed by decapitation. The aorta was cannulated with
polyethylene tubing (PE 50) and the left kidney was selectively perfused
with 10 ml of ice-cold dissection solution containing 1.5 mg/ml of
collagenase (type 1). The dissection solution was bicarbonate-free and
contained (in millimolar): NaCl 135, Na2HPO41, MgSO41.5, CaCl2 2,
KCI 5, glucose 5, Hepes 5, titrated to pH 7.4 with NaOH(room temper-
ature). After perfusion, the kidney was excised and the renal capsule
was stripped off. The kidney was then cut into coronal slices of - I
mm. The slices were transferred to individual tubes containing 1 ml of
the same collagenase solution as used to perfuse the kidney and were
incubated for 30-45 min at 370C in a water bath. Before dissection, the
slices were washed once with ice-cold collagenase-free dissection solu-
tion.

Tubule dissection was performed in ice-cold dissection solution
(see above) using dissecting forceps (Dumont No. 5) and a dissecting
microscope at 40x magnification and horizontal illumination. Tubule
segments were identified according to established criteria (20). SI and
S2 proximal convoluted tubule segments (PCT) were dissected and
studied separately according to their origin from superficial, juxtame-
dullary, or midcortical nephrons.2 For the dissection of superficial
nephrons, glomeruli high in the cortex (within 1 mmof the renal cap-
sule) were located. For the dissection ofjuxtamedullary nephrons, glo-
meruli located < 1 mmfrom the outer edge of the medulla were cho-
sen. Midcortical nephrons were from glomeruli located at least 1 mm
away from the renal capsule and at least 1 mmfrom the outer edge of
the medulla. S I PCTsegments were identified by their attachment to a
glomerulus. PCTsegments extending beyond 1 mmof the glomerulus
were considered to be S2. Cortical thick ascending limbs and cortical
collecting ducts were dissected from the medullary rays. Distal convo-
luted tubules and glomeruli were dissected from the cortical labyrinth.
All attached tissue (blood vessels, tubule segments) were removed from
glomeruli before transfer.

The length of the tubules was between 0.7 and 1 mm. Using a bent
Pasteur pipette coated with a 0.1% BSA solution, the tubules were
transferred from the dissection dish to fresh dissection solution to rinse
the segments free of debris. The tubules were then captured with small
glass beads (diameter, 425-600 Aim) and transferred as before (new
pipette) to the RT-PCR tube. The beads/tubules were rinsed three
times with ice-cold dissection solution and finally suspended in 20 JAI of
dissection solution containing > 1 U/Al of human placental RNAase
inhibitor (Promega Biotec, Madison, WI). Glomeruli, after rinsing in a
wash dish, were transferred without glass beads and washed like the
tubule segments. The reaction tubes were placed on ice until RT was
begun (maximum 60 min).

Reverse transcription (RT). Reaction tubes were centrifuged for a
few seconds (12,000 rpm) to pellet the beads/tubules and glomeruli.
The dissection solution was carefully removed and 10 /sl of lysis buffer
containing 2% Triton X-100 (Boehringer-Mannheim GmbH, Mann-
heim, FRG), > 1.5 U/,l of RNAse inhibitor and 5 mMdithiothreitol
were added. The contents were gently mixed by tapping and the reverse
transcriptase reagents were added (final amounts/concentrations; reac-
tion volume, 20 Al): antisense primer, 40 pmol; deoxynucleotides, 200
Amol; Tris-HCI, 10 mM,pH 8.3; KC1, 50 mM; MgCI2, 2.5 mM;DTT,
1 mM;BSA, 1 mg/ml; reverse transcriptase, 2.5 UIAI (Moloney murine
leukemia virus; New England Biolabs, Beverly, MA). Reaction tubes
were incubated at 37°C for 60 min. Negative control reactions contain-

2. S3 proximal tubules were also studied in preliminary experiments.
However, the results are not included here because the cortical portion
of S3 segments is ill defined. In four out of four tested S3 segments,
Na/H antiporter mRNAcould be reverse-transcribed and amplified.
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ing all the reagents save the reverse transcriptase were performed in
parallel for each cortical tubule segment and glomeruli.

Polymerase chain reaction (PCR). For the Na/H antiporter gene,
primer 1 (antisense) was 5'-ATCTGGTTCCAGGCITCCTCG-
TAGG-3' defined by bases 1997-1973 and primer 2 (sense) was 5'-
CAAGAGACGAAGCGCTCCATCAACG-3'defined by bases 1534-
1558 (base enumeration according to full-length human antiporter
cDNA; 19, 20). Thus, the cDNAamplification product was predicted
to be 464 bp in length. The amplified region of the rat renal Na/H
antiporter cDNA has 98% homology to the growth factor-activated
human Na/H antiporter (17, 18). While the intron/exon boundaries of
the rat Na/H antiporter gene are not yet defined, the high homology
between human and rat cDNA suggests interspecies conservation of
intron/exon boundaries. Based on this comparison, the primers used
amplify a cDNA segment encompassing three introns (21). An addi-
tional oligonucleotide (sense) 5'-GGTTGAGCTTGTCCTTCCAG-3'
(defined by bases 1636-1655) was used as an amplification specific
probe. RT and PCRof rat cytoplasmic beta-actin served as a positive
control. The primers were defined by the following cDNA base se-
quences (22): primer 1 (antisense), bases 3078-3053, sequence, 5'-
ACCTTCAACACCCCAGCCATGTACG-3';primer 2 (sense), bases
2168-2193, sequence, 5'-CTGATCCACATCTGCTGGAAGGTGG-
3'. These primers span two introns and result in a 703-bp cDNAampli-
fication product (22).

All the primers were checked for the absence of fortuitous homol-
ogy to any sequence in the EMBLdata bank.

After RT, 30 Ml of PCRreagent mix were added to each tube di-
rectly. The PCRreactions (50 ul) contained the following components
(final amounts/concentrations): Taq polymerase 2 U (Boehringer-
Mannheim GmbH), primers (40 pmol each), deoxynucleotides (200
MM), Tris-HCI (10 mM), pH 8.3 (room temperature), KCI (50 mM),
MgCl2 (2 mM), gelatine (1 mg/ml), Triton X-100 (1%). The reaction
tubes were overlayered with 50 ,l of mineral oil to prevent evaporation.
PCRwas performed in an automated thermal cycler (Easy Cycler; Eri-
comp, San Diego, CA) which was programmed as follows. First, incu-
bation at 92°C for 2 min (initial melt), followed by 30 PCRcycles:

RTenzyme - + + - + + + + _ +

92°C for 10 (denature), 55°C for 60 (anneal), and 72°C for 100 s (ex-
tend). PCRwas completed by a final extension (72°C, 10 min).

RT of Na/H antiporter and actin RNAfrom different tissues with
subsequent amplification by PCRwas also performed. Total RNAwas
isolated from rat kidney cortex, liver, skeletal muscle, heart, lungs, and
spleen using guanidinium isothiocyanate (4 M) and cesium chloride
gradient centrifugation (19). For RT, 100 ng total RNAwere used.
Reverse transcriptase concentration was 2 U/tube. All other reagents
for RTand PCRwere as described above.

For analysis of the PCRproducts, 40 Ml of reaction volume were
ethanol-precipitated. DNAwas resuspended, and the PCRproduct
size-fractionated on 2% agarose gels and stained with ethidium bro-
mide (23).

For Southern blot analysis of PCRproducts, gels were denatured
(NaOH), electrotransferred, and blotted onto Zeta-probe Nylon mem-
branes (Bio-Rad Laboratories, Inc., Richmond, CA) as recommended
by the supplier. To test for rat renal Na/H antiporter specific PCR
amplification products, 1 pmol of the amplification product specific
primer (20 mer oligonucleotide) was labeled with 32P at the 5' end using
T4 polynucleotide kinase (24) and used as a hybridization probe.

The actin-specific amplification product was analyzed on ethidium
bromide stained agarose gels. No attempt was made to quantitate
RT/PCR.

Results

The presence of Na/H antiporter mRNAwas first analyzed by
RT/PCR in single Sl and S2 proximal convoluted tubules
from juxtamedullary nephrons, a cortical collecting duct seg-
ment and six glomeruli. For all these segments, there is func-
tional evidence for the presence of a Na/H antiporter. Fig. 1
shows the 2%agarose gel (left) and the corresponding Southern
blot analysis (right) of the amplification products. An amplifi-
cation product of the predicted size was evident in the RT/PCR
reactions from all tubule segments tested. The Southern blot of
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Figure 1. Product analysis of RT/PCR for Na/H antiporter mRNAin the proximal tubule of juxtamedullary nephrons (SI and S2 segments),
glomeruli (G, n = 6) and cortical collecting duct (CCD). (Left) an ethidium bromide stained 2%agarose gel; (right) an autoradiogram of the
corresponding Southern blot. Results are shown from experiments performed in the presence (RT-enzyme +) and absence (RT-enzyme -, neg-
ative controls) of reverse transcriptase. The amplification product of PCRof Na/H antiporter DNAand the RT/PCR product of beta-actin
mRNAserved as positive controls.
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Figure 2. Product analysis for RT/PCR for Na/H antiporter mRNAexpression in cortical thick ascending limb (cTAL), cortical collecting duct
(CCD), glomeruli (G, n = 8) and distal convoluted tubule (DCT). (Left) An ethidium bromide stained 2%agarose gel; (right) autoradiogram of
the corresponding Southern blot. Results are shown from experiments in the presence (RT-enzyme +) and absence (RT-enzyme -, negative
control) of reverse transcriptase.

the gel demonstrates specific binding of the independent oligo-
nucleotide to the product, thus confirming its identity. Nega-
tive control reactions using either an S1 or an S2 proximal
convoluted tubule from a juxtamedullary nephron in the ab-
sence of reverse transcriptase but with all other RT/PCR re-

agents are also shown. No specific band was detected on either
the agarose gel or the Southern blot. Na/H antiporter DNA
(- 0.5 ng) was amplified in a positive control reaction for the
PCRand yielded an identical amplification product as RT/
PCRfrom the nephron segments. The amplification product of
RT/PCR of beta-actin mRNAin a SI proximal tubule from a

juxtamedullary nephron convoluted tubule is shown for com-

parison on the agarose gel and served as an additional positive
control for the RT/PCR reaction sequence.

Fig. 2 extends the analysis to the cortical thick ascending
limb of Henle's loop and the distal convoluted tubule. Results
from additional glomeruli (eight glomeruli in one RT/PCR
reaction) and a cortical collecting duct are also shown. Both
apical and luminal Na/H antiporters have been found func-
tionally in the cortical thick ascending limb, whereas there is no

direct functional evidence for the presence of a Na/H anti-
porter in the distal convoluted tubule. Again, amplification
products of the predicted length are shown on the agarose gel
(Fig. 2, left). Their identity was confirmed by highly specific
binding of the independent oligonucleotide on a Southern blot
(Fig. 2, right). The negative control reaction using a cortical
thick ascending limb did not show any bands. The identity and
specificity of the RT/PCR product is further illustrated by the
positive control reactions on Figs. 1 and 2.

The next experiments were designed to specifically analyze
the distribution of Na/H antiporter mRNAin the six subseg-
ments of the proximal tubule (S I and S2 segments from super-

ficial, midcortical, and juxtamedullary nephrons, respectively).
Based on functional studies, proximal tubules are heteroge-
neous with respect to the distribution of Na/H antiport activ-
ity. S1 and S2 segments of superficial and midcortical
nephrons have apical, but no basolateral Na/H antiport activ-
ity (6-9), whereas SI and S2 segments from juxtamedullary
nephrons have been shown to have apical and basolateral Na/
H antiport activity, although the presence of basolateral Na/H
activity is controversial (9, 10). Fig. 3 illustrates that Na/H
antiporter mRNAwas absent in SI and S2 segments from su-

perficial and midcortical nephrons, whereas it was expressed in
S I and S2 segments from juxtamedullary nephrons. These re-

sults thus provide strong evidence for the presence of at least
two different antiporters in the proximal tubule. Our results
and observations in studies about the functional distribution of
Na/H antiporter suggest that the mRNAdetected by these RT/
PCRreactions encodes the basolateral Na/H antiporter.

Table I summarizes the results from all tubules tested for
Na/H antiporter and beta-actin mRNAexpression. None of
the SI and S2 proximal tubule segments from superficial
nephrons did express Na/H antiporter mRNA,whereas actin
mRNAexpression was uniform. In contrast, all SI and S2
proximal tubule segments from juxtamedullary nephrons were

positive for Na/H antiporter mRNA. The table further illus-
trates that a clear majority of S1 and S2 segments from midcor-
tical nephrons did not express Na/H antiporter mRNA.How-
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Figure 3. Product analysis of RT/PCR for Na/H antiporter mRNAexpression in S1 and S2 proximal tubule segments of superficial (SS), mid-
cortical (MC), and juxtamedullary (JM) nephrons. (Left) An ethidium bromide stained 2%agarose gel; (right) an autoradiogram of the corre-
sponding Southern blot. Results are shown from experiments performed in the presence (RT-enzyme +) and absence (RT-enzyme -, negative
control) of reverse transcriptase. PCRof Na/H antiporter DNAserved as a positive control.

ever, a minority of segments (one out of 10 SI segments and
two out of 12 S2 segments) expressed Na/H antiporter mRNA.
A false positive result in these tubules is excluded because we
performed negative controls in all experiments (see Methods,
Figs. 1-3). Thus, if the dissection criteria used (see Methods)
reliably identify midcortical nephrons, there is apparent hetero-
geneity in these midcortical SI and S2 segments with respect to
Na/H antiporter mRNAexpression.

In additional experiments, we wished to determine whether
the RT/PCR reaction detected Na/H antiporter mRNAin sev-
eral organs. If the Na/H antiporter mRNAdetected by our
RT/PCRencoded for the "housekeeping" Na/H antiporter in-
volved primarily in cell pH and volume control, this mRNA
would be expected to be expressed ubiquitously in extrarenal
tissues. RT/PCR was performed on 100 ng of total RNAiso-
lated from liver, skeletal muscle, lung, heart, and spleen. Am-
plification products of the predicted sizes were detected for
Na/H antiporter mRNAand cytoplasmic beta-actin in all these
organs (data not shown).

Table L Na/H Antiporter and Beta-A ctin mRNAExpression
in Rat Renal Cortex

Na/H antiporter Beta-actin
(positive/total) (positive/total)

Proximal tubule
SI superficial 0/6 6/6
S2 superficial 0/6 6/6
S1 midcortical 1/10 8/8
S2 midcortical 2/11 8/8
S1 juxtamedullary 6/6 6/6
S2 juxtamedullary 6/6 6/6

Cortical thick ascending limb 7/7 7/7
Distal convoluted tubule 5/5 5/5
Cortical collecting duct 8/8 8/8
Glomeruli 6/6 6/6

Discussion

These studies investigated the tissue distribution of mRNAex-
pression of a rat Na/H antiporter homologous to the human
growth factor-activatable antiporter. The main findings were:
(a) this Na/H antiporter mRNAis expressed in glomeruli and
all the cortical tubule segments that show basolateral Na/H
antiport activity (i.e., S1 and S2 segments of juxtamedullary
nephrons, cortical thick ascending limbs, cortical collecting
duct); (b) this antiporter mRNAis not expressed in tubule seg-
ments with functional evidence only for apical, but not for
basolateral Na/H antiport activity (i.e., S1 and S2 proximal
tubule segments of superficial and the majority of midcortical
nephrons); and (c) the antiporter mRNAexpressed in segments
with basolateral Na/H antiporter activity is indistinguishable
from an antiporter mRNAexpressed in a variety of nonepithe-
lial, nonbicarbonate transporting tissues (i.e., spleen, heart,
lung, skeletal muscle).

The results of our studies therefore provide strong evidence
for the existence of at least two different Na/H antiporter pro-
teins within the kidney cortex, i.e., the proximal tubule. Several
observations from our study deserve special emphasis. First, in
S1 and S2 proximal tubules from superficial and the majority
of midcortical nephrons, there was no expression of mRNA
corresponding to the Na/H antiporter cDNAwith 95%homol-
ogy to the human growth factor-activatable Na/H antiporter.
In these segments, there is unequivocal evidence for a luminal
Na/H antiporter that has a quantitatively important role in
proximal tubule NaCl and bicarbonate reabsorption, whereas a
basolateral Na/H antiporter has not been detected. Thus, this
proximal tubule luminal Na/H antiporter is a different trans-
porter than the basolateral Na/H antiporter and does not corre-
spond to the mRNAdetected by our method. It remains to be
established whether this luminal Na/H antiporter is the prod-
uct of a different gene or of an isoform of the same gene. Our
results exclude posttranslational modification as the mecha-
nism for the production of a distinct luminal Na/H antiporter.
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Differential RNA splicing remains a possibility because we
transcribed and amplified only a 464-bp fragment of the Na/H
antiporter mRNA.

The detection of Na/H antiporter mRNAexpression in a
minority of Sl and S2 proximal tubule segments from midcor-
tical nephrons is interesting. It is possible that basolateral Na/H
antiport activity could have been overlooked in functional stud-
ies because mRNAexpression was found in only - 10% of all
tubules. In addition, Na/H antiport activity maybe very low in
these segments making functional detection difficult. Further
studies are needed to gain more insight into the precise distri-
bution, level of activity, and physiological role of a basolateral
Na/H antiporter in the proximal tubule of midcortical
nephrons.

Second, it is striking that mRNAexpression of this Na/H
antiporter closely parallels the functional evidence for the tis-
sue distribution of a basolateral Na/H antiporter. In addition,
an identical mRNAcould be reversely transcribed and ampli-
fied in several nonepithelial tissues (heart and skeletal muscles,
spleen, lung) and glomeruli. In these tissues, Na/H antiport
may be predominantly involved in cell pH defense and cell
volume regulation as well as in signal transduction (growth
factor activation). Thus, the mRNAdetected and amplified
with our primers is probably the gene product of renal Na/H
antiporter responsible for these "housekeeping" functions
within the kidney. It is presently unclear whether housekeeping
functions are effected by one or more antiporters. The gene
expression of the antiporter detected by our method has been
shown to be enhanced in response to in vivo metabolic, but not
respiratory, acidosis (19). It remains to be seen whether the
luminal Na/H antiporter is regulated similarly.

Third, our results predict the existence of a Na/H antiporter
in cells from the distal convoluted tubule. In the cortical thick
ascending limb, our results do not permit us to decide whether
the Na/H antiporter mRNAstudied is translated into the api-
cal or basolateral Na/H antiporter. However, because the api-
cal Na/H antiporter is involved in transcellular bicarbonate
transport, it is more likely that the Na/H antiporter mRNA
studied here is translated into the basolateral protein.

In conclusion, our study shows that mRNAsfrom at least
two different Na/H antiporters are expressed in the rat renal
cortex. A DNA/RNA with 95% homology to the human
growth factor activatable Na/H antiporter encodes for a basolat-
eral Na/H antiporter that is probably involved in "housekeep-
ing" functions such as cell pH defense, signal transduction, and
volume regulation.
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