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Intestinal alkaline phosphatase regulates protective
surface microclimate pH in rat duodenum

Misa Mizumori!, Maggie Ham!, Paul H. Guth?®, Eli Engel?, Jonathan D. Kaunitz!># and Yasutada Akiba'-3*

!Department of Medicine, School of Medicine, ? Department of Biomathematics, University of California Los Angeles, *Greater Los Angles Veterans
Affairs Healthcare System and * Brentwood Biomedical Research Institute, Los Angeles, CA 90073, USA

Regulation of localized extracellular pH (pH,) maintains normal organ function. An alkaline
microclimate overlying the duodenal enterocyte brush border protects the mucosa from
luminal acid. We hypothesized that intestinal alkaline phosphatase (IAP) regulates pH, due
to pH-sensitive ATP hydrolysis as part of an ecto-purinergic pH regulatory system, comprised
of cell-surface P2Y receptors and ATP-stimulated duodenal bicarbonate secretion (DBS). To
test this hypothesis, we measured DBS in a perfused rat duodenal loop, examining the effect of
the competitive alkaline phosphatase inhibitor glycerol phosphate (GP), the ecto-nucleoside
triphosphate diphosphohydrolase inhibitor ARL67156, and exogenous nucleotides or P2
receptor agonists on DBS. Furthermore, we measured perfusate ATP concentration with a
luciferin—luciferase bioassay. IAP inhibition increased DBS and luminal ATP output. Increased
luminal ATP output was partially CFTR dependent, but was not due to cellular injury. Immuno-
fluorescence localized the P2Y; receptor to the brush border membrane of duodenal villi. The
P2Y, agonist 2-methylthio-ADP increased DBS, whereas the P2Y,; antagonist MRS2179 reduced
ATP- or GP-induced DBS. Acid perfusion augmented DBS and ATP release, further enhanced
by the IAP inhibitor 1-cysteine, and reduced by the exogenous ATPase apyrase. Furthermore,
MRS2179 or the highly selective P2Y,; antagonist MRS2500 co-perfused with acid induced
epithelial injury, suggesting that IAP/ATP/P2Y signalling protects the mucosa from acid injury.
Increased DBS augments IAP activity presumably by raising pH,, increasing the rate of ATP
degradation, decreasing ATP-mediated DBS, forming a negative feedback loop. The duodenal
epithelial brush border IAP-P2Y-HCO;~ surface microclimate pH regulatory system effectively
protects the mucosa from acid injury.
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Abbreviations AP, alkaline phosphatase; ATPyS, adenosine 5'-[y-thio]-triphosphate; BCECE 2',7'-bis(2-
carboxyethyl)-5(6)-carboxyfluorescein; CFTR, cystic fibrosis transmembrane conductance regulator; DBS, duodenal
bicarbonate secretion; ENTPDase, ecto-nucleoside triphosphate diphosphohydrolase; GP, glycerol phosphate;
IAP, intestinal alkaline phosphatase; LDH, lactate dehydrogenase; 2MeSADP, 2-methylthio-ADP; 2MeSATP,
2-methylthio-ATP; pH;, intracellular pH; pH,,, extracellular pH; PI, propidium iodide.

The upper gastrointestinal mucosa is protected from
potentially injurious cyclical pulses of strong luminal
acid by robust defence mechanisms including an HCO;5~
secretion-generated alkaline zone abutting the microvilli
in disequilibrium with bulk luminal pH in duodenum
and stomach (Williams & Turnberg, 1981; Flemstrom
& Kivilaakso, 1983; Allen & Flemstrom, 2005). The
alkaline surface microclimate neutralizes luminal H* to
CO,, facilitating absorption of the gastric H™ load while
protecting the epithelial cells from injury (Garner et al.
1984; Mizumori et al. 2006).

Intestinal ~ alkaline  phosphatase
glycosylphosphatidylinositol ~ (GPI)

(IAP) is a
anchored ecto-
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enzyme highly expressed in the brush border membrane
of duodenal epithelial cells, with expression declining
along the proximal-caudal axis (Hietanen, 1973; Akiba
et al. 2007). Despite its high brush border expression,
its function in intestinal mucosal physiology remains
uncertain, with no endogenous substrate conclusively
identified. Furthermore, its high pH optimum (>8)
(Humphreys & Chou, 1979), has never been adequately
explained in a biological context. Since HCO;™ secretion
is frequently invoked as a primary duodenal defence
mechanism against concentrated gastric acid, the
enterocyte surface extracellular pH (pH, ), due to robust
HCO;~ secretion, may be close to the pH optimum of
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IAP. To test this, we reported that duodenal IAP activity
measured in vivo is dependent on bulk luminal pH and
importantly, on the rate of duodenal HCO;~ secretion
(Akiba et al. 2007). This supports our hypothesis that
pH, is alkaline during HCO;~ secretion and that pH, is
equivalent to the pH at the IAP catalytic site. In addition
to postulating that pH, correlates with IAP activity, we
have further hypothesized that extracellular purines,
notably ATP, serve as endogenous substrates for IAP. To
access the IAP catalytic site, ATP is presumably released
from the enterocytes into the luminal space (Yegutkin,
2008; Zimmermann, 2008). In the presence of HCO;™,
IAP has ATPase activity which is termed HCO; ™ -ATPase
activity (Humphreys & Chou, 1979). Enhancement of
HCO;™ secretion by extracellular ATP combined with
enhanced ATPase activity of IAP in response to this
augmented rate of HCO; ™ secretion suggests the presence
of a negative feedback loop. We thus hypothesized that
luminal ATP is an endogenous substrate for duodenal
brush border IAP, that pH, is regulated by the balance
between ATP-mediated activation of HCO;~ secretion
and the pH,-dependent rate of ATP hydrolysis, and that
purinergic regulation of pH, is an important means by
which the underlying epithelium resists damage due to
luminal acid. Since other purine nucleotide hydrolases
such as ecto-nucleoside triphosphate diphosphohydrolase
(ENTPDase) are also expressed in the enterocyte brush
border (Yegutkin, 2008), we also tested the role of
ENTPDase in ATP degradation compared with IAP.

Here, we show for the first time that luminal
ATP is a substrate for brush border IAP in rat
duodenum, that IAP inhibition predominantly ‘unmasks’
non-lytic endogenous ATP release from the mucosa
into the lumen, that ATP release is partially cystic
fibrosis transmembrane regulator (CFTR) dependent,
that ATP-P2Y receptor signalling increases HCO;~
secretion in rat duodenum, and that increased HCO;~
secretion upregulates IAP activity, decreasing luminal ATP
concentration with consequent diminished P2Y receptor
signalling. We conclude that, on the basis of these
data, the ecto-purinergic signalling system comprised
of IAP, non-lytic ATP release, ATP-dependent HCO;~
secretion and P2Y receptors regulates pH, of the duodenal
enterocyte, which in turn is important for mucosal
protection from acid injury.

Methods
Chemicals and animals

CFTR;yn-172 was synthesized by Dr Samedy Ouk in
the Department of Chemistry, UCLA (Akiba et al
2005). INS45973 was kindly provided from Inspire
Pharmaceuticals, Inc. (Durham, NC, USA). 2,7-
Bis(2-carboxyethyl)-5(6)-carboxyfluorescein  (BCECF),
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its acetoxy methyl ester (BCECF-AM) and propidium
iodide (PI) were obtained from Molecular Probes
(Eugene, OR, USA). MRS2500 was obtained from Tocris
Bioscience (Ellisville, MO, USA). L-Cysteine, glycerol
phosphate (GP), ATP, ADP, UTP, UDP, 2-methylthio-ATP
(2MeSATP), 2-methylthio-ADP (2MeSADP), adenosine
5'-[y-thio]-triphosphate (ATPyS), ARL67156, MRS2179,
apyrase, lactate dehydrogenase (LDH), Hepes and other
chemicals were obtained from Sigma Chemical (St Louis,
MO, USA). Krebs solution contained (in mm) 136
NaCl, 2.6 KCI, 1.8 CaCl,, and 10 Hepes at pH 7.0. All
studies were performed with approval of the Veterans
Affairs Institutional Animal Care and Use Committee (VA
IACUC). Male Sprague—Dawley rats weighing 200-250 g
(Harlan, San Diego, CA, USA) were fasted overnight,
but had free access to water. At the end of the
experiments, all animals were euthanized by intravenous
injection of sodium pentobarbital (50 mgkg™"), followed
by thoracotomy, or by terminal exsanguination under deep
isoflurane anaesthesia.

Measurement of duodenal HCO;~ secretion

Duodenal loops were prepared and perfused as previously
described (Mizumori et al. 2006; Akiba et al. 2007).
Under isoflurane anaesthesia (1.5-2.0%), the proximal
duodenal loop (perfused length 2cm) was perfused
with pH 7.0 normal saline or Krebs buffer by using
a peristaltic pump (Fisher Scientific, Pittsburgh, PA,
USA) at 1mlmin~'. The perfusate was bubbled with
100% O,, and stirred and warmed at 37°C with a
heating stirrer (Barnstead Int., Dubuque, IA, USA). To
eliminate the buffer action of agonists or antagonists,
which would over- or under-estimate the titration volume
using pH-stat, two sets of flow-through pH and CO,
electrodes were connected in the perfusion loop where
pH and CO, concentration ([CO,]) were simultaneously
and continuously measured. Since the input (perfusate)
[CO,] is ~0, the effluent [CO,] and pH were used to
calculate the total CO; output equivalent to the secreted
HCO;™ as previously described (Mizumori ef al. 2006;
Akiba et al. 2007). The effluent was collected every 5 min
in a sterilized tube on ice for ATP output measurement.
After stabilization with continuous perfusion of pH 7.0
saline for ~30 min, the time was set as = 0. The duodenal
loop was perfused with pH 7.0 saline from #=0min
until =10 min (basal period). The perfusate was then
changed to pH 7.0 Krebs buffer from t =10 min until
t =35 min (challenge period), with or without agonists
or antagonists.

For acid challenge, the perfusate was changed to pH 2.2
acid saline with or without inhibitors (challenge period;
t =10 min to =20 min). During the challenge period,
the solution was perfused with a syringe pump, followed
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by the perfusion of pH 7.0 saline with a peristaltic pump
through a reservoir from ¢t =20 to t =45 min (recovery
period). HCO;™ secretion was measured using a pH-stat
(Radiometer Analytical, Lyon, France) and read at every
4 min in a 5 min interval, followed by the collection of the
1 ml effluent for 1 min at the end of every 5 min interval
for ATP output measurement.

Measurement of ATP output in perfusate
through duodenal loop in vivo

ATP concentration in the duodenal effluent was measured
using a luciferin—luciferase-based bioluminescence assay
kit (Kinase-Glo Luminescent Kinase Assays, Promega
Co., Madison, WI, USA) with a Synergy 2 multi-mode
microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA). Fifty microlitres of an ATP standard solution
(0.05-50 nM) or the sample effluent was placed in a
96-well plate in duplicate, followed by adding 50 ul of
luciferin—luciferase solution using an auto injector. ATP
output was expressed as pmol min~!' cm™!. The lower limit
of this ATP measurement is ~0.1 nM. We have confirmed
that any chemical used in ATP output experiments in
this study has no direct effect on the ATP-induced
luminescence.

Since injured cells release ATP, we measured the
release of the cytosolic enzyme LDH in response to IAP
inhibition with GP, CFTR inhibition with CFTR;,;,-172,
or acid perfusion using a cytotoxicity detection kit
(Roche Applied Science, Mannheim, Germany). LDH
output was expressed as U min~! cm™!. Since LDH output
was undetectable during acid perfusion, and since acid
phosphatase has been used as a cellular injury marker
in rat small intestine (Pinto et al. 1989), acid-resistant
acid phosphatase was measured in the effluents as another
measure of cellular injury using a commercial kit (acid
phosphatase assay kit, Sigma). Acid phosphatase output

was expressed as mU min~! cm™.

Perfusion effects of IAP inhibition and P2Y
receptor antagonists

In order to examine the effect of IAP function on duodenal
HCO;~ secretion and ATP release, we first examined
the effect of the inhibition of IAP on duodenal HCO;~
secretion and ATP release. The duodenal loop was perfused
with a non-selective, competitive AP inhibitor GP (10 mm)
(Akiba et al. 2007) or the specific ENTPDase inhibitor
ARL67153 (0.1 mMm) (Levesque et al. 2007) dissolved in
pH 7.0 Krebs buffer during the challenge period. Note that
although GP is a non-selective AP inhibitor, since IAP is
predominantly and highly expressed in duodenal brush
border, luminal perfusion of GP through duodenal loops
functionally exerts IAP inhibition (Akiba et al. 2007).

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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To determine which P2 receptor subtype is involved
in duodenal HCO;3~ secretion, we examined the effect
of perfusion of P2Y receptor agonists on duodenal
HCOj;~ secretion: ATP (0.1 mm), ADP (0.1 mM), a P2Y;
agonist 2MeSADP (0.1 mMm), a broad P2X/potent P2Y,
agonist 2MeSATP (0.1 mMm), a selective P2Y, agonist
INS45973 (0.01 mMm), a P2Y,/Y, agonist UTP (0.1 mm),
a P2Y¢ agonist UDP (0.1mm), and a broad P2X
agonist ATPyS (0.1 mm) (Lambrecht, 2000; von Kiigelgen,
2006). Furthermore, a selective P2Y, receptor antagonist
MRS2179 (0.1 mMm) was co-perfused with GP (10 mm) or
ATP (0.1 mm).

Some animals were pre-treated with the potent selective
CFTR inhibitor CFTR;,,-172 (1 mgkg™', 1.p.) 1h prior
to the experiments. Pre-treatment with CFTR;,,-172 at
this dose eliminates acid-induced HCO;~ secretion in rat
duodenum (Akiba et al. 2005).

To investigate the role of luminal ATP release
in acid-induced HCO;~ secretion, the IAP inhibitor
L-cysteine (10 mm) (Akiba et al. 2007) or exogenous
ATPase apyrase (1 U ml™!) was perfused with pH 2.2 acid
during challenge period.

Effects of P2Y receptor inhibition on intracellular
acidification and cellular injury during acid exposure
in rat duodenum

To further test our hypothesis that ATP-P2Y receptor
signalling regulates a protective mechanism in response to
luminal acid exposure, we examined the effect of the P2Y,
receptor antagonist MRS2179 or the highly selective P2Y,
antagonist MRS2500 (Hechler et al. 2006) on acid-induced
intracellular acidification and cellular injury using in vivo
microscopy. Intracellular pH (pH;) of duodenal epithelial
cells was measured using a fluorescence ratio technique
as previously described (Akiba et al. 2006). Furthermore,
epithelial cellular injury was assessed by in vivo in situ
propidium iodide (PI) staining as previously reported
(Akiba et al. 2001). Every 5 min, BCECF paired images
at 495 and 450 nm excitation were captured, followed
by capturing PI images at 535 nm excitation using a 10x
objective lens. pH; and the number of PI-positive dots
corresponding to injured cell nuclei were analysed in the
recorded images.

After BCECF loading followed by stabilization with pH
7.0 Krebs superfusion, the mucosa was superfused with
pH 7.0 Krebs for 10 min (basal period, t=0-10 min),
followed by superfusion of pH 2.2 acid solution with
or without MRS2179 (0.1 mm) or MRS2500 (10 um) for
10 min (challenge period, t = 10-20 min), then with pH
7.0 Krebs for 15 min (recovery period, = 20-35 min). All
solutions contained PI (1 ;M) to stain the nuclei of injured
cells.
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Expression of P2Y receptor subtypes

Immunofluorescence staining was performed as
previously described (Akiba et al. 2006) on the cryostat
sections of proximal duodenum using primary antibodies
for P2Y,, Y,, Y4, and Y¢ receptors (rabbit polyclonal,
1: 100, Alomone Labs, Ltd, Jerusalem, Israel). Negative
controls were examined by omitting the primary antibody
or by the pre-incubation of antibody with the immunized
peptide. The sections were observed using a confocal laser
microscope (Leica TCS-SP Inverted, Leica Microsystems,
Germany) or under a Zeiss fluorescence microscope.

Statistics

All data are expressed as means =+ S.E.M. Data were derived
from six rats in each group. Comparisons between groups
were made by one-way ANOVA followed by Fischer’s least
significant difference test. P values of 0.05 were taken as
significant.

Results

Effect of IAP inhibition on duodenal HCO;~ secretion
and ATP output

We initially determined our ability to measure ATP output
into the duodenal lumen and the effect of inhibition of
IAP and ENTPDase activities on ATP output. At base-
line, during perfusion of pH 7.0 Krebs buffer following
saline perfusion, HCO;~ secretion (measured as total
CO,; output) was stable, and ATP output was stable but
quite low (~0.2 pmolmin~' cm™!) (Fig. 1A and B). A
competitive AP inhibitor, GP (10 mM) increased duodenal
HCO;™ secretion (Fig. 1A) as previously described (Akiba
et al. 2007), accompanied by an ~25-fold increase in
ATP output (Fig. 1B, inset). Furthermore, the addition of
ARL67156 (0.1 mM) initially augmented HCO; ™ secretion
(Fig. 1A) accompanied by a parallel enhancement of
ATP output (Fig. 1B), suggesting that luminal ATP is
degraded by IAP and ENTPDase, consistent with a prior
study (Schweickhardt et al. 1995). ARL67156 alone also
increased HCO;™~ secretion with increased ATP output,
but less effectively than did GP (Fig. 1A and B). This
result supports our hypothesis that luminal ATP is an
endogenous substrate of IAP as well as of ENTPDase in
the duodenum.

Effect of CFTR inhibition on GP-induced duodenal
HCOs~ secretion and ATP output

Next, we examined the effect of CFTR inhibition on IAP
inhibition-induced HCO;~ secretion and ATP output
augmented by IAP inhibition in the duodenum, testing
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the hypothesis that CFTR function facilitates luminal
ATP release. Pre-treatment with CFTR;,-172 (1 mgkg™!,
1.P.) reduced GP-induced HCO;™ secretion (Fig. 2A) and
GP-induced ATP output (Fig. 2B), suggesting that HCO;~
secretion and ATP output during IAP inhibition are
partially CFTR dependent. LDH output gradually declined
over time, and was unaffected by IAP or CFTR inhibition
(Fig. 2C), strongly consistent with non-lytic ATP release.

Expression of P2Y receptors in the duodenal
epithelium

Immunofluorescence for P2Y receptors demonstrated
that P2Y, receptors were expressed on the brush border
membrane of duodenal villous cells (Fig.3A and B).
P2Y, or Y, receptor was not recognized (Fig.3C and D),
whereas diffuse staining for P2Y, receptor was observed
in the villous cells and in the interstitium (Fig.3E).
Pre-absorbed antibody with the immunizing peptide or
omission of the primary antibody revealed no staining.

Effect of ATP analogues on duodenal HCO3~ secretion

Brush border P2Y receptors were next characterized
pharmacologically by examining the effect of perfusion
of several agonists with different selectivity on duodenal
HCO;~ secretion. ATP or ADP (0.1 mM) increased
duodenal HCO;~ secretion (Fig.4A). The potent P2Y,
receptor agonist 2MeSATP or 2MeSADP (0.1 mm) rapidly
increased HCO;™ secretion, whereas a P2X agonist
ATPyS (0.1 mMm) gradually increased HCO;~ secretion
(Fig. 4B). Nevertheless, a selective P2Y, agonist INS45973
(0.01 mm), the P2Y,/Y, agonist UTP (0.1 mm) or the P2Y
agonist UDP (0.1 mm) had no effect on HCO; ™ secretion
(Fig. 4C). These results suggest that P2Y, receptors help
regulate luminal purine-stimulated HCO3~ secretion in
rat duodenum.

Effect of a P2Y, antagonist on ATP- or GP-induced
HCO3;~ secretion

To further test the involvement of P2Y; receptors on
duodenal HCO;™~ secretion, a selective P2Y; receptor
antagonist MRS2179 (0.1 mm) was perfused with ATP
(0.1 mM) or GP (10 mMm). ATP-induced HCO; ™~ secretion
was reduced by the co-perfusion of MRS2179 (Fig. 5A).
Furthermore, MRS2179 reduced GP-induced HCO;™
secretion (Fig. 5B). These results suggest that luminal ATP
stimulates HCO;3 ™ secretion via P2Y receptors, and IAP
inhibition increases HCO; ™ secretion by increasing ATP
content which activates P2Y; receptors.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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Effect of acid exposure on duodenal HCO3~ secretion
and ATP output

Since luminal acidification is the most accepted physio-
logical stimulant of duodenal HCO;™ secretion (Akiba
et al. 2001, 2005, 2007), we measured acid-induced
HCO;™ secretion with the pH-stat technique. Perfusion
with a pH 2.2 acid solution increased duodenal
HCO;™ secretion during the post-acid-stress recovery
period (Fig.6A), and increased luminal ATP output

Alkaline phosphatase and duodenal ATP output
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only during acid exposure (Fig.6B). An IAP inhibitor
L-cysteine (10 mMm) co-perfused with the acid solution
enhanced acid-induced duodenal HCO;~ secretion
(Fig. 6A) as previously described (Akiba et al. 2007),
and enhanced luminal ATP output during the acid
challenge period (Fig.6B). In contrast, co-perfusion
of an exogenous ATPase apyrase (1Uml™') impaired
acid-induced HCO; ™~ secretion (Fig. 6A), with inhibition
of ATP output during acid exposure (Fig.6B). These
results suggest that luminal purinergic signalling during
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Figure 1. Effect of intestinal alkaline phosphatase (IAP) or ecto-ATPase inhibition on HCO3~ and ATP

output in rat duodenum

A, total CO; output, corresponding to the duodenal HCO3™ secretion, was measured with flow-through pH and
CO; electrodes. Perfusion of glycerol phosphate (GP, 10 mwm) increased total CO; output and ARL67156 (0.1 mm)
temporally enhanced the effect of GP. B, luminal ATP output was measured in the effluents with bioluminescence.
Inset, log replot of ATP output under IAP inhibition. Each data point represents mean =+ s.t.M. (n = 6 rats). *P < 0.05

vs pH 7.0 Krebs group, 1P < 0.05 vs GP group.
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Figure 2. Effect of CFTR inhibition on alkaline phosphatase
inhibition-induced HCO3~ and ATP output in rat duodenum
Animals were pre-treated with CFTR;,,-172 (1 mg kg~ 1.p) or vehicle
1 h prior to the experiments. A, glycerol phosphate (GP,

10 mm)-induced increased HCO3 ™~ secretion was reduced by
CFTRjnn-172 pre-treatment. B, GP-induced increased ATP output was
reduced by CFTR;,h-172 pre-treatment. C, lactate dehydrogenase
(LDH) activity was measured in the effluents. Perfusion of GP with or
without CFTR;,,-172 pre-treatment had no effect on LDH output.
Each data point represents mean = s.£.M. (n = 6 rats). *P < 0.05 vs pH
7.0 Krebs group, P < 0.05 vs vehicle + GP group.
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acid exposure may be an important regulatory system
for duodenal HCO;~ secretion, and that IAP function
is present even when the bulk luminal pH is 2.2 as
previously described (Akiba et al. 2007). Furthermore,
acid phosphatase output decreased during acid perfusion,
followed by a recovery to baseline during following acid
perfusion, consistent with non-lytic ATP release (Fig. 6C).

Effect of P2Y; antagonism on mucosal injury

To further test our hypothesis that ATP-P2Y receptor
signalling regulates a protective response to luminal
acid exposure, we measured the effect of the P2Y,
receptor antagonist MRS2179 or the more selective and
potent antagonist MRS2500 on acid-induced intracellular
acidification and cellular injury using in vivo microscopy.

Perfusion of a pH 2.2 solution rapidly lowered pH;
followed by pH; recovery to values above baseline
(overshoot) as previously described (Akiba et al. 2001)
(Fig. 7A), unaccompanied by an increase of PI-positive
cells (Fig.7B), consistent with prior measurements
of injury using histological assessment (Akiba et al
2001), and further consistent with our cellular enzyme
release data (Fig.6C). MRS2179 co-perfusion with
acid solution enhanced intracellular acidification during
acid challenge and impaired pH; recovery (Fig.7A)
accompanied by a progressive increase in the number of
PI-positive cells during and after acid exposure (Fig. 7B,
inset). Furthermore, a highly selective P2Y; antagonist
MRS2500 increased the cell injury with further intra-
cellular acidification. This result suggests that ATP-P2Y
receptor signalling is activated during acid exposure in
order to protect the epithelial cells from acid-induced
injury.

Discussion

We demonstrated that IAP inhibition increased duodenal
HCOj; ™ secretion, coincident with increased luminal ATP
output and that luminal ATP stimulates HCO; ™~ secretion
via P2Y, receptor activation in rat duodenum. ATP output
was non-lytic and was partially CFTR dependent. ATP
output was also augmented by the inhibition of IAP and
ENTPDase function, and was augmented by luminal acid.
IAP function remained intact at a bulk luminal pH of 2.2,
5logs lower than its in vitro pH optimum. This is the first
study to measure luminal ATP output in the duodenum
in vivo and to examine its function as a component
of a purinergic pH, regulatory system. The marked
enhancement of ATP output by IAP and ENTPDase
inhibition supports their function in an ecto-purinergic
signalling system. Furthermore, this is the first study to
test the hypothesis that IAP, as part of an ecto-purinergic
signalling system, is an alkaline chemosensor essential for

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



J Physiol 587.14

the regulation of the pH,, of the protective alkaline surface
layer.

The observed marked increase of the rate of ATP
release associated with ecto-phosphorylase inhibition
strongly supports our hypothesis that IAP and
ENTPDase are integral components of the duodenal
surface ecto-purinergic signalling system. ATP may be
constitutively released from duodenal epithelial cells
by non-lytic processes, as reported in epithelial and
non-epithelial cell models (Yegutkin, 2008), although
its mode of release is still debated (Fitz, 2007).
P2Y receptor-mediated HCO;~ secretion enhances
IAP activity, presumably by bringing it closer to its
pH optimum, which then reduces extracellular ATP
concentration ([ATP], ), forming a negative feedback loop
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(Fig. 8A). ATP output declined while HCO;™~ secretion
increased after acid perfusion, further supporting the
presence of negative feedback. In this fashion, IAP
activity appears to serve as a pH, sensor, regulating
[ATP], according to pH,. The marked increase of
ATP release during acid exposure may be due to
decreased IAP activity attributable to a lower pH,
(Fig. 8B), or enhanced ATP release in response to acid
by exocytosis. This latter supposition is supported by
the observed marked exocytosis of mucus in response
to acid perfusion (Akiba et al. 2000) combined with
the observation that ATP release may be exocytotic
(Okada et al. 2006; Sawada et al. 2008). The high
rate of ATP release in acidic conditions compared with
the lower rate observed with phosphorylase inhibition

Figure 3. Expression of P2Y receptors in rat duodenal epithelium

Cryostat sections of fixed rat duodenum were reacted with P2Y receptor antibodies. P2Y receptor-like immuno-
reactivity was strongly recognized on the brush border membranes of villous cells (A and B). No specific staining
was observed for P2Y, (C) and P2Y 4 (D) receptors, whereas P2Y ¢ receptor was diffusely positive in the villous cells
and interstitium (E). Scale bar, 50 um. A, C—E: conventional microscope images, B: confocal microscope image.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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Figure 4. Effects of P2Y receptor agonists on duodenal HCO3~
secretion in rats

A, perfusion of ATP and ADP (0.1 mwm) increased total CO, output in
duodenum. B, P2Y receptor agonists, 2MeSATP and 2MeSADP

(0.1 mm) or P2X agonist ATPyS (0.1 mwm) increased total CO; output.

C, perfusion of INS45973 (0.01 mm), UTP (0.1 mm) or UDP (0.1 mm)
had no effect on total CO, output. Each data point represents
mean =+ s.e.M. (n = 6 rats). *P < 0.05 vs pH 7.0 Krebs group.
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alone suggests that both mechanisms are present.
In either case, luminal acidification triggers epithelial
HCO;~ secretion, which we hypothesize rapidly corrects
pH, via the ecto-purinergic system as a ‘pH,-sensing
emergency signal’ (Fig. 8 B), while more slowly increasing
the rate of bulk luminal alkalinization via submucosal
signalling systems (Kaunitz & Akiba, 2006). Since
interruption of the ecto-purinergic pathway with a
P2Y, receptor antagonist markedly increases injury
susceptibility, whereas impairment of enhanced bulk
HCO;™ secretion with CFTR dysfunction decreases injury
susceptibility (Akiba ef al. 2001; Hirokawa et al. 2004;

b S
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Figure 5. Effect of P2Y4 receptor antagonist on the stimulated
HCO3~ secretion in rat duodenum

A, a selective P2Yq receptor antagonist MRS2179 (0.1 mwm) reduced
the ATP-induced duodenal HCO3~ secretion. Each data point
represents mean =+ s.e.M. (n = 6 rats). *P < 0.05 vs pH 7.0 Krebs
group, 1P < 0.05 vs ATP group. B, glycerol phosphate (GP)-induced
duodenal HCO3 ™ secretion was reduced by MRS2179. Each data
point represents mean =+ s.E.M. (n = 6 rats). *P < 0.05 vs pH 7.0 Krebs
group, 1P < 0.05 vs GP group.
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Figure 6. Effect of L-cysteine or apyrase on acid-induced
duodenal HCO3~ secretion and ATP output in rats

A, duodenal HCO3~ secretion was measured by pH-stat. Perfusion of
pH 2.2 saline increased duodenal HCO3~ secretion. L-Cysteine (L-cys,
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Akiba et al. 2005), the pH, regulatory mechanism
may be dominant for mucosal protection from acid
injury.

In other HCO; -secreting epithelia such as airway,
bile duct, oviduct and seminiferous tubule that highly
express apical AP, CFTR, and P2Y receptors, a similar
mechanism may be in place where precise control of
localized alkaline pH, is essential for organ function
(Marteau et al. 1990; Rodriguez-Martinez, 2007). Air-
way non-ciliated cells (Clara cells) express P2Y, receptors,
CFTR, and AP, increase I in response to extracellular
purines and increase [Ca®"]; in response to ATP released
by adjacent neuroepithelial bodies, all consistent with
paracrine purinergic regulation of HCO;™ secretion
in airway. Dysregulation of airway pH, in CF mice,
however, is controversial (Fischer & Widdicombe, 2006).
The high correlation between organ distribution of
ecto-purinergically regulated, CFTR-dependent HCO;~
secretion and the CF phenotype underscores the possible
importance of ecto-purinergic pH, regulation in the
functioning of CFTR-expressing organs (Durie et al.
2004; Pastor-Soler et al. 2005; Rodriguez-Martinez, 2007;
Haston et al. 2008).

Duodenal brush border membranes have at least two
distinct ecto-ATPase pathways that degrade ATP into
adenosine (Schweickhardt ef al. 1995). IAP degrades ATP
to ADP, AMP and adenosine, whereas ENTPDase (CD39
family) degrades ATP to ADP and AMP. 5'-Nucleotidase
(CD73) then degrades AMP to adenosine (Zimmermann,
2000). Luminal ATP stimulates ion secretion from
epithelia via the activation of G-protein-coupled P2Y
purinergic receptors (Leipziger, 2003). Ecto-ATPase
activity, although studied in other epithelia with secretion
under ecto-purinergic control (Zimmermann, 2000), has
never been previously studied in the context of the
regulation of duodenal HCO; ™~ secretion. Increased ATP
output during IAP or ENTPDase inhibition is consistent
with basal ecto-ATPase activity of IAP and ENTPDase
in the duodenal brush border membrane (Schweickhardt
et al. 1995). Since ENTPDase inhibition augmented
HCO;5™ and ATP output less effectively than did IAP
inhibition, IAP appears to be the primary ecto-ATPase
in duodenum. Dual inhibition of IAP and ENTPDase

10 mm) enhanced, but apyrase (1 U ml~") inhibited acid-induced
augmented HCO3~ secretion. Data are expressed as means =+ S.E.M.
(n=6). *P < 0.05 vs pH 7.0 saline group, 1P < 0.05 vs pH 2.2 saline
group. B, ATP content in the effluents was measured with
bioluminescence. Perfusion of pH 2.2 saline increased luminal ATP
output. L-Cysteine (L-cys, 10 mm) enhanced, but apyrase diminished
acid-induced ATP output. Data are expressed as means =+ S.E.M.
(n=6). *P < 0.05 vs pH 7.0 saline group, 1P < 0.05 vs pH 2.2 saline
group. C, acid phosphatase activity was measured in the effluents.
Data are expressed as means & S.e.M. (n = 6). *P < 0.05 vs pH 7.0
saline group.



3660
A pH 2.2/
pH7.0 |+MRS2179%/ pHT.0
+MRS2500
7.4-
#
7.2-
= 7.04 \ . #4
-
= *+
6.8
pHT7.0
6.6- -+ pH22
6-4 T T T T T T L
0 5 10 15 20 25 30 35
Time (min)
B pH22/
pH70 | +MRS217%/ pH7.0
+MRS2500
3004
T “
@
€
> £
E 200
E *.1..
@
3
2 1001 * D
£ - pH22
g
o
0 L o
0 5 10 15 20 25 30 35

Time (min)

additively enhanced HCO;~ and ATP output, followed
by a decline to the level of HCO;~ and ATP output
observed with IAP inhibition alone, suggesting that
either ENTPDase was incompletely inhibited, that another
ecto-ATPase was present, or that ATP output substantially
declined over time. Since ARL67153 preferentially
inhibits ENTPDase 1 and 3 (Levesque et al. 2007),
ARL67153 may have incompletely inhibited ENTPDase
activity.

Our finding that IAP inhibition markedly (>25-fold)
increased ATP output, underscores the importance of
the ecto-ATPase activity of IAP. Although the rapid cell
turnover in intestinal villi may spontaneously release ATP,
little ATP release was observed at baseline. Although shear
stress developed as a consequence of rapid perfusion
may increase ATP release, ATP output also increased
in response to IAP inhibition with GP in non-perfused
duodenal loops (data not shown). Our study also
confirmed no parallel increase of cellular enzyme release
with ATP output.

M. Mizumori and others
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Figure 7. Effect of P2Y receptor inhibition
on acid-induced intracellular acidification

pH 2.2 and epithelial injury in rat duodenum
A, intracellular pH (pH;) of duodenal epithelial
cells was measured with in vivo microscopy.
MRS2179 (0.1 mm) or MRS2500 (10 pm)

pH 2.2+ enhanced acid-induced intracellular

MRS2179 acidification and inhibited pH; recovery after

acid exposure. Data are expressed as

means £+ S.E.M. (N =6). *P < 0.05vs pH 7.0
group, P < 0.05 vs pH 2.2 group. B, injured
cells were assessed with propidium iodide (PI)
staining in vivo. MRS2179 or MRS2500
perfused with acid increased the number of
Pl-positive cells. Inset, Pl staining of duodenal
epithelial cells imaged at t = 35 min in pH 2.2
and pH 2.2 + MRS2179 groups. Data are
expressed as means =+ s.E.M. (n = 6). *P < 0.05
vs pH 7.0 group, P < 0.05 vs pH 2.2 group.

IAP inhibition-associated enhanced ATP output was
partially inhibited by CFTR inhibition, suggesting that
ATP release is, at least in part, regulated via CFTR
function. Since CFTR function is necessary for stimulated
duodenal, pancreaticand biliary HCO; ™ secretion (Hogan
et al. 1997; Akiba et al. 2005), the regulation of ATP
release, ATP-P2Y receptor signalling and AP activity
might be closely related to CFTR function. Indeed,
diminished ATP release is an explanation offered for the
observed impairment of HCO;~ secretion with CFTR
dysfunction (Hogan et al. 1997). It is possible that the
stimulated HCO3;~ secretion is concomitant with ATP
release. Nevertheless, epithelial ATP release may occur
by exocytosis, and via ‘ATP anion channels’ (Sabirov
& Okada, 2004), although their CFTR dependence
measured in model systems is controversial (Grygorczyk &
Hanrahan, 1997; Braunstein et al. 2001; Okada et al. 2006).
Furthermore, the role of constitutively released ATP is also
unknown. Since ATP is degraded to adenosine, which
is a secretagogue and an anti-inflammatory mediator
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(Hasko et al. 2008), we assume that the baseline ATP
release is related to adenosine signalling in intestine.
Thus, IAP and ENTPDase inhibition increases [ATP],,
but decreases adenosine signalling, presumably affecting
the adenosine-mediated maintenance or homeostasis of
mucosal functions.

Although we immunolocalized P2Y, receptors to the
brush border membrane, the functional data are fully
consistent with sole P2Y; receptor involvement. Rapid
dephosphorylation by ecto-ATPases of exogenous ATP to
ADP or ADP to AMP may affect the local concentration
of ADP at the P2Y, receptor. Dong ef al. (2009) recently
reported that P2Y,, but not P2Y, receptors were expressed
in mouse duodenum, and that the P2Y, agonist UTP
increased I in Ussing-chambered murine duodenum in
P2Y, wild-type but not in null mice. The discrepancy
from our results may be due to species differences, or may
be due to the action of submucosal P2 receptors, since
serosal exposure to UTP was equally efficacious. Indeed,
the full ATP effect may involve P2X receptor activation,
consistent with the delayed increase of HCO;3~ secretion
with perfusion of the P2X receptor agonists 2MeSATP
and ATPyS. The P2X, receptor is localized in the inter-
stitium of the villous core and P2X; is present in the
villous cells in rat duodenum (Groschel-Stewart et al.
1999), suggesting that the delayed response may reflect
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additional time for the agonist to diffuse to the villous
interior (Takeuchi et al. 2007). Although P2Y, null mice
have been used to study the well-known ecto-purinergic
regulation of platelet aggregation and other conditions,
characterization of their epithelial secretion has not
been performed (Hohenstein et al. 2007; Gachet,
2008).

Despite its high proximal expression, the role of
IAP is undefined. IAP may degrade ATP released from
ingested food into adenosine and other absorbable
non-phosphorylated purines, and may also facilitate or
inhibit intestinal fat absorption possibly by dysregulating
pH,, which is important for fatty acid uptake across the
brush border (Eliakim et al. 1989; Shiau, 1990; Narisawa
etal. 2003; Narisawa et al. 2007). IAP may also degrade and
detoxify luminal lipopolysaccharide, reducing bacterial
translocation through the small intestinal mucosa
(Goldberg et al. 2008), suggesting an alternative function
in mucosal defence from bacterial pathogens (Geddes
& Philpott, 2008). IAP also appears to be identical
to thiamine diphosphatase, which converts ingested
thiamine phosphates to the absorbable form of the
vitamin (Schaller & Holler, 1975). The thiamine-deficient
phenotype of presumptive reduced clinical IAP expression
underscores the importance of IAP in thiamine absorption
(Luong & Nguyen, 2005).

B Acid exposure

Figure 8. Proposed mechanisms of IAP/ATP/P2Y signalling in regulation of surface microclimate pH in

rat duodenum

A, bulk pH = 7. IAP activity is high due to an alkaline microclimate. IAP degrades luminally released ATP into
adenosine (ADO), reducing P2Y receptor activation, suppressing HCO3~ secretion, decreasing microclimate pH,
reducing IAP activity (negative feed-back). The mechanism by which CFTR function partially contributes to ATP
release is unknown. B, bulk pH = 2. Acid exposure lowers microclimate pH, thereby reducing IAP activity, inhibiting
ATP degradation, activating P2Y receptor, increasing HCO3~ secretion. Increased HCO3~ secretion alkalinizes
microclimate pH and neutralizes luminal H* to generate CO,, facilitated by ecto-carbonic anhydrase (CA) activity.
Liberated CO; traverses apical membrane into the epithelial cells where it is re-converted into H* and HCO3~ by
cytosolic CA activity. Intracellular HT lowers intracellular pH; HCO3 ™~ is secreted across the apical membrane into
the microclimate, completing the Jacob-Stewart cycle between microclimate and the cytoplasm. Secreted HCO3~
increases microclimate pH, increasing IAP activity, reducing extracellular ATP concentration, reducing ATP-P2Y
receptor signalling. These mechanisms explain the rapid, luminal pH-sensitive regulation of surface microclimate
pH by IAP. IAP, intestinal alkaline phosphatase; ADO, adenosine; CFTR, cystic fibrosis transmembrane conductance

regulator.
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In conclusion, duodenal brush border IAP degrades
ATP released from the epithelium, stimulating HCO;~
secretion via P2Y receptor activation. HCO;3~ secretion
increases the local pH of IAP, increasing its ecto-ATPase
activity, decreasing ATP, which decreases HCO;~
secretion. This ecto-purinergic system may thus regulate
cell-surface pH, maintaining a protective alkaline micro-
climate during acid stress.
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