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Abstract
Background/Aims: Enterocytes express a number of NHE isoforms with presumed 
localization in the apical (NHE2, 3 and 8) or basolateral (NHE1) membrane. Functional 
activity and localization of enterocyte NHE isoforms were assessed using fully differentiated 
Caco-2BBe cells, whose genetic expression profile closely resembles mature enterocytes. 
Methods: The activity of the different NHEs was analyzed by fluorometric pHi-metry in a 
perfusion chamber with separate apical and basolateral perfusion, using specific inhibitors 
and shRNA knockdown of NHE2. The expression of the NHEs and of other relevant acid 
extrusion transporters was quantified by qPCR. Results: Quantitative comparison of the 
mRNA expression levels of the different NHE isoforms in 14 day-differentiated Caco-2BBe 
cells showed the following order: NHE2>NHE8>NHE3>NHE1. Acid-activated NHE exchange 
rates in the basolateral membrane were >6-fold higher than in the apical membrane. 79 ± 3 
% of the acid-activated basolateral Na+/H+ exchange rate displayed a NHE1-typical inhibitor 
profile, and no NHE2/3/8 typical activity could be observed. Analysis of the apical Na+/H+ 
exchange rates revealed that approximately 51 ± 3 % of the total apical activity displayed a 
NHE2/8-typical inhibitor profile and 31 ± 6 % a NHE3-typical inhibitor profile. Because no 
selective NHE2 inhibitor is available, a stable NHE2 knockdown cell line (C2NHE2KD) was 
generated. C2NHE2KD displayed a reduced NHE2-typical apical Na+/H+ exchange rate and 
maintained a lower steady-state pHi, despite high expression levels of other acid extruders, in 
particular NBCn1 (Slc4a7). Conclusion: Differentiated Caco-2BBe cells display particularly high 
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mRNA expression levels of NHE2, which can be functionally identified in the apical membrane. 
Although at low intracellular pH, NHE2 transport rate was far lower than that of NHE1. NHE2 
activity was nevertheless essential for the maintenance of the steady-state pHi of these cells.

Introduction

Different Na+/H+ exchanger isoforms of the SLC9 gene family are expressed in the baso-
lateral and apical membranes of epithelial cells as well as on the intracellular organelles [1-
3]. While the cellular expression, localization and physiological functions of NHE1 (SLC9A1) 
and NHE3 (SLC9A3) have been extensively characterized, the role of the other isoforms is 
far less understood. NHE2 (SLC9A2) is highly expressed in the gastrointestinal tract, pre-
sumably in an apical location [4, 5], but basal/intracellular staining has also been reported 
[6]. Nevertheless, NHE2 knockout (slc9a2-/-) mice do not develop an increase in stool water, 
and the additional deletion of NHE2 does not result in a more severe phenotype than that 
of NHE3 alone [7]. In contrast to NHE3 knockout (slc9a3-/-) mice, slc9a2-/- mice did not dis-
play differences in jejunal fluid absorptive rates compared to wild type (wt) littermates [8]. 
NHE2 is activated by short chain fatty acids (SCFA) [9] and has been implicated in butyrate-
stimulated fluid absorption in colitic rats [10]. However, the role of the NHE isoforms in 
SCFA-stimulated fluid absorption is controversial [11-14] and is even more complicated by 
the recent delineation of multiple SCFA-dependent Na+ transporting mechanisms [15]. Thus, 
the functional significance of intestinal NHE2 requires further study.

The elucidation of the molecular properties of NHE2 is equally incomplete. Heterolo-
gous expression of NHE1-3 in AP1 cells (NHE-deficient CHO cells) and in PS120 cells (NHE-
deficient fibroblasts) yielded comparable basic characteristics for NHE1 and for NHE3 in the 
two cell lines, but the NHE2 characteristics differed in their response to hyperosmolarity [16, 
17]. Heterologous overexpression of NHE2 in renal medullary collecting duct (mIMCD-3) 
cells has resulted in a downregulation of NHE3 expression and apparent basolateral appear-
ance of hyperosmolarity-activated NHE2 activity [18]. NHE2 was also expressed in intesti-
nal cell lines, and it was suggested that the cell type was important to reproduce (not yet 
well understood) physiological NHE2 characteristics [19]. The study of endogenous NHE2 is 
hampered by the scarcity of NHE2-expressing cell lines, lack of commercially available anti-
bodies, ambiguity about NHE2 membrane expression, and an overlapping inhibitor profile 
with other NHE isoforms.

Heterologous NHE2 traffics either to the apical membrane [17, 20] or the basolateral 
membrane in renal mIMCD-3 collecting duct cells [18]. The apical targeting of NHE2 depends 
on the presence of a SRC homology domain (a domain also found in the tyrosine kinase SRC 
oncoprotein) that binds to a number of proteins, which may be involved in the determination 
of membrane localization [17]. This raises the possibility that NHE2 trafficking is regulated 
and cell-type dependent. When expressed in PS120 fibroblasts or Caco2 cells, the half-life of 
NHE2 is markedly shorter than that of NHE1 and NHE3 [21]. This observation has not been 
followed up for endogenously expressed NHE2.

In the intestine, the only antibody whose specificity was tested in knockout tissue local-
ized NHE2 to the upper part of the gastric glands and the lower part of the colonic crypts, 
both areas of epithelia in which Na+ absorption is not a prominent feature in intestinal trans-
port physiology, or has not been assessed [9]. Endogenous Na+/H+ exchange with an “NHE2-
typical inhibitor profile”, after treatment with different inhibitors, has been observed in in-
testinal cell lines [9, 22] as well as in murine colonic crypts [5, 23]. Since the inhibitors both 
display a significant overlap for the other expressed NHE isoforms, or were not applied sepa-
rately to the apical vs basolateral enterocyte membrane, the relative contribution of NHE2 to 
the observed overall Na+/H+ exchange rate remained nevertheless uncertain.

Recently, inhibitors have been developed that potentially permit a better separation of 
the transport activity of NHE1, 2 and 3 than the classic NHE inhibitors amiloride and deriva-
tives, HOE694, S3226 and S1611 [24-26]. We therefore screened available gastrointestinal 
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cell lines for NHE expression. The self-differentiating clonal Caco-2BBe cells were chosen 
due to their high expression of NHE2, a method was developed to separately study apical and 
basolateral NHE activity, and the inhibitor concentrations to selectively inhibit NHE isoforms 
in the apical and basolateral membrane were established. NHE2 was silenced by shRNA 
and apical and basolateral NHE activity was assessed in fully differentiated NHE2-silenced 
(C2NHE2KD) and mock-silenced Caco-2BBe (C2PLKO.1) with and without application of the 
tested inhibitor concentrations.

Materials and Methods

RNA isolation and qPCR
The Caco-2BBe, C2PLKO.1 and C2NHE2KD cells were seeded at the density of 1.5 × 104/cm2 and 3 × 

104/cm2, respectively, and cultured on transwell membranes (pore size 0.4 μm) for 14 days. On the 14th 
day, cells were harvested for RT-PCR analysis. Cell lysate was homogenized with QIAshredder homogenizer 
and the total RNA was extracted from the cells using the RNeasy® Mini Kit (Qiagen GmbH) following the 
guidance of the instruction manual. RNA quality was determined by capillary gel electrophoresis with the 
QIAxcel® system (Qiagen GmbH). 1 µg RNA was reverse transcribed with the QuantiTect® Reverse Tran-
scription Kit (Qiagen GmbH) and cDNA concentration was measured spectrophotometrically. cDNA was di-
luted 1:20 with DNase free water and 2 µL of the dilution was used as a template for PCR. Each reaction ad-
ditionally contained 5 µL 2× MESA Green qPCRMasterMix (Eurogentec GmbH) and an appropriate amount 
of primers (Supplementary Table 1 - for all supplemental Material see www.cellphysiolbiochem.com).

Lentiviral mediated NHE2 knockdown in Caco-2BBe Cells
Bacterial glycerol stocks containing PLKO.1 lentiviral vector harboring five individual, small hairpin 

RNA (shRNA) constructs against human NHE2 (SHCLNG-NM-003048) were obtained from Sigma (St. Louis, 
USA) and were used to generate lentiviral particles as described earlier [27]. To evaluate the knockdown 
efficiency of individual shRNA against NHE2 lentiviral transduction was done as follows: Caco-2BBe cells 
(source ATCC® CRL-2102, kindly provided by Georg Lamprecht, Rostock) were plated at a density of 5×104 
cells per well in 24 well plates and incubated at 37°C and 5% CO2 until they reached 60-70% confluence. 
Then the medium from the wells was removed and replaced with medium containing 5 µg/mL Polybrene. 
Equal volumes of lentivirus were added to the medium and cells were incubated overnight in Polybrene con-
taining medium. Then the medium was replaced with normal medium and incubated for another 24 hours 
before cells were harvested and NHE2 expression was analyzed by real time PCRs (in absence of an antibody 
to detect human NHE2 by Western blot). shRNA 1, 4 and 5 showed approximately 50 % knockdown of NHE2 
mRNA. In order, to achieve higher knockdown of NHE2, Caco-2BBe cells were transduced with these three 
shRNAs together, selected with 15 μg/mL puromycin, and maintained with 10 µg/mL puromycin. Real-time 
PCRs performed after stable selection of the cells showed > 80 % knockdown of NHE2 mRNA (Supplemen-
tary Fig. 1).

Cell proliferation assay
C2NHE2KD and C2PLKO.1 cells were cultured as described above and left to reach subculturing den-

sity of 70% confluence. Cells were detached with 0.5 % trypsin / 0.53 mM EDTA in PBS for 5 min at 37°C and 
5% CO2. Trypsin action was arrested by addition of 2 mL of complete medium and cell suspension was cen-
trifuged 5 min at 1500 rpm. After removing supernatant, cell pellet was resuspended in complete medium 
and seeded at 0.13 × 104/cm2 in 24 well plates. The cells were counted daily for a period of 16 days, using 
Hemocytometer. During the time of the assay the medium was changed every 48 hours.

Cell adhesion assay
C2PLKO.1 and C2NHE2KD cells were seeded onto 96 well plate at a density of 1x104 cells /well and 

cultured for 24 hours. Cells were washed vigorously to remove non-adhered cells prior to acquiring pictures 
with phase contrast microscope. Cells were counted at 5 different regions for each well. The average value 
for each well was used to calculate the mean value for cell adhesion.
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Overexpression of human NHE3 in Caco-2BBe cells (source C. Yun, Emory University)
Caco-2BBe cells were transfected with full length human NHE3 tagged with VSVG (with the amino acid 

sequence YTDIEMNRLGK derived from the Vesicular Stomatitis viral glycoprotein) at C-terminus (a kind 
gift from Chris Yun, Emory University, Atlanta, USA with the permission of use from Ming Tse, John Hopkins 
University, Baltimore) and stable cell lines were established using 800 µg/mL G418 (Promo cell GmbH, Hei-
delberg, Germany) in the medium. The cells were grown at 37°C in a humidified atmosphere containing 5% 
CO2, in Dulbecco’s Modified Eagle Medium with 4.5 g/l D-glucose and sodium pyruvate (Life Technologies 
GmbH, Darmstadt, Germany) supplemented with 10% fetal calf serum (FCS), 100 units/mL penicillin, 100 
µg/mL streptomycin and 1% non-essential amino acids. The cells were maintained with 800 µg/mL G418 
antibiotic in the medium. Then the cells were subjected to repeated acid selection for 5 cycles as described 
previously [28]. After 5 acid suicide selection cycles, the expression of NHE3-VSVG protein expression using 
anti-VSVG antibody and a robust NHE3 protein expression was detected (Supplementary Fig. 2).

Immunofluorescence staining of Caco-2BBe cells
C2PLKO.1 and C2NHE2KD cells were seeded at the density of 1.5×104/cm2 and 3x104/cm2, respec-

tively, on 0.4 μm transwell filters and incubated for 14 days. The cells were fixed in 4% paraformaldehyde 
solution for 20 min and washed with PBS.  Cells were incubated with CFTM633 Wheat Germ Agglutinin 
(WGA) staining solution (5 μg/mL in HBSS without phenol red) for 10 minutes at 37°C according to manu-
facturer instruction (Biotium, Inc. USA). After washing with PBS, cells were permeabilized for 5 min with 
0.2 % triton X-100 solution. 5 % goat serum/PBS for 30 min was used to block unspecific binding. The cells 
were incubated with occludin (mouse monoclonal anti-occludin antibody (clone OC-3F10) 2 μg/mL in PBS 
for 3 h. Goat anti-mouse Alexa 555 conjugated IgG (H+L) 1 μg/mL was used as a secondary antibody and 
1 μg/mL Hoechst 33258 to label the nuclei. Membranes were mounted on cover glasses and sealed with 
coverslips. Samples were analyzed using 40× and 63× objectives on Leica DM IRB with a TCS SP2 AOBS scan 
head confocal microscope. Images were obtained in both xyz and xzy modes.

Fluorometric determination of apical and basolateral acid-activated NHE (and other potential acid/base 
transporter) activity
C2PLKO.1 (mock-silenced), C2NHE2KD (NHE2-silenced) or C2NHE3vsv (acid-suicide-selected NHE3 

overexpressing) cells were seeded onto transwell membranes (pore size 3 μm) at the density of 1.5 × 104/
cm2 or 3 × 104/cm2 (for C2NHE2KD), and cultured for 14 days to allow formation of well-differentiated 
monolayer. Cells between passage 12 and 15 were used for these experiments. For each cell line, 5 experi-
ments involving 4-5 different passages were done for each perfusion method unless otherwise indicated. 
The transwell membranes were cut off from the inserts and placed into the perfusion chamber with the api-
cal side towards to fluorescent light path and the basal side facing the investigator (Supplementary Fig. 3). 
The chamber was fixed on the stage of an inverted microscope (Zeiss, Germany). Cells were loaded with 5 
μM BCECF-AM (Life Technologies GmbH, Darmstadt, Germany) exclusively from the basolateral side for 30 
min at 37°C. A long distance 20x objective was used to focus on the cells through the apical perfusion cham-
ber. The dimensions of the perfusion chambers were 7 mm x 2 mm x 2mm.Cell fluorescence was alternately 
excited at 440 nm and 495 nm at a rate of 100/s and emitted at 520 nm. Data acquisition and processing 
were performed using the Metafluor software. Emitted light was collected through a 510 nm dicroic mir-
ror, a 530 nm long-pass filter, and an adjustable diaphragm and recorded by a photomultiplier. Background 
fluorescence intensity was measured and subtracted during calculation.

Na+ dependent pHi recovery after NH3/NH4
+ prepulse-induced intracellular acidification in the absence 

of CO2/HCO3
- was used to investigate NHE activity (Na+/H+ exchange activity) [29, 30]. Independent mea-

surement of NHE activity on either apical or basolateral side of differentiated Caco-2BBe cell monolayer 
was accomplished by adding Na+ only to the solution perfusing the apical or that perfusing the basolateral 
membrane, respectively. The buffer compositions of buffer A-E are given in Supplementary Table 2. Buffers 
A to E were prepared on the day of the experiment or in the evening before and were titrated to assigned 
pH at 37°C, and equilibrated with synthetic air (18% O2, 82% N2, Linde Gas, Hannover). The flow rate was 2 
mL per minute, resulting in a very fast fluid exchange in the tiny chamber volume. The chamber perfusate 
was maintained at 37°C by setting the temperature to 42°C in the buffer reservoir and taking the cooling 
during gravity-drainage perfusate flow into account. A calibration curve (fluorescence vs. pH) is generated 
by incubating cells in a high potassium buffer at various pH values in the presence of the K+/H+ ionophore, 
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nigericin. NHE inhibitors were kind gifts of Sanofi-Aventis (Frankfurt, Germany), from AstraZeneca (Malmö, 
Sweden) or purchased from Adooq chemicals (Irvine, CA) or from Merck, Germany.

The steepest △pHi/second slope was defined as the highest pHi recovery rate (dpH/dt), and dpH/
dt was averaged over 60 seconds within that time frame of steepest initial pHi rise after Na+ addition. Care 
was taken to exactly determine the time lines necessary to achieve closely similar pHi values before the re-
addition of Na+, and these pHi values are given in the figures.

To search for potential acid extrusion mechanism for the alternative transporters that are responsible 
for residual Na+-dependent pHi-recovery that is insensitive to 60 μM HOE642 and tenapanor, the same ex-
perimental protocol was performed in the presence of the specific MCT-1 inhibitor AZD3965 (MedChemEx-
press, Sollentuna, Sweden) (500 nM overnight, and 1 hour preincubation, and 500 nM presence in the apical 
perfusate) and the anion transport inhibitor DIDS (1mM to inhibit NBCe1/e2 in the basolateral perfusate).

Steady-state pHi measurement Caco-2BBe cells
To analyze the steady state pHi of the C2PLKO.1 and C2NHE2KD cells in presence of CO2/HCO3

- the 
same experimental setup described above was used. The cells were perfused with buffer A solution (100 
mM NaCl, 24 mM NaHCO3, 10 mM D-glucose, 0.5 mM K2HPO4, 5 mM KCl, 1 mM MgCl2x6H2O, 2 mM CaCl2x-
2H2O, 11 mM HEPES, pH7.4) for at least 20 minutes at 37°C gassed with O2/CO2 before fluorescence ratio re-
cording.  Then the emission signal was recorded for an additional 20 minutes, before the cells were perfused 
with two different pH calibration solution (10 mM D-glucose, 0.5 mM K2HPO4, 135 mM KCl, 1 mM MgCl2, 2 
mM CaCl2, 11 mM HEPES pH 7.0 or pH 7.4) with 10 μM nigericin. Finally the ratio of 495/440 was converted 
into respective pH value by linear curve fitting.

Statistics
The data were analyzed with GraphPad Prism 6. Results were expressed as means ± SEM. Experiments 

were performed 5 times, if not otherwise indicated. All techniques mentioned above were carried out us-
ing 4 different passages of each cell line. Data were compared by unpaired two-tailed Student’s t-test (two 
groups) or one-way ANOVA (more than two groups) with subsequent Tukey’s multiple comparison tests. P 
< 0.05 was considered to be significant, * p < 0.05, ** p < 0.001, *** p < 0.0001.

Results

NHE1-3 and 8 mRNA expression levels in 14 day differentiated Caco-2BBe cells
Caco-2BBe cells were harvested after 14 days culture, as described in material and 

methods, mRNA was extracted and the mRNA expression of the NHE1-3 and NHE8 were as-
sessed using β-actin and villin as control genes. Fig. 1A demonstrates the mRNA expression 
levels of the four NHE isoforms with β-actin as control gene, while in Fig. 1B the brush bor-
der marker villin was used as control gene. NHE2 had the highest mRNA expression levels in 
relation to either control gene, followed by NHE8>NHE3>NHE1.

Fig. 1. NHE mRNA expression 
levels in Caco-2BBe cells. Real time 
PCR was utilized to examine the 
mRNA expression of NHE1, NHE2, 
NHE3 and NHE8 in differentiated 
Caco-2BBe cells using β-actin (A) 
and villin (B) as the reference genes 
(n=5, mean ± SEM).

Figure 1 
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Characterization of the NHE2-silenced (C2NHE2KD) cell line in comparison to a mock-
silenced cell line (C2PLKO.1)
After testing a variety of NHE2-silencing protocols, we established two additional 

Caco-2BBe cell lines, one in which NHE2 expression was downregulated by shRNA-medi-
ated gene silencing named C2NHE2KD, and the other one was treated with the scrambled 
shRNA (mock-silencing) and named C2PLKO.1. NHE2 downregulation was ~ 80 % in the 
C2NHE2KD cell line in subconfluent cell cultures from the initial cell passages (Supplemen-
tary Fig. 1). The basic characteristics of these two cell lines were compared with each other 
and the mother cell line. The C2NHE2KD cells had reduced plating efficiency compared to 
C2PLKO.1 cells (Fig. 2A, B). For this reason the number of C2NHE2KD cells seeded was dou-
bled compared to C2PLKO.1 cells (3.0 vs. 1.5x104 cells/cm2) and all subsequently described 
experiments are performed in this fashion. The proliferation rate was delayed in C2NHE2KD 
compared to C2PLKO.1 cells in the subconfluent stage, while after confluency, the cell repli-
cation rates slowed and became equal between the two cell lines (Fig. 2C). Transepithelial 
resistance (TEER) was measured daily and was lower in C2NHE2KD compared to C2PLKO.1 
in the initial postconfluent state and then increased to levels above that of C2PLKO.1 (Fig. 
2D). Immunofluorescent analysis of the monolayers (using occludin) in xyz and xzy scan-
ning mode, revealed that at 14 days of culture, the C2NHE2KD were flatter compared to the 
C2PLKO.1 cells (Fig. 2E).

Fig. 2. Cell 
characteristics of 
C2PLKO.1 and C2N2KD 
cells. (A,B) Cell adhesion 
of C2PLKO.1 and 
C2N2KD cells analyzed 
by counting the 
adherent cells, 24 h after 
the cells were seeded 
with same density. 
Images of C2PLKO.1 
and C2NHE2KD cells 
were acquired under 
the phase contrast 
microscopy. (n=5, 
mean ± SEM, unpaired 
student t-test, *p<0.05). 
(C) The growth curves 
of C2PLKO.1 cells 
and C2NHE2KD cells 
seeded at same density 
and counted every 48 
h. (n=5, mean ± SEM, 
unpaired student t-test, 
***p<0.001) (D) TEER 
curves of C2PLKO.1 
cells and C2NHE2KD 
cells grown on transwell 
membranes from day 0 to day 14. (E) Immunofluorescence images of C2PLKO.1 and C2NHE2KD cells on 
transwell membrane on day 14 in xyz mode (63 ×objective, zoom = 4, scale bar = 12 μm) and in xzy mode 
(40 × objective, zoom = 3, scale bar = 25 μm). Green occludin, red WGA, blue nucleus. The differences in 
occludin and WGA immunofluenscence may be due to the difference in height, because the same distance 
from the support was chosen for the confocal plane. (n = 5, from 3 different cell passages).

Figure 2  
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Determination of NHE3 inhibition by tenapanor
Next, suitable NHE inhibitor concentrations for a clear separation of NHE1, NHE2/8 and 

NHE3 were determined. Previous experiments in our lab with NHE1-transfected PS120 cells 
and NHE1 expressing RGM-1 cells had suggested that at physiological Na+ concentrations, 
3 µM HOE642 is required to fully inhibit NHE1, a concentration which will already inhibit 
transfected NHE2 by ~ 20% [31]. 50-60 µM HOE642 fully inhibits NHE2 with no obvious 
inhibition of NHE3 [32]. Since the NHE3 inhibitor S1611 inhibits rodent and possibly hu-
man NHE1 in the high concentrations required to fully inhibit NHE3, the new NHE3-selective 
drug tenapanor was tested. To do so, Caco-2BBe cells, which do not express high endogenous 
levels of NHE3 [22], were transfected with human Vesicular Stomatitis Virus Glycoprotein 
(VSV-G) epitope-tagged NHE3, and acid-suicide selected Caco-2BBe/hNHE3vsv cells were 
grown on 3 µm pore size filters. TEER of these cells was measured daily (Fig. 3A). Fig. 3B-D 

Fig. 3. Apical Na+/H+ exchange rates in NHE3-expressing Caco-2BBe cells are sensitive to tenapanor. (A) 
TEER curve of hNHE3vsv expressing Caco-2BBe cells after 5 acid suicide selection cycles on transwell 
membranes from day 0 to day 14 after seeding. (B-D) The NHE function was estimated by first using 
NH4Cl prepulse followed by Na+ free buffer C to cause intracellular acidification, and then Na+ was added 
selectively to the apical side during the recovery phase to stimulate apical NHE activity. Inhibitors were 
added 5 minutes before the addition of Na+. (B) pHi curve of total apical NHE activity of C2NHE3vsv AS5 
cells. (C) pHi curve of apical NHE activity in the presence of 60 μM HOE642 in the apical solution. (D) pHi 
curve in the presence of 60 μM HOE642 and 1 μM tenapanor in the apical solution. (E) Comparisons of apical 
NHE activities of C2NHE3vsv cells under different inhibitory conditions. (n=3, mean ± SEM, one-way ANOVA 
with Tukey’s multiple comparison tests, **p<0.001).

Figure 3  
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shows the pHi-traces of the different experimental protocols. Basolateral NHE activity was 
inhibited by complete Na+ removal from the basal perfusate. The rapid flow rate of 2 mL/
min and the small volume of the basal chamber (a few µl) ensured that Na+ permeation from 
the apical side, should it occur, would not influence the results. This concept was validated 
by adding 3 µM HOE642 to the basal perfusate, which did not influence the results. While 
apical 60 µM HOE642 did not significantly influence apical NHE activity, the co-perfusion 
with 1 µM tenapanor completely inhibited NHE3 activity (Fig. 3E). The same concentration 
of tenapanor did not affect basolateral NHE activity (data not shown). This suggests that 1 
µM tenapanor in the apical bath is able to fully inhibit human NHE3 activity.

Comparison of NHE1, 3 and 8 mRNA expression levels in C2NHE2KD and C2PLKO.1
The two cell lines were plated with 1.5 and 3.0x104 cells/cm2 on transwell filters, and 

grown for 14 days. RNA extraction and qPCR were performed as described in material and 
methods. The results are shown in Fig. 4A-D. A significant upregulation of NHE8 mRNA 
expression was observed in C2NHE2KD compared to C2PLKO.1 cells.  Because no altera-
tion in mRNA expression levels for the NHEs was detected between the Caco-2BBe and the 
C2PLKO.1 cell line (for comparison Fig. 1A and Fig. 4), subsequent experiments were per-
formed with the C2PLKO.1 and the C2NHE2KD cell lines.

Basolateral Na+/H+ exchange rates in C2PLKO.1 cells and effect of NHE inhibitors
In order to functionally localize NHE2 activity and therefore its expression, the total 

NHE activity and the proportion inhibited by 3 µM or by 60 µM HOE642 was fluorometri-
cally assessed in the basolateral membrane of C2PLKO.1 cells. Fig. 5A-C show the separate 
pHi-traces of the different inhibitors applied. The ∆pHi/min in the initial fast phase of pHi 
recovery with/without inhibitor is shown in Fig. 5D. The pHi values after NH4

+-induced acid-
ification, before the re-addition of Na+ (plus inhibitors) to the basolateral perfusate were 
comparable between the different experimental conditions as shown in Fig. 5E. Basolateral 
Na+-dependent pHi recovery rate was 0.31±0.026 in the absence of inhibitors (5D, first col-
umn). In the presence of 3 µM HOE642 this basal activity was inhibited by 79±2.8% and 
the percentage of inhibition was not changed when the inhibitory concentration of HOE642 
was increased to 60 µM (80.7±2.3%). The result suggested that the predominant basolateral 
NHE is NHE1. Furthermore, no evidence for NHE2 activity was observed in the basolateral 
membrane.

Fig. 4. mRNA expression 
of NHE1-3 and NHE8 in 
14 day-differentiated, 
filter-grown Caco-2BBe, 
C2PLKO.1 and C2NHE2KD 
cells. Comparisons of (A) 
NHE1, (B) NHE2, (C) NHE3 
and (D) NHE8 mRNA 
expression levels between 
C2PLKO.1 and C2NHE2KD 
cells using β-actin as 
control gene. (n=5, mean 
± SEM, unpaired student 
t-test, *p<0.05, **p< 0.01).
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Effect of NHE isoform specific inhibitors on apical Na+/H+ exchange activity in C2PLKO.1 
cells
To address the putative apical activity of NHE2, NHE8 and NHE3, the Na+-free basolater-

al perfusate was maintained after the NH4
+-repulse to block all basolateral NHE activity, and 

Na+ was added selectively to the apical bath with and w/o inhibitors (Fig. 6A-F). Total api-
cal Na+/H+ exchange activity was approximately 6 fold lower than basolateral Na+/H+ rates 
(compared the first scatterplot of Fig. 5D with that in Fig. 6E), which was surprising given 
the fact that NHE1 mRNA expression was far lower than that of all NHE isoforms named 

Fig. 5. Acid-activated basolateral Na+/H+ exchange rates in differentiated C2PLKO.1 cells. C2PLKO.1 cells 
were acidified with the NH3/NH4

+ pre-pulse technique. During the recovery phase, the basal side of the cell 
monolayer was perfused with Na+-containing buffer A, while the apical side with Na+-free buffer C. Inhibitors 
were added 5 minutes before pHi recovery. (A) pHi curve of basolateral pHi recovery without inhibitors,  (B) 
in the presence of 3 μM HOE642, (C) in the presence of 60 μM HOE642 in the basal perfusate in C2PLKO.1 
cells. (D) comparisons of acid-activated basolateral Na+/H+ exchange rates without inhibition and after 3 μM 
HOE642 and 60 μM HOE642 treatments. The total basolateral Na+/H+ exchange rate of C2PLKO.1 cells was 
0.310 ± 0.026 (△pH/min). 3 μM HOE642 reduced acid-activated basolateral Na+/H+ exchange rates to 0.063 
± 0.004 (△pH/min), and 60 μM HOE 642 to 0.056 ± 0.009 (△pH/min). (E) Comparisons of initial pHi at the 
beginning of acid-induced pHi recovery among different groups. (n=5, mean ± SEM, one-way ANOVA with 
Tukey’s multiple comparison tests, ***p< 0.0001).
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above. 60 µM HOE642 will fully inhibit NHE2 (and likely NHE8, which has been shown to be 
sensitive to 10 µM HOE694), but will leave NHE3 active, and resulted in a 51±3.1% inhibition 
of total apical NHE activity (Fig. 6B, E). 1 µM tenapanor resulted in a 30.8±5.6% inhibition 
(Fig. 6C, E), and the combination of the two inhibitors resulted in an 82.3±3.1% inhibition 
(Fig. 6D, E). The remaining Na+-dependent proton efflux or base influx may be mediated 

Fig. 6. Acid-activated apical Na+/H+ exchange rates in differentiated C2PLKO.1 cells. In these experiments, 
the apical side of the cell monolayer was perfused with Na+-containing buffer A, while the basal side with 
Na+-free buffer C during the pHi-recovery period. (A) pHi curve of apical pHi recovery in the absence of 
inhibitors, (B) in the presence of 60 μM HOE642, (C) in the presence of 1 μM tenapanor, (D) in the presence 
of 60 μM HOE642 and 1 μM tenapanor in the apical perfusate in C2PLKO.1 cells. (E) comparisons of acid-
activated apical Na+/H+ exchange rates without inhibitors, with 60 μM HOE642, 1 μM tenapanor, and 60 μM 
HOE642 plus 1 μM tenapanor. The total apical Na+/H+ exchange rate of C2PLKO.1 cells was 0.046 ± 0.003 
(△pH/min). 60 μM HOE642 reduced acid-activated apical Na+/H+ exchange rates to 0.022 ±0.002 (△pH/
min), 1 μM tenapanor to 0.032 ± 0.003 (△pH/min), and 60 μM HOE642 plus 1 μM tenapanor to 0.008 
± 0.001 (△pH/min). (F) Comparisons of initial pHi at the beginning of acid-induced pHi recovery among 
different groups. (n=5, mean ± SEM, one-way ANOVA with Tukey’s multiple comparison tests, **p< 0.01, 
***p<0.0001).
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by base or proton channels, or an NBC accepting OH- for transport. Although this approach 
cannot distinguish between NHE2 and NHE8 activity, it nevertheless demonstrates that the 
two NHE isoforms with the highest mRNA expression result in very little acid-activated NHE 
activity in the apical membrane of Caco-2BBe cells.

Total Na+/H+ exchange activity in C2PLKO.1 and C2NHE2KD cells
In order to investigate the effect of the loss of NHE2, the total Na+/H+ exchange activity 

during pHi-recovery from an a NH4
+prepulse-induced intracellular acid load was compared 

between the C2NHE2KD and C2PLKO.1 cells. The total NHE activity was assessed using the 
same technique described above by perfusing both apical and basal sides of the cell mono-
layer with Na+-solution in the absence of inhibitors during the pHi recovery period. Repre-
sentative curves are shown in Fig. 7A, B. Despite the reduced expression of NHE2 in the 
C2NHE2KD no difference in the total Na+/H+ exchange activity was detected compared to 
C2PLKO.1 cells (Fig. 7C). The initial pHi at the beginning of the pHi recovery is shown in Fig. 
7D.

Basolateral Na+/H+ exchange activity in C2NHE2KD cells
The same experiments as described in Fig. 5 were repeated with the NHE2-silenced 

cells C2NHE2KD. As evidenced in Fig. 8A-E, the total NHE activity and relative inhibitor 
sensitivities of acid-induced basolateral Na+/H+ exchange did not differ significantly in the 
C2NHE2KD compared to C2PLKO.1 cells, confirming that NHE1 is the main NHE on the basal 
side of both C2NHE2KD and C2PLKO.1 cells.

Fig. 7. Acid-activated total Na+/H+ exchange rates in differentiated C2PLKO.1 andC2NHE2KD cells. Both 
apical and basal sides of the cell monolayer were perfused with Na+-containing solution without inhibitors. 
(A) pHi recovery curve in C2PLKO.1 cells, (B) in C2NHE2KD cells. (C) Comparison of acid-activated Na+/H+ 
exchange rates in C2PLKO.1 and C2NHE2KD cells. (D) Comparison of initial pHi at the beginning of acid-
induced pHi recovery. (n=5, mean ± SEM).
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Apical Na+/H+ exchange activity in C2NHE2KD cells
Total apical NHE activity was not significantly different in C2NHE2KD compared to 

C2PLKO.1 cells (0.050±0.005 vs 0.046±0.003 ΔpHi/min), but the percentage inhibited by 
the different pharmacological agents was altered (Fig. 9A-F). The percentage of acid-acti-
vated NHE activity that was inhibited by 60 µM HOE642 (NHE2 inhibition) was reduced to 
40.6±3.8%, that inhibited by 1 µM tenapanor (NHE3 inhibition) was virtually unaltered, and 
that not inhibited by 60 µM HOE642 and 1 µM tenapanor was increased to 28.1±2.1%.

Fig. 8. Acid-activated basolateral Na+/H+ exchange rates in differentiated C2NHE2KD cells. The experimental 
design and solutions were identical to those in Fig. 5. (A) pHi-curve of C2NHE2KD without inhibitors, (B) 
in the presence of 3 μM HOE642, (C) in the presence of 60 μM HOE642. (D) Comparisons of acid-induced 
pHi recovery rates under control, 3 μM HOE642 and 60 μM HOE642 treatments in C2NHE2KD cells. The 
acid-activated total basal Na+/H+ exchange rates in C2NHE2KD cells was 0.34 ± 0.036 (△pH/min). 3 μM 
HOE642 reduced this rate to 0.083 ± 0.011 (△pH/min). 60 μM HOE642 reduced this rate to 0.057 ± 0.007 
(△pH/min). (E) Comparisons of initial pHi at the beginning of pHi recovery under control, 3 μM HOE642 and 
60 μM HOE642 treatments in C2NHE2KD cells. (n=5, mean ± SEM, one-way ANOVA with Tukey’s multiple 
comparison tests, ***p<0.0001).

Figure 8 
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Acid extrusion mechanisms that may explain the non-NHE inhibitor sensitive Na+-depen-
dent basolateral pHi recovery.
Inhibition of NHE1 at the basolateral membrane uncovered existence of Na+-trans-

porters that are not sensitive to high concentrations of HOE642. One obvious candidate is 
NHE4. Although rat intestinal NHE4 expression is reportedly low to nonexistent [33, 34], and 
NHE4-deficient mice displayed no intestinal phenotype [35, 36], its insensitivity to specific 
NHE inhibitors (except high concentrations of dimethyl-amiloride which inhibits a number 
of non-NHE transporters in these high concentration) makes it difficult to study its func-
tion. However, expression and functional activity has been reported in human enterocytes by 
some [37, 38], while reported absent by others [39, 40]. For the low residual Na+-dependent 

Fig. 9. Acid-activated apical Na+/H+ exchange rates in differentiated C2NHE2KD cells. The experimental 
design, solutions and inhibitors were the same as in Fig. 6. (A) pHi-recovery curve without inhibitors, (B) in 
the presence of 60 μM HOE642, (C) in the presence of 1 μM tenapanor, (D) in the presence of 60 μM HOE642 
and 1 μM tenapanor during apical Na+ re-addition in C2NHE2KD cells. (E) Comparisons of acid-activated 
apical Na+/H+ exchange rates under control, 60 μM HOE642, 1 μM tenapanor, and 60 μM HOE642 plus 1 μM 
tenapanor. The total apical Na+/H+ exchange rate of C2NHE2KD cells was 0.050 ± 0.005 (△pH/min). 60 μM 
HOE642 reduced acid-activated apical Na+/H+ exchange rate to 0.031 ±0.004 (△pH/min), 1 μM tenapanor 
to 0.036 ± 0.003 (△pH/min) and 60 μM HOE642 plus 1μM tenapanor to 0.015 ± 0.004 (△pH/min). (F) 
Comparisons of initial pHi at the beginning of acid-induced pHi recovery among different groups. (n=5, mean 
± SEM, one-way ANOVA with Tukey’s multiple comparison tests, *p< 0.05, **p< 0.001, ***p< 0.0001).
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pHi-recovery, we therefore believe that it is one candidate that cannot easily be ruled out 
experimentally.

Amiloride-insensitive Na+ absorption may be also related to the function of Na+/HCO3
- 

cotransporters (NBC). mRNA expression analysis revealed high expression of electroneutral 
Na+-HCO3

- cotransporter NBCn1 (SLC4A7), compared to the electrogenic Na+/HCO3
- cotrans-

porter NBCe1 (SLC4A4) and the Na+-dependent Cl-/HCO3
- exchanger NBCn2 (SLC4A10) (Fig. 

10A), however without significant differences between the C2NHE2KD and the C2PLKO.1 
cells. The majority of the SLC4A HCO3

− transporters except NBCn1 are sensitive to stilbene 
derivatives such as DIDS [41, 42]. However, presence of 1 mM DIDS in the basolateral per-

Fig. 10. mRNA 
expression of SLC4A7, 
4 and 10 and acid-
activated basolateral 
Na+/H+ exchange 
after DIDS treatment 
of differentiated cells. 
(A) Comparisons 
of SLC4A7, SLC4A4 
and SLC4A10 mRNA 
expression levels 
between differentiated 
C2PLKO.1 (●) and 
C2NHE2KD (○) cells 
using β-actin as 
control gene. (n=5-6, 
mean ± SEM). Acid-
activated basolateral 
Na+/H+ exchange after 
DIDS treatment of 
differentiated cells 
was performed as 
described in Fig. 5. 
and 8. Inhibitors were 
added 5 minutes before 
pHi recovery.  pHi-
curve of (B) C2PLKO.1 
and (C) C2NHE2KD 
in the presence of 1 
mM DIDS. pHi-curve 
of (D) C2PLKO.1 and 
(E) C2NHE2KD in the 
presence of 1 mM DIDS 
plus 3 μM HOE642, (F) 
comparisons of acid-
induced pHi recovery 
rates between control, 
1 mM DIDS, 3 μM 
HOE642 and 1 mM 
DIDS plus 3 μM HOE642 treatments in C2PLKO.1 (●) and C2NHE2KD (○) cells. No differences in the acid-
activated basal Na+/H+ exchange rates were observed among control and DIDS perfused cells, regardless of 
the cell genotype. Co-perfusion with 3 μM HOE642 plus 1 mM DIDS reduced this rate to the level of only 3 
μM HOE642 perfused cells in both C2PLKO.1 and C2NHE2KD cells (n=3-6, mean ± SEM, one-way ANOVA 
with Tukey’s multiple comparison tests, ***p<0.0001).
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fusion bath of both C2NHE2KD and the C2PLKO.1 cells did not affect the Na+-dependent 
pHi recovery rate compared to non-treated cells in the absence of CO2/HCO3

-(Fig. 10B, D, 
F). Furthermore co-perfusion with 3 µM HOE642 and 1 mM DIDS showed no differences in 
pHi recovery rate compared to treatment with only 3 µM HOE642 (Fig. 10C, E, F). Therefore, 
we believe that based on the high expression levels, the DIDS-insensitive NBCn1 is likely an 
important pHi regulator in HCO3

- containing medium, and, based on the ability of the cells to 
endogenously produce CO2 and convert it to HCO3

- with the help of their intra- and extracel-
lular carbonic anhydrases, may also mediate a part of the HOE642-insensitive residual base 
influx observed in our experiments.

Experiments performed to address the potential residual apical proton extrusion mech-
anism were also performed (suppl. Fig. 4), however, could not identify involved transporters.

Steady-state pHi in C2PLKO.1 and C2NHE2KD cells in the absence and presence of CO2/
HCO3

-

In order to assess the steady-state pHi, cells were incubated in either HEPES-containing 
medium in an incubator with air, or a HCO3

- containing medium in a CO2-gassed incubator. 
The pH of the medium was 7.4 in both instances. Transwell membranes with cells were then 
mounted on the perfusion chamber, loaded with BCECF and perfused bilaterally in presence 
or absence of CO2. After 30 min of stable readings, pHi calibration was performed with pH 
values that are closely above and below the expected pHi. The results in Fig. 11 demonstrate 
that both in HEPES and in HCO3

- containing medium, the pHi of the C2NHE2KD cells was 
lower than the C2PLKO.1 cells (Fig. 11A, B).

Discussion

The current study investigates the molecular nature of apical and basolateral NHE activ-
ity in the self-differentiating gastrointestinal cell line Caco-2BBe and compares the mRNA 
expression levels for the different NHE isoforms 1, 2,3 and 8 with the isoform-specific func-
tional activities attributed by inhibitor experiments. A combination of selective Na+ addition 
to the apical or basolateral membrane, a set of NHE-isoform specific inhibitor concentra-
tions, as well as shRNA-mediated silencing of NHE2 were utilized to assess the involvement 
of  the different NHEs in pHi-recovery from a NH4

+-induced acid load in differentiated Caco-
2BBe cells.

Caco-2BBe cells grown on transwell membranes (to allow self-differentiation) for 14 
days express the NHE isoforms found in intestinal epithelium in vivo [2, 3]. NHE2 displayed 
the highest mRNA expression levels in these cells, followed by NHE8>NHE3>NHE1. High en-
dogenous NHE2 expression, but low NHE3 expression in Caco 2 cells has been shown before 

Fig. 11. Steady-state 
pHi of C2PLKO.1 and 
C2NHE2KD cells. 
(A) steady-state pHi 

values of C2PLKO.1 
and C2NHE2KD cells 
measured during 
perfusion with HEPES 
buffer followed by 
calibration with pH6.5 
and pH7.0 solution 
gassed with O2. (B) steady-state pHi values of C2PLKO.1 and C2NHE2KD cells measured during perfusion 
with HCO3

-/CO2 buffer followed by calibration with pH6.5 and pH7.0 solution gassed with CO2. Under both 
condition the steady-state pHi of C2NHE2KD cells was significantly lower compared to that of C2PLKO.1 cells 
(n=3-4,  mean ± SEM, unpaired student t-test, **p< 0.01).
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[19]. Our results show that despite low mRNA expression levels, basolateral acid-activated 
NHE1 activity was more than six fold higher than apical NHE2, 3 and 8 activities together.

By a combination of pharmacological inhibition and shRNA silencing, NHE2 activity 
was localized to the apical membrane in the present study, confirming the result of heter-
ologous expression studies in this cell line [19], and those performed in murine colon [5, 
6]. The functional activity of NHE2 in the apical membrane was surprisingly low, given the 
relatively high expression levels compared to the basolateral NHE1. These results correlate 
with earlier observations for a short life of the protein when rabbit NHE2 was expressed in 
PS120 fibroblasts [21], and suggest that endogenous human enterocyte NHE2 may also have 
a short half-life.

Despite the low NHE2-mediated proton flux rates during pHi-recovery from an acid load 
(a technique designed to activate all NHEs to near maximal levels), the difference in steady-
state pHi between C2PLKO.1 and C2NHE2KD cells points to a unique role of NHE2 in entero-
cyte physiology. Given the high expression levels for NBCn1, it is even more surprising that 
this difference is also seen in the presence of CO2/HCO3

-. It may be explained by the fact that 
NHE2 has a particularly high proton affinity both at the intra- and the extracellular bind-
ing site [43]. This allows NHE2 to remain active even at very high intra- and extracellular 
pH. The fact that even the highly expressed NBCn1 cannot abrogate the pHi-difference may 
be related to the high expression of HCO3

--dependent acid loaders in this cell line, such as 
SLC26A3 (suppl. Fig. 5).

In native murine intestine, NHE2 mediates equally high proton efflux rates as NHE1 
during pHi recovery from a NH4

+-induced acid load in enterocytes localized in the lower part 
of murine colonic crypts [23]. If the NHE2 half-life is similar in the native colonic epithelium 
as found both for NHE2-transfected fibroblasts and for the endogenous NHE2 of Caco-2BBe 
cells, the robust cryptal NHE2 functional activity in the base of the colonic crypt would re-
quire very high NHE2 expression levels in this part of the crypt. This underlines the potential 
importance of NHE2 for cellular physiology in this segment of the intestinal epithelium and 
suggests the existence of unknown mechanisms that stimulate NHE2 transcription in the 
cryptal epithelium. The prospect of the physiological significance of this question is to be 
addressed in the future by appropriate techniques such as laser dissection or in situ PCR.

Guan et al. demonstrated the high apical NHE2 expression in the mid-distal part of the 
murine colon by immunohistochemistry [5]. They utilized confocal microscopy to measure 
acid-induced pHi recovery in muscle-stripped nhe2-/- and wt distal colonic mucosa in a per-
fusion chamber, enabling the investigators to individually perfuse the luminal and serosal 
compartment. Their results in the intact native murine colon agree with the present study in 
several aspects. Namely, they also demonstrate a higher basolateral than apical NHE activ-
ity, although their approach did not quantitatively compare the two, and they also find an 
upregulation of a Na+-dependent proton extrusion mechanism in the absence of NHE2 ex-
pression that was not sensitive to luminal NHE inhibitors. An advantage of our study is that 
we were able to measure the expression of the NHEs in the cells that we study functionally. 
In contrast, optically focusing on the same plane of enterocytes in the cryptal base of colonic 
epithelium of wt and slc9a2-/- mice may result in a different cell type being studied, since the 
slc9a2-/- colonic mucosa displays a disturbed enterocyte differentiation pattern [44].

The filter-based pH-fluorometry in conjunction with the novel inhibitor tenapanor al-
lows the study of the small endogenous NHE3 transport activity in the Caco-2BBe model 
without the use of isotopes [45]. Previous functional assessment of endogenous NHE3 in 
Caco-2BBe was mostly performed with 22Na+ isotope flux studies. The literature reports sub-
stantial inhibition of NHE1 by the best selective NHE3 inhibitor available up to now, the 
S1611 compound, and we also observed a robust NHE1 inhibition by 10 µM S1611 [31]. 
The recently developed tenapanor, on the other hand, was found to inhibit selectively NHE3 
[26], and our data support this concept. Since heterologous NHE3 expression had a variety 
of disadvantages, such as the differential regulation of the promotor used for heterologous 
NHE3 expression compared to the endogenous NHE3 promotor, the possibility to assess the 
regulation of endogenous NHE3 expression and measure its transport rate is clearly an ad-
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vantage. The NH4
+ prepulse technique allows to acid-activate NHE activity and thus study 

maximal transport capacity rather than transport rates during steady-state conditions, 
which may be low.

NHE2-silencing caused a small decrease in the percentage of apical acid-activated NHE 
activity with an NHE2-typical inhibitor profile. However, since NHE8 mRNA was signifi-
cantly upregulated in NHE2-silenced Caco-2BBe cells, compensation by NHE8, if present in 
the apical membrane in Caco-2BBe cells, may mask a part of the decrease in apical NHE2 
activity. Because NHE2 and NHE8 activity cannot be reliably distinguished, based on the 
current knowledge of inhibitor sensitivities against NHE8, we were not able to define an 
exact NHE2-mediated proton extrusion rate. NHE8 was cloned from rat kidney and later 
immunolocalized to the microvilli membrane and coated pit region of proximal tubule cells 
[46, 47]. Shortly thereafter, Nakamura et al. localized human NHE8 to the Golgi apparatus 
and demonstrated that overexpressing NHE8 in COS7 cells dissipated the acidic Golgi pH, 
suggesting a role of NHE8 in organelle pH-regulation and function [48]. Cell membrane lo-
calization of NHE8 was shown in NRK renal cells, which expresses NHE8 but no NHE3, upon 
incubation in acidic media [49]. Neither the group of Peter Aronson nor we were able to 
functionally express NHE8 in the membrane of a stably NHE8-expressing heterologous ex-
pression system. When we transiently transfected PS120 fibroblasts with the cDNA for rat 
NHE8 kindly given to us by Hua Xu [50], highly variable (both in the speed and the time of oc-
currence after Na+-re-addition) acid-induced Na+-dependent pHi recovery was measured, up 
to 24 h after the transient transfection. However, after stabile selection of NHE8-expressing 
clones by antibiotic pressure and repeated acid-suicide cycles, no acid-induced NHE activity 
was detected in the cell membrane, although the cells displayed NHE8 mRNA expression and 
the protein was detected by Western blot. Therefore, while NHE8 knockout mouse studies 
provided ample evidence for an important role of NHE8 in gastrointestinal physiology, the 
observed gastrointestinal pathology could also be secondary to a defect in organelle trans-
port in enterocytes, with secondary effects on transport, mucin dynamics, barrier function, 
and microbiome composition [51-54]. More work is needed to clarify whether or not NHE8 
is expressed in the Caco-2BBe brush border membrane, and whether NHE8-mediated Na+/
H+ exchange can be pharmacologically distinguished from NHE2- and NHE3-mediated Na+/
H+ exchange.

Previous studies have addressed the function and regulation of the apical and basolater-
al NHE isoforms NHE1, NHE2 and NHE3 in transfected, nonepithelial cell lines such as PS120 
and AP-1 cells [55, 56]. In addition, intestinal cell lines including Caco 2 have been previously 
used to address the issue of NHE-isoform expression [57], as well polarized NHE activity [19, 
40, 58-60], with controversial results. Different groups have stated that Caco 2 cells express 
only NHE1 on the basolateral side [58], but that heterologously expressed NHE2 and NHE3 
localize to the apical membrane [19]. Others have found high endogenous NHE3 expression 
[40] or high endogenous NHE2 expression on the apical side [19]. Certainly, a part of these 
discrepancies are due to the fact that different Caco 2 clones may display different character-
istics in different laboratories. The scientific literature suggests that culture conditions may 
also change the expression of ion transporters [40, 61]. Due to the variability of the intestinal 
cell lines, high hopes are attached to the possibility of growing intestinal organoids with the 
expression pattern of isolated native epithelia with physiological differentiating pattern and 
ion transporter expression [62]. Despite certain drawbacks, the study of self-differentiating 
Caco-2BBe, whose gene expression profile closely mimics that of differentiated intestinal en-
terocytes [63], and whose ion transport characteristics differ from those reported for other 
cell lines [64, 65], closely mimics those of intestinal organoids during differentiation [66]. 
For example the observed increase of mRNA expression for absorptive transporters and 
decrease for secretory transporters during the culture time (suppl. Fig. 5), allows to study 
enterocyte mRNA expression and polarized function in a purely epithelial preparation with 
good reproducibility over several decades.
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The discrepant results in the literature may also in part be due to the overlapping inhi-
bition curves for NHE1, NHE2 and presumably NHE8 for the currently available inhibitors. 
While HOE642 has the widest distance between NHE1 and NHE3 inhibition curves, they 
have been originally described using very low external Na+ concentrations [24, 67]. When 
perfusing the human or rat NHE1-expressing PS120 cells with physiological (~140 mM) Na+ 
concentrations, we had noticed earlier that 1 µM HOE642, a concentration frequently used 
to inhibit NHE1, inhibited only ~ 95% of acid-activated NHE1-mediated proton flux. Our 
NHE2-expressing PS120 cells did not have good/high NHE2 activity, but when we later over-
expressed NHE2 in RGM-1 gastric epithelia cells, it became clear that 3 µM HOE642, found 
to inhibit ~ 99% of rat NHE1, already inhibited ~ 15% of NHE2 activity [31]. This overlap, 
which is stronger with the use of HOE694 and other NHE inhibitors, probably explains many 
of the discrepancies related to the relative contribution of different NHE isoforms to a given 
epithelial proton flux. In order to avoid this problem we used the method of selectively per-
fusing the apical and basolateral side of the cells with a rapid flow rate, so that the complete 
lack of Na+ in one perfusate blocked the activity of all NHE isoforms in the respective mem-
brane. This allowed inhibition of the considerable NHE1 activity in the basolateral mem-
brane without interfering with the modest NHE2, NHE3 and possibly NHE8 activities in the 
apical membrane.

Conclusion

In summary, this study describes the expression, localization and functional activity of 
the major NHE isoforms expressed in self-differentiating filter-grown intestinal Caco-2BBe 
cells. Reproducibility, environmental control, wide availability of the employed methods 
and elimination of the necessity for radioisotopes increase the attractiveness to study en-
dogenous regulation of intestinal NHE isoforms in a well-differentiated intestinal cell line. 
Despite much lower transport activity of NHE2 compared to NHE1 at low intracellular pHi, 
NHE2 was nevertheless important in the maintenance of the high steady-state pHi of these 
cells, likely because of its previously reported uniquely high proton affinity [43]. The Ca-
co-2BBe cell line, which also endogenously expresses all currently known NHERF adaptor 
protein family members, may be an interesting model to further study the signaling steps 
involved in the regulation of intestinal NHE isoforms.
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