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Abstract

Background & Aims—Electroneutral NaCl absorption across small intestine contributes
importantly to systemic fluid balance. Disturbances in this process occur in both obstructive and
diarrheal diseases, eg, cystic fibrosis, secretory diarrhea. NaCl absorption involves coupling of CI™/
HCOj3~ exchanger(s) primarily with Na*/H* exchanger 3 (Nhe3) at the apical membrane of intestinal
epithelia. Identity of the coupling CI"/HCO3™ exchanger(s) was investigated using mice with gene-
targeted knockout (KO) of CI"/HCO3™ exchangers: Slc26a3, down-regulated in adenoma (Dra) or
Slc26a6, putative anion transporter-1 (Pat-1).

Methods—Intracellular pH (pH;) of intact jejunal villous epithelium was measured by ratiometric
microfluoroscopy. Ussing chambers were used to measure transepithelial 22Na36Cl flux across
murine jejunum, a site of electroneutral NaCl absorption. Expression was estimated using
immunofluorescence and quantitative polymerase chain reaction.

Results—Basal pH; of DraKO epithelium, but not Pat-1KO epithelium, was alkaline, whereas
pH; in the Nhe3KO was acidic relative to wild-type. Altered pH; was associated with robust Na*/
H* and CI7/HCO3~ exchange activity in the DrakO and Nhe3KO villous epithelium, respectively.
Contrary to genetic ablation, pharmacologic inhibition of Nhe3 in wild-type did not alter pH; but
coordinately inhibited Dra. Flux studies revealed that CI~ absorption was essentially abolished
(>80%) in the DraKO and little changed (<20%) in the Pat-1KO jejunum. Net Na* absorption was
unaffected. Immunofluorescence demonstrated modest Dra expression in the jejunum relative to
large intestine. Functional and expression studies did not indicate compensatory changes in relevant
transporters.

Conclusions—These studies provide functional evidence that Dra is the major CI"/HCO3~
exchanger coupled with Nhe3 for electroneutral NaCl absorption across mammalian small intestine.
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The small intestinal process of transepithelial NaCl absorption is known to involve the coupled
activity of Na*/H* and CI"/HCO3~ exchangers.L2 Electroneutral NaCl absorption (so-called
because absorption is not associated with transepithelial electrical currents) provides a
mechanism for copious NaCl and water absorption across the intestine, especially under
physiologic conditions such as the stress response. Earlier studies to identify the Na*/H*
exchanger (NHE) involved in coupled NaCl absorption established that SLC9A3, ie, NHE3,
is the principal Na*/H* exchanger isoform responsible for transepithelial Na* absorption at the
apical membrane of intestinal epithelia. The evidence for predominance of NHE3 in
transepithelial Na* absorption came, by necessity, from studies of native intestinal mucosa
using isoform-specific pharmacologic inhibitors and measurements of transepithelial isotopic
flux across Nhe2 and Nhe3 knockout (KO) mouse intestine.3~5 Other NHE isoforms, NHE2
(SLC9A2) and NHE8 (SLC9A8), have also been reported to contribute but have less dominant
roles under basal conditions in the small intestine.3:6,7

Recent studies indicate that coupled CI"/HCO3™ exchanger(s) for NaCl absorption are likely
members of the SLC26A family of multifunctional anion exchangers. Of the 10 family
members, 2 members have been localized to the apical membrane of mammalian intestinal
epithelia. SLC26A3, also known as down-regulated in adenoma (DRA), normally exhibits high
rates of CI"/HCO3~ exchange, and loss-of-function mutations of SLC26A3 are responsible for
the human genetic disease congenital ClI™ losing diarrhea (CLD).8 -10 sL.c26A86, also known
as PAT-1, is a robust CI/HCO3™ exchanger but also exchanges sulfate, oxalate, and formate
at lower rates.11-13 Some, but not all,14 studies of recombinant DRA and PAT-1 provide
evidence that these transporters may have stoichiometries consistent with electrogenicity
(PAT-11CI™:2 HCO3™; DRA 2CI*:1HC03*).12v15 Based on the opposing stoichiometries, it
has been further proposed that electroneutrality of coupled NaCl absorption is preserved by
paired cellular operation of the 2 anion exchangers.15

Although classical descriptions of cougled NaCl absorption have come from studies of the
small intestine, notably rabbit ileum, 10 studies of colonic epithelium have provided indirect
evidence that Dra is the major CI"/HCO3™ exchange involved in coupled NaCl absorption.
Investigations of CLD patients led to the elucidation of DRA as a major anion exchanger in
the large intestine,8 which has been confirmed using brush-border membrane vesicles from
colonic epithelium of DrakKO mice.17 Evidence that Dra couples with Nhe3 for NaCl
absorption was provided in studies showing that Dra expression is up-regulated in the Nhe3KO
colon!8 and that Nhe3 expression is up-regulated in the DrakO mouse colon (although the
latter finding may be complicated by the effects of hyperaldosteronism secondary to
dehydration).17 In contrast, less is known about the identity of the coupled CI"/HCO3~
exchanger in small intestine. The available findings indicate several differences from colonic
NaCl absorption. Up-regulation of Dra expression was not detected in the Nhe3KO small
intestine, and overt changes in crypt morphology found in the DraKO colon were not evident
inthe small bowel.17+18 In addition, the expression of Draand Nhe3 is less in the small intestine
as compared with the colon, and Pat-1, which is weaklf expressed in the large intestine, presents
an additional possibility for coupling with Nhe3.18,19

Murine jejunum provides a useful model of coupled NaCl absorption in the small intestine by
showing high rates of electroneutral NaCl absorption similar to that described in studies of
human ileum, rat jejunum, and rabbit ileum.1,16,20 =22 |gentification of the apical membrane
CI"/HCO3™ exchanger(s) involved in coupled NaCl absorption across the small intestine
requires that studies be performed using native intestine. Murine jejunum has the advantages
of providing sufficient intestinal preparations for bidirectional isotopic NaCl flux
measurements and the opportunity to perform studies on mice with gene-targeted KO of the
anion exchangers, which is important in that specific inhibitors or stimulants that discriminate
between Slc26a isoforms are not available. Therefore, in the present study, ex vivo intestinal
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studies were performed using mice with gene-targeted deletions of Pat-1 and Dra to assess
their relative contribution to coupled NaCl absorption across the small intestine.

Materials and Methods

Animals

The experiments in this study were performed using mice with gene-targeted disruptions of
the murine homologs of Slc26a3 (Dra),17 Slc26a6 (Pat-l),23 or SIc9a3(Nhe3)5 on a mixed
genetic background. All comparisons of homozygous KO (—/—) mice were made with sex- and
age-matched (+/+) siblings (wild-type; WT). The mutant mice were identified by using a
golymerase chain reaction (PCR)-based analysis of tail snip DNA, as previously described.

0 All mice were maintained ad libitum on standard laboratory chow (Formulab 5008 Rodent
Chow; Purina Mills, St Louis, MO) and tap water. The drinking water of the DrakO, Nhe3KO
and WT littermate mice routinely contained 50% strength Pedialyte (Abbott Nutrition,
Columbus, OH) to prevent dehydration in the KO mice secondary to diarrhea.1’ Analysis of
blood from Pedialyte-treated DrakO mice did not reveal a difference in hematocrit from WT
mice. There was a small, but nonsignificant, increase in blood pH (WT, 7.17 vs DraKO, 7.26)
coincident with moderately increased HCO3™ concentration and pCO,, indicating a degree of
metabolic alkalosis with respiratory compensation (Supplementary Table 1; see
Supplementary material online at www.gastrojournal.org). Mice (age, 2— 4 months) were fasted
overnight prior to experimentation but were provided with drinking water ad libitum. The mice
were housed in the AAALAC-accredited Dalton Cardiovascular Research Center animal
facility. All experiments involving animals were approved by the University of Missouri
Animal Care and Use Committee.

Transepithelial 22Na36Cl| Flux Analysis

The method for transepithelial 22Na36ClI flux across murine jejunum has been previously
described.24 Briefly, midjejunal sections were stripped of external muscle layers before
mounting on Ussing chambers (0.25-cm? surface area). Transepithelial short-circuit current
(Ise; uEq/cm?2 - h) and transepithelial conductance (G; mS/cm?2) were measured using an
automatic voltage clamp (VCC-600; Physiologic Instruments, San Diego, CA). Mucosal and
serosal sides of each section were independently bathed with Krebs bicarbonate Ringers
solution (KBR) gassed with 95% O,:5% CO5 (pH 7.4; 37°C). In some experiments to evaluate
the effect of low luminal HCO3™ concentration on CI™ absorption, HCO3™ in the luminal bath
was substituted with the buffer TES (25 mmol/L) and gassed with 100% O, (pH 7.4). All ex
Vivo preparations were treated with indometh-acin (1 xmol/L, bilateral) and tetrodotoxin (0.1
umol/L, serosal) to minimize the effects of endogenous prosta-glandins and neural tone,
respectively.22:26 Approximately 5 »Ci of 22Na and 36C1 were added to the “source” bathing
medium, and, following a 30-minute equilibration period, triplicate aliquots (200 uL) were
taken from the “sink” side at the beginning and end of the 30-minute flux period. To determine
the effect of cCAMP on NaCl absorption, intracellular cAMP was stimulated by the bilateral
addition of 10 umol/L forskolin and 100 umol/L isobutylmethyl xanthine for 30 minutes prior
to a second flux period. Samples were analyzed for 22Na and 36C1 by sequential counting in
gamma radiation and liquid scintillation systems (Packard Instruments, Meriden, CT). The rate
of radioisotope transfer was used to calculate unidirectional mucosal-to-serosal (Jy.s), Serosal-
to-mucosal (Js-m), and net fluxes (IneT = Im-s — Js-m) of 22Na and 36CI. Flux values for each
mouse were averaged from 1 to 3 pairs of jejunal preparations matched within 15% difference
of the G¢. For net fluxes, a positive value indicates net absorption (mucosal-to-serosal), and a
negative value indicates net secretion (serosal-to-mucosal).
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Intracellular pH Measurement

The method used for imagin_;; villous epithelial cells in intact murine intestinal mucosa has
been previously described.27+28 Briefly, small intestine stripped of the external muscle layers
was mounted luminal side up in a horizontal Ussing-type perfusion chamber where luminal
and serosal surfaces were independently bathed. The mucosa was incubated on the luminal
side with 16 umol/L of 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxy-fluorescein
acetoxymethyl ester (BCECF-AM) for 10 minutes before superfusion of the luminal surface.
The luminal superfusate contained (in mmol/L): 55.0 NaCl, 55.0 Na isethionate, 25.0
NaHCO3, 5.0 Na TES, 2.4 K;HPOy, 0.4 KH,POy, 1.2 Ca gluconate, 1.2 Mg gluconate, 10.0
glucose, and 6.8 mannitol (pH 7.4; 37°C; gassed with 95% O,:5% CO5). The serosal
superfusate was identical except that CI~ was replaced with isethionate™ and contained 1 xmol/
L of 5-(N-ethyl-n-isopropyl)-amiloride (EIPA) to block the basolateral membrane Na*/H*
exchanger isoform 1. Intracellular pH (pH;) from 10 villous epithelial cells of an immobilized
villus was measured by dual excitation at 440- and 495-nm wavelengths and imaged at 535-
nm emission. The 440/495-nm ratio was converted to pH; using a standard curve. Intrinsic
buffering capacity (5;) was estimated by the ammonium prepulse technique, and the total
buffering capacity (Biotar) Was calculated from the equation Sigal = fi + fucos— = fi + 2.3 x
[HCO37i], where Sncos is the buffering capacity of the HCO37/CO» system. Rates of apical
membrane CI"/HCO3~ exchange (in mmol/L HCO3 /min) were calculated by Sioa * ApH;/
At during the first 90-second period during removal and readdition of CI™ in the luminal
superfusate. For Na*/H* exchange, HCO3~ was replaced with TES (gassed with 100% O5),
and Na* was replaced by N-methyl-D-gluconate in the serosal superfusate. Rates of apical
membrane Na*/H* exchange were estimated from gj x ApH;/At during the first 90-second
period during removal and replacement of luminal Na*.

Immunofluorescence

Dra protein expression in frozen sections (4 um thick) of jejunum and cecum was estimated
by immunofluorescence using rabbit anti-human DRA antibody, as previously described.29

Quantitative Real-Time PCR

Materials

Messenger RNA (MRNA) expression of Dra, Pat-1, Nhe3, and cystic fibrosis transmembrane
conductance regulator (Cftr) in whole jejunal samples was measured by quantitative real-time
PCR (gRT-PCR) using specific primers in a LightCycler system (Roche, Indianapolis, IN).
MRNA expression was normalized to the housekeeping gene L32 ribosomal protein. See
Supplementary Figure 1 for details (see Supplementary material online at
www.gastrojournal.org).

BCECF-AM was obtained from Invitrogen (Carlsbad, CA). Tetrodotoxin and forskolin were
obtained from Biomol International L.P. (Plymouth Meeting, PA). Radioisotopes were
obtained from GE Healthcare (22Na; Piscataway, NJ) and Perkin-Elmer Life and Analytical
Sciences (36CI; Waltham, MA). All other materials were obtained from either Sigma Aldrich
(St. Louis, MO) or Fisher Scientific (Springfield, NJ).

Statistical Analysis

All values are reported as mean = SEM. Data between 2 treatment groups were compared using
a 2-tailed unpaired Student t test assuming equal variances between groups. Data from multiple
treatment groups were compared using a 1-way analysis of variance (ANOVA) with a post hoc
Tukey t test. A probability value of P <.05 was considered statistically significant.
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Results

KO of Dra and Nhe3 Has Reciprocal Effects on Steady-State pH; in Villous Epithelium

Apical membrane acid-base transporters primarily determine epithelial cell pH; under
experimental conditions that eliminate basolateral membrane CI7/HCO3~ exchange and Nhel
activities. Figure 1 shows the steady-state pH; of the midvillous epithelium for WT, Pat-1KO,
DraKO, and Nhe3KO intestine under these conditions. As compared with WT, the pH; of
Pat-1KO villous epithelium was unchanged, whereas pH; in the DraKO epithelium was
significantly alkaline. An opposite effect, acidic pH;, was present in the Nhe3KO villous
epithelium. Pharmacologic inhibition of either Dra or Nhe3,10 in contrast to genetic ablation,
did not affect pH; in WT villous epithelium, suggesting coordinate inhibition of the two
exchangers.

Uncoupled Activity of Dra and Nhe3 in the Villous Epithelium

To investigate whether genetic ablation of either Dra or Nhe3 yielded “uncoupled” activities
of the opposing exchanger, exchange rates were measured in the midvillous epithelium of the
jejunum. As estimated from pH; changes induced by luminal Na* substitution (Figure 2A), the
DraKO epithelium exhibited robust Na*/H* exchange activity as compared with WT (WT,
17.5 + 2.1; DraKO, 37.8 + 6.1 mmol/L/min, P <.05, n = 3). Verification that most Na*/H*
exchange in the jejunal villi represented Nhe3 activity was shown by a diminutive response to
Na™ substitution in the Nhe3KO (Nhe3KO, 5.9 + 1.7 mmol/L/min; n = 3). Based on
measurements of CI"/HCO3™ exchange by luminal CI™ replacement (Figure 2B), vigorous
apical membrane CI"/HCO3™ exchange was also present in the Nhe3KO as compared with WT
villous epithelium (WT, 15.5 £ 1.3; Nhe3KO, 22.8 = 4.7 mmol/L/min; n = 3). Verification that
most CI"/HCO3™ exchange in the jejunal villous epithelium represents Dra activity was shown
by the modest pH; response to CI~ substitution in the DraKO intestine (DraKO, 1.5 £ 0.5 mmol/
L/min; n =5). This residual CI"/HCO3~ exchange, ostensibly attributable to Pat-1 activity,
approximates the magnitude of decreased CI"/HCO3™ exchange in the Pat-1KO jejunum as
compared with WT (2.9 mmol/L/min, ie, the difference between WT, 16.6 + 2.7 and Pat-1KO,
13.7 £ 2.2 mmol/L/min; n = 4 — 6). Thus, any suppression of Pat-1 activity appears to be a
relatively minor component of the decreased CI"/HCO3~ exchange activity in the DraKO.

Coordinate Inhibition of Dra Activity During EIPA Inhibition of Nhe3

The lack of pH;j changes in the WT villous epithelium during EIPA treatment (Figure 1)
suggested simultaneous inhibition of Dra. To examine this hypothesis, CI"/HCO3™ exchange
activity was measured in the jejunal villous epithelium treated with luminal EIPA (100 x«mol/
L) to inhibit Nhe3 activity. Pat-1KO jejunum was used to eliminate the contribution of Pat-1
and thereby isolate Dra CI"/HCO3™ exchange activity. As shown in Figure 3, EIPA did not
affect pH; but reduced CI"/HCO3™ exchange activity by ~48% as compared with control. The
residual or unaffected CI"/HCO3~ exchange activity (~52%) suggests that a complement of
Dra activity is independent of Nhe3, eg, involved in net HCO3™ secretion.

Dra Provides Transepithelial CI~ Absorption During Electroneutral NaCl Transport Across
Murine Jejunum

Previous isotopic flux studies have shown electroneutral NaCl absorption to be a major
transport characteristic of the murine jejunum.3'20 Therefore, to investigate the identity of the
CI7/HCO3~ exchanger coupled with Nhe3, we performed 22Na36Cl transepithelial flux studies
on jejunum from Pat-1KO, DraKO, and WT littermate mice. As shown in WT jejunum (Table
1), the absorptive flux of both Na* (Jy-sN?) and CI~ (Iy1-s©!) exceeds the secretory flux
(Js-mN2 and Jg.\C!, respectively), indicating net absorption of Na* and CI~ under basal
conditions. The Iy is near zero, consistent with classical “electroneutral” NaCl absorption. In
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the DraKO intestine, net Na* absorption was slightly reduced (—3.7 zEg/cm? - h) compared
with WT, but the change was not statistically different. The difference appeared to be due to
decreased Jy1.sN@ (—2.7 uEg/cm? - h), but this change also was not statistically significant. In
contrast to unimpaired Na* flux, net CI~ absorption was essentially abolished in the DrakO
as compared with WT. This change was due entirely to a reduction in the absorptive Jy.s©,
indicating that Dra is the major pathway for CI~ absorption. A small increase in the basal Ig.
of the DraKO jejunum was also noted. In additional studies, increased cAMP abolished net
Na* absorption and reversed net CI~ absorption to net CI~ secretion with increased Iy in both
the DraKO and WT intestine (Supplementary Table 2; see Supplementary material online at
www.gastrojournal.org). Interestingly, the Jyy.s¢! in the Drak O remained significantly reduced
relative to WT, indicating that Dra provides a finite amount of CI™ absorption during cAMP
stimulation.

Unidirectional and net fluxes of 22Na36Cl across the jejunum of Pat-1 mice are shown in Table
2. Net Na* absorption across the Pat-1KO jejunum was modestly, although not significantly,
reduced compared with WT (P =.064). It is difficult to draw conclusions from this observation
because the reduced Na* absorption was due to both increased Jg. N2 (+2.3 uEg/cm? - h) and
decreased Jy.sN@ (—2.1 zEg/cm? - h). In contrast to the DrakKO intestine, net CI~ absorption
was not significantly reduced in the Pat-1KO relative to WT jejunum. A small decrease in
Im-sC! flux was noted, but this change did not attain statistical significance. Because the small
intestine may exhibit low luminal HCO3™ concentrations during periods of a prandial cycle,
21 \ve asked whether nominal removal of luminal HCO3™ with unchanged pH (7.4) might
reveal a larger contribution of PAT-1 to basal CI™ absorption. However, the magnitude of the
Pat-1-dependent flux was not greater than that measured in the presence of 25 mmol/L luminal
HCO3™ (Part-1 AJp.s©! = 2.1 vs 2.9 uEg/cm? - h, respectively; n = 7-9) (Supplementary Table
3; see Supplementary material online at www.gastrojournal.org). In studies of cAMP
stimulation, the Pat-1KO and WT intestine also responded with complete inhibition of net
NaCl absorption and the induction of net CI~ secretion (Supplementary Table 4; see
Supplementary material online at www.gastrojournal.org). Interestingly, there was a tendency
for a reduction in net Cl~ secretion, which resulted from decreased Js.\y¢! flux in the Pat-1KO
intestine.

Dra Protein Expression in Murine Jejunum and the Absence of Compensatory Changes in
the Expression of Pat-1 or Nhe3 in the DraKO

Previous studies have demonstrated that Dra expression in the small intestine is significantly
less relative to large intestine,30 but this expression level is physiologically relevant given the
expansive surface area of the small intestine (~20-fold greater than the large intestine based
on organ length and the presence of villi). In support of studies demonstrating a major role for
Dra in small intestinal CI™ absorption, the expression of Dra protein was evaluated by
immunofluorescence of the jejunum using rabbit anti-human DRA antibody.29 As shown in
Figure 4, specific Dra staining along the midvillus in the murine jejunum was present but
modest when compared with the surface epithelium of the cecum where Dra expression is
greatest.30 Because compensatory changes in the expression of apical membrane transporters
may occur in the DraKO intestine, quantitative RT-PCR was used to evaluate alterations in the
expression of Pat-1, Nhe3, or Cftr. However, no significant differences were detected in the
MRNA expression of the transporters in the DraKO as compared with Dra WT (Supplementary
Figure 1). Similarly, compensation by up-regulation of Dra mRNA expression in the Pat-1KO
also was not apparent.
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Discussion

Intestinal studies of mice with gene-targeted deletions of the apical membrane anion
exchangers Dra and Pat-1 provide functional evidence that Dra couples with Nhe3 for
electroneutral NaCl absorption across murine jejunum. When experimental conditions
accentuated the effects of apical membrane acid-base transport on pHi;, it was found that genetic
ablation of either Dra or Nhe3 had opposite effects on pH; of the villous epithelium. In the
DraKO epithelium, pH; was alkaline relative to WT. Although reasonable for loss of a
HCO3™ exporter, alkalinization of pH; was not detected in the Pat-1KO jejunum (or
duodenum28). This led to the hypothesis that alkaline pH; in the DraKO villous epithelium
results from continued activity of “uncoupled” Nhe3. Three lines of evidence support this
hypothesis: (1) vigorous Na*/H* exchange activity was present at the apical membrane of the
DraKO epithelium; (2) isotopic flux studies showed that Na* absorption, a function of
Nhe3,3 was unaffected in the DrakO intestine; and (3) luminal pH has ;;reviously been shown
to be acidic in the DraKO colon, suggesting ongoing proton secretion.1/ Evidence of coupling
was also provided by the Nhe3KO villous epithelium where pH; was found to be acidic relative
to WT. This may reflect loss of proton export, but similar reasoning supports the hypothesis
that the acidic pHj is secondary to continued activity of “uncoupled” Dra CI"/HCO3~ exchange:
(1) robust CI"/HCO3~ exchange activity was present at the apical membrane of Nhe3 villous
epithelium; (2) isotopic flux studies have shown that net CI™ absorption is unchanged in the
Nhe3KO jejunum3; and (3) measurements of luminal pH find intestinal alkalinity in the
Nhe3KO mice.?

Unlike genetic ablation, pharmacologic inhibition of Nhe3 with EIPA or Dra with niflumic
acid in WT epithelium did not alter pHj;, suggesting coincident inhibition of both exchangers.
Coincident inhibition was confirmed by showing that EIPA inhibition of Na*/H* exchange
reduced ~50% of “isolated” Dra CI"/HCO3~ exchange. Previous studies have proposed that
the mechanism of coupling between CI"/HCO3 ™ and Na*/H* exchangers involves local pH;
changes;,lvz!31 and recent studies using recombinant hDRA show inhibition by cellular
acidification with butyrate.10 However, it is noteworthy that Dra activity in intestinal mucosa
was not inhibited by low pH; in the Nhe3KO villous cells, which may indicate that inhibition
requires the presence of both exchangers in the apical membrane. Incomplete EIPA inhibition
of Dra CI"/HCO3™ exchange (Figure 3) also revealed that a finite fraction of Dra activity is
independent of Nhe3, which is consistent with finding Dra-dependent CI™ absorption after
cAMP inhibition of NaCl absorption (Supplementary Table 2). This component of Dra activity
islikely involved in net HCO3™ secretion in the small intestine and may require CFTR-mediated
recycling of cr-27

Isotopic flux studies provided strong evidence of Dra’s involvement in intestinal NaCl
absorption by showing that net CI™ absorption is essentially eliminated in the DraKO jejunum
and little changed in the Pat-1KO jejunum. There was a tendency for small decreases of net
Na* absorption in both mouse models, but this change did not attain statistical significance.
Although net CI™ absorption was not significantly decreased in the Pat-1KO jejunum, the
unidirectional J!,,,.¢ did attain statistical significance when measured in the absence of luminal
HCO3™ to accentuate the driving force for CI"/HCO3™ exchange activity. The small reduction
of net NaCl absorption measured in the Pat-1KO jejunum matches well with another report of
bidirectional isotopic flux studies in the Pat-1KO jejunum.?’2 Although the decreases in net
NaCl absorption were found to be significant in that study, the overall magnitude of the net
NaCl absorption was ~50% less than reported in the present investigation. This difference is
possibly methodologic because the earlier study included 10 zmol/L amiloride in the luminal
bath, which may have untoward effects on Na*/H* exchange during sustained exposure in a
transepithelial flux experiment.
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Murine jejunum is a model of coupled NaCl transport in native mammalian small intestine.
The present data are applicable to human ileal transport where coupled NaCl has been widely
documented, but segmental and species differences exist with regard to the NaCl absorptive
process in other segments of the small intestine.21 Human jejunum is typically considered to
exhibit only Na*/H* exchange, which is necessary for HCO3~ absorption from duodenal
effluent.33 A similar transport function has been documented in other species, but most
investigations, including those on human, focused on proximal rather than middle to distal
regions of the jejunum. 4,35 Consequently, rat jejunum has been shown to exhibit onl)zl Na*/
H* exchange, 4 whereas later studies documented the presence of CI"/OH™ exchange. 2
Relevant to this discussion, the small intestine has also been shown to have low levels of Dra
and Nhe3 expression when compared with large intestine,18:36 which has led to conflicting
reports about jejunal Dra expression in the rat. 7,38 The present study found that murine
jejunum is consistent with this expression pattern, ie, low levels of immunoreactive Dra protein
were found in jejunum relative to murine cecum. However, as demonstrated by the flux studies,
the low level of expression is more than compensated by the expansive epithelial surface area
of the small intestine where rates of CI~ absorption typically exceed (~2-fold) that measured
across the large intestine.39 Another concern raised was that Drak O or Pat-1KO jejunum may
have compensatory changes in the contribution of other transporters to the process of NaCl
absorption. However, mRNA expression studies did not reveal increased Dra expression in the
Pat-1KO or increased Pat-1 expression in the DraKO intestine. Microfluorimetry studies also
did not reveal significant changes in Pat-1 activity in the DraKO villous epithelium. Lack of
compensation between the two anion exchanger is consistent with evidence from murine
duodenum using these mouse models.28 Isotopic flux studies found no significant change in
net Na* absorption nor was Nhe3 mRNA expression altered in the DraKO jejunum. Thus,
reciprocal changes in expression between Dra and Nhe3, as has been previously reported for
the DrakKO colon,17 are not a feature of the small intestine.

The present findings do not support a recent proposal from studies of recombinant DRA and
PAT-1 that 1parallel activities of the two proteins are responsible for electroneutral CI™
absorption. 5,40 Cellular measurements of apical membrane CI"/HCO3™ exchange in the
mouse models show dominant activity of Dra with little contribution by Pat-1 in the jejunal
villous epithelium. Similarly, a previous study has shown dominance of Pat-1 over Dra activity
in the duodenal upper villous epithelium.28 Thus, significant parallel cellular activities are
unlikely. Measurements of I in the flux studies also provide compelling evidence that Dra
activity is electroneutral. The rates of net CI™ absorption across the WT jejunum ranged from
12.5 to 13.2 uEg/cm? - h. If Dra exhibits 2CI":1HCO3™ exchange stoichiometry, then loss of
an outward current from Dra activity in the DraKO jejunum would result in 6.3- 6.6 4Eq/
cm? - h increase in the lg, yet the s was only increased by 1.1 zEg/cm? - h. Given the 1Na*:
1H* exchange stoichiometry for NHE3,4! the electroneutrality of coupled NaCl absorption
suggests that Dra exhibits 1CI™:1HCO3~ exchange stoichiometry. Nonetheless, it is noteworthy
that DraKO jejunum demonstrated a small increase in the basal I.. Although the ionic basis
of the current has not been investigated, it is possible that the inward current results from Pat-1
1CI7,/2HCO3 ¢t activity revealed in the absence of Dra and thus may indicate a minor
component of parallel Pat-1-Dra activity. An alternative explanation for increased basal Iy in
the DraKO intestine may be epithelial cell alkalinity (Figure 1), which can induce
hyperpolarization of the membrane potential through the activation of basolateral membrane
K* channels.42

Identification of the apical membrane CI"/HCO3~ exchangers involved in the process of
coupled NaCl absorption is fundamental to creating an accurate model of electrolyte transport
across the mammalian small intestine. Previous evidence that Dra couples with Nhe3 has come
from investigations of colonic expression patterns, recombinant protein studies, and clinical
data. The present study supports this conclusion by providing functional evidence that Dra is
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the major CI7/HCO3™ exchanger coupled with Nhe3 for electroneutral NaCl absorption across
native small intestine. Isotopic flux studies of KO mice show that Dra provides >80% of basal
CI™ absorption in a section of small intestine where Nhe3 Na*/H* exchange dominates net
Na* absorption.10 Dra also provides a component of CI~ absorption during cAMP stimulation
that may be related to a role in transepithelial HCO3™ secretion. Pat-1, on the other hand,
provided <20% of basal CI~ absorption. Coupling of Dra and Nhe3 was evident from studies
of villous epithelium where it was shown that genetic ablation of each exchanger has opposing
effects on pH; and that pharmacologic inhibition of Nhe3 suppressed Dra activity. The findings
of the present study on the DraKO intestine may be relevant to CLD patients. A propensity
toward alkaline epithelial pH; would negatively impact nutrient absorption and cellular
processes of proliferation/apoptosis, thus contributing to disease morbidity. Furthermore,
given the central role of Dra in intestinal NaCl absorption, a more general consideration is
whether manipulation of DRA activity would be useful as a therapeutic strategy for relevant
human diseases such as secretory diarrhea or the obstructive intestinal manifestations of cystic
fibrosis.
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cystic fibrosis transmembrane conductance regulator
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congenital chloride-losing diarrhea
Dra

down-regulated in adenoma
EIPA
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transepithelial conductance
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short-circuit current
J

ion flux
KO

knockout
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mucosal-to-serosal
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niflumic acid
Nhe3
Na*/H* exchanger isoform 3
S-M
serosal-to-mucosal
Pat-1
putative anion transporter-1
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Figure 1.

Intracellular pH (pH;) in intact villous epithelium. Left panel: basal pH; in WT, Pat-1 KO, Dra
KO, and Nhe3 KO intestine. Right panel: effect of inhibiting apical membrane Na*/H*
exchange with 100 umol/L EIPA or CI"/HCO3;~ exchange with 100 zmol/L niflumic acid
(NFA) in WT epithelium. *Experimental conditions accentuate the effect of apical membrane
acid-base transporters (see Results section). 2P.CMeans without the same letters are
significantly different (n = 4-8 mice).
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Functional activities of apical membrane Na*/H* and CI"/HCO3™ in intact villous epithelium.
(A) Na*/H* exchange activity in WT, Dra KO, and Nhe3 KO jejunum as measured by removal
and replacement of luminal Na* (representative of 3 mice). (B) CI/HCO3~ exchange activity
in WT, Nhe3 KO, and Dra KO measured by removal and replacement of luminal CI~
(representative of 3 mice).
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Figure 3.

Basal pH; and isolated Dra CI"/HCO3~ exchange rates during inhibition of apical membrane
Na*/H* exchange in Pat-1 KO jejunal villous epithelium. Apical membrane Na*/H* (Nhe3)
exchange was inhibited with 100 zmol/L EIPA. Control was treated with vehicle (DMSO
0.1%). *Significantly different from control (n = 6-9).
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Figure 4.

Immunofluorescent localization of Dra (red) and phalloidin (actin, green) in the jejunal and
cecal epithelium of WT and Dra KO mice. WT shows immunolocalization of Dra to apical and
subapical compartments at the apical membrane that is not present in the Dra KO mice.
Expression of immunoreactive Dra is modest in the jejunum villous epithelium relative to the
surface epithelium of the cecum (representative of 4 experiments). Bars = 25 um; arrows
indicate apical membrane.

Dra KO

Dra
§ y J \
d -

Gastroenterology. Author manuscript; available in PMC 2009 April 27.



Page 17

WALKER et al.

'G0™> d ‘LM Wouy ualayip zés_,._cm_mm
'[S043S-01-|S0INW ‘S-|Al {[eSOINL-0)-|eS01as ‘|N-S ‘80uelonNpuod [eljayiidasues 1o ualind 1Inalid-1oys ‘S| ixny4 uol ‘¢

ZWo/SW U9 1y - ;Wofb3nt ur 98| pue r "ILON

8 8TFGTS eCO0FET- eI TFV0- YTIFTCC eBTFLTC ZTF00T 80FT¥e STFTVE oMeld
6 LTF9€S T0F20- 8TFGCT 8TFTEZ 0CF96e TZFLET 9TFTEL £ZF89¢ 1M
"ON 13} ) 1N IN-S SN 1N N-S SN
Ny el

301N\ OM BIQ pue | M wol4 suolresedaid Jeunlar o o pue S| ‘_|0 pue ,eN 40 XN|4 18N pue [euondalipiun [eseg
TalqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Gastroenterology. Author manuscript; available in PMC 2009 April 27.



Page 18

WALKER et al.

*|eS048S-01-|BSOONW ‘S-|Al ‘[eS00NW-0]-[BS018S ‘IN-S ‘80ueIoNnpuod ferjayndasuen 19 ‘uaiing 1nalio-1oys S| xnjy uol ‘¢

ZWo/SW U9 1y - ;Wofb3nt up 98| pue £ "ILON

0T T+ L6y ¢0FT0 €TF/.0T ¢T+GGT L'T¥29C YIF9TT 6TF0VC 0CF9G¢E O T-1ed
8 9C+¢S T0OF20 0C+87¢T 80+€9T 6T+T6C L'TF09T LT+ LTC fAAR WAVAS 1M
‘'ON o) | 18N N-S S-N 18N IN-S S-N

-0 cenl

901N OM T-Yed pue | M wol4 suolresedaid Jeunlar o o pue S| ‘_|0 pue ,eN 40 XNn|4 18N pue [euondalipiun |eseg
¢39l|qelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Gastroenterology. Author manuscript; available in PMC 2009 April 27.



