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The intestinal absorption of many nutrients and drug molecules is mediated by ion-driven transport mechanisms in the
intestinal enterocyte plasma membrane. Clearly, the establishment and maintenance of the driving forces —
transepithelial ion gradients — are vital for maximum nutrient absorption. The purpose of this study was to determine the
nature of intracellular pH (pHi) regulation in response to H+-coupled transport at the apical membrane of human intestinal
epithelial Caco-2 cells. Using isoform-specific primers, mRNA transcripts of the Na+/H+ exchangers NHE1, NHE2, and
NHE3 were detected by RT-PCR, and identities were confirmed by sequencing. The functional profile of Na+/H+

exchange was determined by a combination of pHi, 22Na+ influx, and EIPA inhibition experiments. Functional NHE1 and
NHE3 activities were identified at the basolateral and apical membranes, respectively. H+/solute-induced acidification
(using glycylsarcosine or β-alanine) led to Na+-dependent, EIPA-inhibitable pHi recovery or EIPA-inhibitable 22Na+ influx
at the apical membrane only. Selective activation of apical (but not basolateral) Na+/H+ exchange by H+/solute
cotransport demonstrates that coordinated activity of H+/solute symport with apical Na+/H+ exchange optimizes the
efficient absorption of nutrients and Na+, while maintaining pHi and the ion gradients involved in driving transport.
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Introduction
H+-coupled transport of protein-digestion products
(di- and tripeptides), orally absorbed drugs (e.g., some
aminocephalosporin antibiotics and the angiotensin-
converting enzyme inhibitors enalapril and captopril),
and sugars has been demonstrated in a number of
studies (1–6). Our own studies demonstrate that the
transport and cellular accumulation of certain amino
acids (such as the osmoregulatory β-amino acids tau-
rine and β-alanine, and the orally absorbed antibiotic
D-cycloserine) across the apical membrane of human
intestinal epithelial cells is energized by extracellular
acidification. This amino acid transport is coupled
with proton inflow in monolayers of Caco-2 cells that
have been loaded with the pH-sensitive fluorescent dye
BCECF (BCECF; refs. 7, 8). These observations empha-
size the potential importance of the H+ electrochemi-
cal gradient as a driving force of solute absorption
across the mammalian intestinal wall. Clearly, the
development and maintenance of such driving forces
(transepithelial and transmembrane ion gradients)
during nutrient transport are crucial for efficient
absorption. Local microdomains of pH exist within the
unstirred layers adjacent to intestinal surfaces (in the
intervillus and lateral spaces; refs. 9–11). Indeed, an
acid microclimate has been demonstrated at the apical

membrane both in vivo and in vitro (9, 10), suggesting
that a chemical driving force for H+ exists across the
brush border of the intestinal epithelium. Ion-driven
absorption is thus controlled by the ion composition
within the microdomain, suggesting that absorptive
capacity can be regulated. Such pH microdomains are
subject to physiological and pathophysiological regu-
lation, as is observed with short-chain fatty acids (11,
12) and enterotoxins (9).

Therefore, H+ transport across the intestinal brush
border membrane is not a simple leak flux, but is cou-
pled to perform useful work in accumulating sub-
strates such as di- and tripeptides and amino acids. The
capacity of H+/substrate symport (relative to Na+/sub-
strate symport) is unknown, although our own data
suggest that it is the predominant route for some
amino acids (13). However, this solute-induced H+

influx will place a significant acid load on intracellular
pH (pHi) and pH-homeostatic mechanisms.

In many cell types, regulation of pHi is carried out by
a family of Na+/H+ exchangers (NHEs) that exchange
Na+ and H+ ions at the plasma membrane (14–17).
NHE1 has a ubiquitous distribution, but is restricted
to the basolateral plasma membrane in both intestin-
al and renal epithelia. In contrast, NHE3 is present
only at the apical membrane in intestinal and renal
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epithelial cells (16, 17). An important feature of
Na+/H+ exchange is that the exchanger(s) is quiescent,
or is operating at only a very small fraction of its
potential maximum capacity, at the (neutral) pH val-
ues typical of cytosol (14). Indeed, characterization of
NHE activity often involves recovery from acid load
after NH4Cl prepulse.

After a meal, the intestinal lumen contains a mixed
complement of substrates, such as di- and tripeptides,
amino acids, and sugars. The total magnitude of
transepithelial Na+ transport mediated by Na+/H+

exchange in these conditions is unclear, although ileal
Na+ and water absorption are blocked by N,N-dimethyl-
amiloride at concentrations consistent with NHE2 and
NHE3 activity (18). We asked whether apical NHE activ-
ity can maintain sufficient Na+ entry for transepithelial
Na+ transport to occur while apparently operating at a
low rate relative to its maximum capacity.

In this study, we have used Caco-2 cell monolayers
grown on permeable filters as a model to represent the
human small intestinal epithelium. There were 2 pri-
mary objectives: to demonstrate the mutual function-
al expression of Na+/H+ exchange, H+/dipeptide trans-
porters, and H+/amino acid transporters; and to test
the hypothesis that dissipative H+/solute influx pro-
vides an indirect means by which apical Na+/H+

exchange is stimulated. Such stimulation would
ensure maintenance of the ion gradients and pH
microclimate required to drive H+/solute symport. It
is likely that the coordinated operation of discrete
membrane transporters is required to explain overall
function at the brush border of the human small intes-
tine. Although a relationship between H+/peptide
exchange and Na+/H+ exchange has been hypothe-
sized, little direct evidence is currently available.

Because modulation of Na+/H+ activity is associated
with changes in the acid microclimate, and therefore
with the H+ electrochemical gradient across the apical
membrane of the small intestinal epithelium, it is like-
ly that during pathophysiological regulation (e.g., after
pathogenic invasion by Escherichia coli; ref. 9) any trans-
port function that is dependent on the maintenance
of the ion gradients across the epithelium will also be
affected. The identification of a functional linkage
between H+/solute transport and pHi homeostasis
demonstrates the coordinated nature of absorption,
and highlights the potential risk of studying individ-
ual transport proteins in isolation.

Methods
Materials. 22NaCl (specific activity: ∼ 17 GBq/mg Na) was
from Amersham Life Science Products Ltd. (Little Chal-
font, Buckinghamshire, United Kingdom). β-alanine,
glycylsarcosine (Gly-Sar), ouabain, cell culture media,
and supplements were from Sigma-Aldrich Ltd. (Poole,
Dorset, United Kingdom). BCECF-AM was from Cal-
biochem-Novabiochem Ltd. (Nottingham, United King-
dom). Cell culture plasticware was from Corning-Costar
Ltd. (High Wycombe, United Kingdom). EIPA was from
RBI (Natick, Massachusetts, USA). All other chemicals
were from Merck (BDH) Ltd. (Poole, Dorset, United
Kingdom) and were of the highest quality available.

Cell culture. Caco-2 cells (passage number 98–126)
were cultured and prepared as monolayers as described
previously (5). Experiments were performed 15–21 days
after seeding, and 18–24 hours after feeding.

RT-PCR. Poly(A)+ RNA was prepared from Caco-2
cells grown under standard conditions for 21 days. The
method for poly(A)+ RNA isolation (based on deter-
gent lysis, digestion of RNases with proteinase K, and
capture of polyadenylated molecules on oligo-dT cel-
lulose) has been described previously (19). Poly(A)+
RNA was reverse transcribed using Moloney murine
leukemia virus reverse transcriptase (MMLV-RT; MBI
Fermentas Inc., Amherst, New York, USA) and random
hexanucleotide primers (Amersham Pharmacia Biotech
Ltd., Albans, United Kingdom) in a standard reaction.
PCR was carried out using primers for NHE1 and
NHE2 as described by Dudeja et al. (20), and for NHE3
based on the published human sequence (21). Note
that the NHE2 primers were designed for the human
intestinal NHE2 fragment (20) and not the longer
NHE2 sequence identified from human liver (22). The
primers used were as follows: 
NHE1: 336GACTACACACACGTGCGCACCCC348

568TCCAGGATGATGGGCGGCAGCAGGAAGAGGAA537

NHE2: 16GAAGATGTTTGTGGACATTGGGG38

565CGTCTGAGCTGCTGCTATTGC545 

NHE3: 2070AGAAGCGGAGAAACAGCAG2088

2286GGAGAAAACACAGGGTTGTC2267

PCR reactions were performed over 30 cycles (after
hot start) in 1.5 mM MgCl2 using recombinant Taq
polymerase (MBI Fermentas Inc.) in the manufactur-
er’s buffer. Thermal cycling parameters were as follows:
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Figure 1
Products of RT-PCR on Caco-2 poly(A)+ RNA using primers specific
for NHE1 (lanes 1 and 2), NHE2 (lanes 3 and 4), and NHE3 (lanes 5
and 6). Lane M shows DNA markers with sizes indicated. Lanes 2, 4,
and 6 show negative-control reactions, carried out in the absence of
MMLV-RT. Products were separated on a 1% agarose gel and stained
with ethidium bromide. Primer sequences and thermal cycling
parameters are given in Methods.



for NHE1 and NHE2, 94°C for 1 minute, 58°C for 1
minute, and 72°C for 2 minutes; for NHE3, 94°C for 1
minute, 55°C for 1 minute, and 72°C for 2 minutes.
Products were subcloned into the vector pUAG (Inge-
nius, R and D System Ltd., Abingdon, United King-
dom) or PCR2.1-TOPO (Invitrogen Corp., San Diego,
California, USA) and sequenced on an ABI Prism
model 377 automated sequencer (Perkin-Elmer
Applied Biosystems, Warrington, United Kingdom).

The NHE2 sequence contained differences from the
published sequences. To determine whether the differ-
ences represented Taq-induced nucleotide misincorpo-
ration, the PCR was repeated using the thermostable
proofreading enzyme Pwo polymerase (Boehringer
Mannheim GmbH, Mannheim, Germany). Thermal
cycling parameters were as follows: 10 cycles at 94°C for
15 seconds, 56°C for 30 seconds, and 72°C for 45 sec-
onds; 20 cycles at 94°C for 15 seconds, 54°C for 30 sec-
onds, and 72°C for 45 + 20 seconds per cycle; and then a
10-minute incubation at 72°C including Taq DNA poly-
merase (MBI Fermentas Inc.) to incorporate A-over-
hangs for TA cloning into the pCR2.1-TOPO vector
(Invitrogen Corp., San Diego, California, USA). Clones
were sequenced as above.

Experimental solutions. The transport and pHi experi-
ments were performed using a standard Krebs-Ringer
solution containing (in mmol/L) 137 NaCl, 5.4 KCl, 2.8
CaCl2, 1.0 MgSO4, 0.3 NaH2PO4, 0.3 KH2PO4, 10 glu-
cose, and 10 HEPES or MES (pH was adjusted to 7.4 or
5.5 at 37°C with Tris base). Na+-free Krebs-Ringer solu-
tion was prepared by replacing NaCl with equimolar
choline chloride and omitting NaH2PO4. An NH4Cl-
containing solution was identical to the Na+-free solu-

tion except that 30 mM NH4Cl replaced 30 mM choline
chloride. Substrate additions were made directly to the
Krebs-Ringers (e.g., 20 mM Gly-Sar or 20 mM β-ala-
nine). Control solutions contained 20 mM mannitol to
maintain equivalent osmotic strength.

Transport experiments. For uptake experiments, the cell
monolayers (grown on 12-mm-diameter filters) were
extensively washed 4 times by successive transfer
through beakers containing 500 mL of Na+-free Krebs-
Ringer, and placed in 12-well plates, with each well con-
taining 1 mL of prewarmed Na+-free Krebs-Ringer (pH
7.4). Aliquots (0.5 mL) of prewarmed Na+-free Krebs-
Ringer (pH 7.4) were then placed in the upper filter cup
(apical solution). The composition of the solutions in
the apical and basal chambers was identical except when
stated otherwise. For experiments requiring a preincu-
bation period, cell monolayers were incubated for 15
minutes at 37°C in an appropriate Na+-free Krebs-Ringer
solution (see figure legends for details). After preincuba-
tion, filters were removed from the 12-well plates and
washed in 500 mL of Na+-free Krebs buffer (37°C). For
uptake measurements, filters were then placed in a fresh
12-well plate containing 1 mL prewarmed Na+-free
buffer (pH 7.4) containing 1 mM ouabain. Aliquots (0.5
mL) of prewarmed Na+-free Krebs buffer (pH 7.4) were
added to the apical chamber. 22Na (1 µCi/mL) was added
to either the apical or basal solution, and uptake was
measured over a 5-minute period. At the end of the incu-
bation period, cell monolayers were washed 4 times in
500-mL volumes of ice-cold Na+-free Krebs buffer (pH
7.4) to remove any loosely associated radiolabel, and were
removed from the insert. Cell monolayer–associated
radiolabel was determined by scintillation counting. Cel-
lular uptake of substrates is expressed as fmol•cm–2.
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Figure 2
Identification of Na+/H+ exchange activity in Caco-2 cell monolayers.
NH4Cl-induced intracellular acidification in monolayers of Caco-2
cells. pHi was measured in monolayers of Caco-2 cells loaded with the
pH-sensitive fluorochrome BCECF. The solutions (all pH 7.4) bathing
both the apical (a) and basolateral (b) membranes were standard
Na+-containing Krebs-Ringer (hatched bars), Na+-free Krebs-Ringer
(open bars), and Na+-free Krebs-Ringer containing NH4Cl (cross-
hatched bars). Cells were exposed to 30 mM NH4Cl for 15 minutes;
NH4Cl was removed in Na+-free conditions followed by sequential
addition of Na+ to the basolateral and then apical solutions.

Figure 3
Identification of Na+/H+ exchange activity in Caco-2 cell monolayers.
Shown is dose-dependent EIPA inhibition of 22Na+ influx across api-
cal (filled circles) and basolateral (open circles) membranes of Caco-
2 cell monolayers after a 15-minute incubation with 30 mM NH4Cl.
Solid lines are the best-fit curves for a logistic sigmoid by least-
squares regression (FigP software; biosoft, Cambridge, United King-
dom). Results are mean ± SEM (n = 6).



Measurement of pHi. Measurements of pHi in Caco-2
cells (grown to confluence on 12-mm-diameter Tran-
swell polycarbonate filters) were performed essentially
as described previously (5). To calculate the relative H+

efflux rate in the presence or absence of extracellular
Na+, the rate of recovery was determined by linear
regression (using Photon Counter System 4.70 soft-
ware; Newcastle Photometric Systems, Newcastle upon
Tyne, United Kingdom) of the pHi recovery trace over
a 30-second period immediately before, and another
30-second period immediately after, each change in
solution. Because differences in linear rates of pHi

change are compared on either side of the experimen-
tal change, buffering capacities in these conditions will
be equal. Recoveries of pH were measured at approxi-
mately pH 6.8–7.0, where buffering capacity is 18–19
mM/pH unit (23). Buffering capacity combined with
the rate of pHi change (∆pHi/s) allows calculation of H+

efflux rates (µM/s; ref. 24).
Statistics. Results are expressed as mean ± SEM. Sta-

tistical comparison of mean values were made using 1-
way ANOVA, with a corrected Bonferroni P value for
the number of comparisons made.

Results
Identification of NHEs in Caco-2 cells. Expression of NHE
isoforms in Caco-2 cells was determined using a combi-
nation of molecular and cellular biological techniques
(RT-PCR, 22Na+ influx, and measurement of pHi).
Oligonucleotide primers specific to the published
human NHE1 (25), NHE2 (20), and NHE3 (21)
sequences (see Methods) were designed and used for
RT-PCR analysis of poly(A)+ RNA, which was prepared
from Caco-2 cell monolayers 21 days after seeding. The
primer pairs produced PCR products of the predicted
sizes (233 bp, 550 bp, and 217 bp for NHE1, NHE2, and
NHE3, respectively; Figure 1). PCR products were sub-

cloned into either pUAG or pCR2.1-TOPO (see Meth-
ods) and sequenced, showing 100% (NHE1 and NHE3)
and 99% (to intestinal NHE2; 82% to liver NHE2) iden-
tity to the published human sequences over the ampli-
fied regions. The nucleotide changes in the NHE2
sequence were confirmed by PCR using a high-fidelity
enzyme; 3 clones had identical sequences in both
strands. The PCR products aligned with nucleotides
336–568 of the human NHE1 sequence (25), nucleotides
16–565 of the human intestinal NHE2 sequence (20)
(nucleotides 1619–2168 of the human liver NHE2; ref.
22), and nucleotides 2070–2286 of the human NHE3
sequence (21). The NHE3 sequence was an exact match
to the published sequence except for a missing cytosine
at position 2177. This must represent an error in the
published sequence, because translation of the pub-
lished sequence causes frameshift after this point, with
premature stop codons.

Confirmation of cellular expression and localization
of NHE activity was made by measurement of pHi and
22Na+ influx. NH4Cl prepulse (30 mM, 15 minutes) and
release caused a marked intracellular acidification of
BCECF-loaded Caco-2 cells, with recovery dependent
on the presence of Na+ at both the apical and basolat-
eral membranes (Figure 2). 22Na+ influx (linear up to 5
minutes) was significantly increased across both apical
(70.1 ± 7.0 to 266.7 ± 15.3 fmol•cm–2) and basolateral
(27.8 ± 1.2 to 156.9 ± 17.1 fmol•cm–2; for all measure-
ments, n = 21 and P < 0.001) membranes after the
NH4Cl prepulse-and-release maneuver, and was EIPA-
sensitive (half-maximal inhibition at 10 µM and 46 nM
for apical and basal uptake, respectively; Figure 3).

Selective activation of apical NHE. In contrast to the
response after NH4Cl exposure, intracellular acidifica-
tion caused by H+/solute (dipeptide or amino acid) sym-
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Figure 4
Solute-induced Na+/H+ exchange activity in Caco-2 cell monolayers.
The effects on pHi of altering the bathing solution at either the api-
cal (a) or basolateral (b) membrane of Caco-2 cell monolayers. The
solutions (see Methods) were Na+-containing, pH 7.4 (hatched
bars); Na+-free, pH 7.4 (open bars); and Na+-free, pH 5.5, contain-
ing β-alanine (20 mM; cross-hatched bars). Note that β-alanine was
added to the apical surface only.

Figure 5
Solute-induced Na+/H+ exchange activity in Caco-2 cell monolayers.
Mean H+ efflux rates after incubation with either 30 mM NH4Cl (n =
5) or 20 mM solute (dipeptide or amino acid; n = 13). The values rep-
resent the recovery from intracellular acidification in Na+-free condi-
tions (open bars), the increase in rate of recovery upon addition of
basal Na+ (hatched bars), and the further increase upon addition of
apical Na+ (solid bars). Results are mean ± SEM.



port across the apical membrane stimulates apical, but
not basolateral, Na+/H+ exchange (as determined by pHi

and 22Na+ influx measurements; Figures 4–7). Figure 4
shows that the recovery after β-alanine–induced intra-
cellular acidification is slow in the absence of extracel-
lular Na+ and after addition of Na+ to the basal solution,
but is dependent on readdition of Na+ to the apical
superfusate. Similar observations have been made with
the dipeptide Gly-Sar (26). (Note that the apical pH 5.5
solution and β-alanine were added together; previous
experiments [5, 7] with both Gly-Sar and β-alanine
demonstrate that the acidification is due to the presence
of substrate and not apical acidity alone.) A comparison
of the mean H+ efflux rates (Figure 5) after acidification
demonstrates that the pattern of stimulation of Na+-
dependent or -independent efflux differs depending on
the method of acidification. NH4Cl activates Na+-
dependent H+ efflux across both membranes, whereas
solute activates a large Na+-dependent H+ efflux at the
apical surface, with only a marginal stimulation (yet
greater than in the absence of Na+) at the basolateral
membrane. Figure 6 demonstrates that even in condi-
tions where the ability of EIPA to inhibit Na+/H+

exchange is reduced (at 137 mM Na+), recovery after
solute-induced acidification by either β-alanine or Gly-
Sar is reduced in the presence of 100 µM EIPA. 22Na+

influx experiments (Figure 7) confirm that after acidi-
fication induced by dipeptide or amino acid, there is a
significant increase in Na+ influx across the apical mem-
brane (P < 0.001 for both solutes at pH 5.5 vs. pH 5.5
alone). This influx can be significantly inhibited by 100
µM EIPA, from 236.2 ± 9.7 (n = 11) to 64.9 ± 3.9 (n = 12)
fmol•cm–2 using β-alanine (P < 0.001), and from 205.5
± 10.2 (n = 10) to 65.8 ± 6.9 (n = 12) fmol•cm–2 using Gly-
Sar (P < 0.001). There was no significant change in 22Na+

influx across the basolateral membrane after incubation
with either Gly-Sar or β-alanine (P > 0.05).

Discussion
The results of this study demonstrate the importance of
functional coexpression of transport proteins (involved
in both pHi homeostasis and solute transport) to
human intestinal absorption. The results are entirely
consistent with the polarized expression of NHE iso-
forms in human intestinal epithelial (Caco-2) cell
monolayers (Figure 3). The EIPA sensitivity (IC50) of the
apical and basolateral membrane Na+/H+ exchange
activity is similar to that for cloned NHE3 and NHE1
(17), respectively, suggesting that NHE3 is localized at
the apical membrane and NHE1 at the basolateral
membrane. Because only a minor component of apical
22Na+ influx is blocked at 1 µM EIPA, apical NHE2 activ-
ity must be low compared with NHE3 activity. A com-
parison of the Caco-2 NHE2 sequence with that from
the human duodenum reveals that over the sequenced
region, the amino acid sequence is 98% identical. How-
ever, we cannot exclude the possibility that the amino
acid substitutions in the NHE2 sequence might lead to
an inactivation or a change in NHE2 function (this has
not been studied further). In the human intestine,
Na+/H+ exchange activity has been demonstrated in jeju-
nal brush border membrane vesicles (27). mRNA for the
Na+/H+ exchangers NHE1, NHE2, and NHE3 is distrib-
uted throughout the human small intestine and colon
(20). Immunohistochemical studies demonstrate that
both human NHE2 and NHE3 are localized at the api-
cal membrane of human intestinal tissues (28). Broad-
ly speaking, under the cell culture conditions used in
this study (high-density seeding; monolayers ≥ 14 days
old), the distribution of Na+/H+ exchange in Caco-2 cells
reflects observations made in human intestinal tissues.
This is an important observation regarding the validity
of this study, because the cells can be grown under other
culture conditions where NHE3 activity is absent from
the apical surface (23).

The H+/dipeptide cotransporter PepT1 has been
localized to the apical membrane of the human intes-
tine and the Caco-2 cell (18). The results in Figures
4–7 demonstrate that both H+-coupled dipeptide and
amino acid symport at the apical membrane activate
the apical, but not basolateral, Na+/H+ exchanger. A
similar preferential activation of either apical or baso-
lateral Na+/H+ exchange has been observed in HT29
human colonic epithelial cells after sustained expo-
sure to short-chain fatty acids from the apical or basal
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Figure 6
Effect of apical EIPA (100 µM) on Na+-dependent pHi recovery after
acidification with 20 mM of either β-alanine (a) or Gly-Sar (b) in
Na+-containing solutions. The composition and pH of the apical
solution is indicated by the horizontal bar. Basolateral pH was
maintained at 7.4. The trace represents the composite response seen
in a single monolayer to successive recoveries in the absence and
presence of EIPA.



solutions (12). Because kinentic differences between
NEH1 and NEH3 activation by a reduction in pHi are
not consistent (24, 29), and because NHE1 activation
by a reduction in pHi shows similar sensitivity to
NHE2 and NHE3 activation in fetal bovine serum
(24), the simplest explanation for these data is that
the local pH in the cytosol adjacent to either the
brush border or basolateral membrane may be the
prime determinant in activating Na+/H+ exchange at
either membrane. This raises the possibility that
H+/substrate cotransport localized to the apical brush
border membrane will result in a pH at that site which
is more acidic than most of the cytosol. This may pref-
erentially activate brush border Na+/H+ exchange that
optimizes transepithelial Na+ absorption (apically by
NHEs; basolaterally by Na+,K+-ATPase) without acti-
vating “futile” Na+ cycling at the basolateral mem-
brane (by basolateral NHEs and basolateral Na+,K+-
ATPase) (12). The converse is also true, with maximal
H+/substrate cotransport being achieved only when
apical Na+/H+ exchange is active. Thus H+ will recycle
across the apical membrane, maintaining both pHi

and an important driving force for solute absorption
— the H+ electrochemical gradient — with energy orig-
inating from Na+,K+-ATPase activity. These observa-
tions support studies in both turtle colon (30) and
murine macrophages (31) that demonstrate that
Na+/H+ exchange activity can generate local pH
microdomains that stimulate activation of an H+ con-
ductance. Whether such activity would occur in vivo
is unclear, but the observations in this study highlight
the physiological relevance of such microdomains in
a system where there is a strong possibility that these
microdomains may be produced and maintained.

The local pH microclimate is likely to vary depend-
ing on the state of the pre- and postprandial lumen.
Therefore, system parameters (transepithelial Na+

transport) cannot be predicted simply by knowledge
of the detailed kinetics and regulation of NHE iso-
forms. Optimization of system performance (Na+ and
solute absorption) requires that membrane trans-
porters are colocalized within specialized membrane
domains, and act in a linked and mutually dependent
fashion. In NHE3-deficient mice, there is a severe
absorptive defect in the intestine (32), with compen-
satory change observed in the colon that includes
upregulation of H+,K+-ATPase activity and Na+ chan-
nel density. Similar principles to those shown here for
intestine may apply in other epithelia (e.g., the proxi-
mal tubule). A study using NHE3-deficient mice
reveals that HCO3

– and fluid reabsorption are sharply
reduced in proximal convoluted tubule, due to lack of
H+ extrusion dependent on NHE3 activity (32).

The expression of multiple NHE isoforms within a
single cell implies that additional features (e.g., regula-
tion by protein kinases) other than domain localization
are required for appropriate physiological activity.
Whereas apical Na+/H+ exchange driven by local pH
change may optimize absorptive function, basolateral
Na+/H+ exchange may be primarily a homeostatic mech-
anism controlling bulk cytosolic pH and cell volume.
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