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In the rat, pancreatic HCO3
2 secretion is believed to

e mediated by duct cells with an apical Cl2/HCO3
2

xchanger acting in parallel with a cAMP-activated
l2 channel and protons being extruded through a
asolateral Na1/H1 exchanger. However, this may not
e the only mechanism for HCO3

2 secretion by the rat
ancreas. Recently, several members of electrogenic
a1/HCO3

2 cotransporters (NBC) have been cloned.
ere we report the cloning of a NBC from rat pancreas

rpNBC). This rpNBC is 99% identical to the longer,
ore common form of NBC [pNBC; 1079 amino acids

aa); 122 kDa in human heart, pancreas, prostate, and
minor clone in kidney]. The longer NBC isoforms are

dentical to the rat and human kidney-specific forms
kNBC; 1035 aa; 116 kDa) at the ;980 C-terminal aa’s
nd are unique (with different lengths) at the initial
-terminus. Using polyclonal antibodies to the com-
on N- and C-termini of rat kidney NBC, a ;130-kDa

rotein band was labeled by immunoblotting of rat
ancreas homogenate and was enriched in the plasma
embrane fraction. Immunofluorescence and immu-
operoxidase light microscopy of rat pancreatic tissue
ith both antibodies revealed basolateral labeling of
cinar cells. Labeling of both apical and basolateral
embranes was found in centroacinar cells, intra- and

xtralobular duct, and main duct cells. The specificity
f the antibody labeling was confirmed by antibody
reabsorption experiments with the fusion protein
sed for immunization. The data suggest that rpNBC

ikely plays a more important role in the transport of
CO3

2 by rat pancreatic acinar and duct cells than
reviously believed. © 1999 Academic Press

1 To whom correspondence may be addressed: (F.T.) Department of
hysiology, University of Saarland, Building 58, D-66421 Homburg/
aar, FRG. Fax: 149 6841 16-6655. E-mail: frank.thevenod@med-rz-
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estern Reserve University, School of Medicine, 2119 Abington Rd.,
leveland, OH 44106-4790. Fax: 11 216 368-3952. E-mail: mfr2@
o.cwru.edu.
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retion; ducts; acini.

Electrolyte and fluid secretion by the rat exocrine
ancreas results from the sequential operation of two
ecretory epithelia, the secretory end pieces (acini) and
he duct system (1). Following hormonal stimulation, a
lasma-like primary fluid secreted by the acini is mod-
fied by the duct cells. In the rat, the secretagogue
holecystokinin (CCK) mainly acts on acinar cells by
ctivating IP3-, DAG-, and Ca21-dependent signaling
athways and evokes an increase of the pancreatic
ecretory rate without alteration of the ionic composi-
ion of the final fluid; secretin stimulation, however, by
ncreasing cAMP levels in duct cells, evokes an in-
rease in fluid secretion rate that is associated with an
ncrease in HCO3

2 concentration (to about 70 mmol/l)
nd a corresponding fall in Cl2 concentration (2).
The current model to account for ion and fluid secre-

ion by rat pancreatic acini is based on Na1-coupled
econdary active Cl2 transport (3). The cellular Na1

radient generated by the basolateral Na1/K1-ATPase
nergizes a basolateral Na1/H1 exchanger. This pro-
ess raises the cytosolic pH and promotes formation of
CO3

2 by hydration of CO2, catalyzed by carbonic an-
ydrase. The HCO3

2 so formed exits to the interstitium
n exchange for Cl2 via a Cl2/HCO3

2 exchanger in the
asolateral membrane. By these means, Cl2 accumu-
ates into the cell above its electrochemical equilib-
ium. Following stimulation by CCK, Cl2 exits the cell
ia Ca21 sensitive Cl2 channels in the luminal mem-
rane, and Na1 enters the lumen paracellularly to
reserve electroneutrality (4). This basic model of aci-
ar secretion has been subsequently modified to ac-
ount for the presence of a nonselective cation conduc-
ance in the basolateral membrane that would
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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therwise impede Na -coupled secondary active Cl
ransport by depolarizing the cell potential (5, 6).

The prevailing model for rat ductal HCO3
2 secre-

ion is based on studies in intralobular ducts (7, 8).
n this model, HCO3

2 secretion depends on the lumi-
al Cl2 concentration. As in pancreatic acini, HCO3

2

s generated in the cytosol by a process involving
asolateral Na1/H1 exchanger, Na1/K1-ATPase and
ytosolic carbonic anhydrase. HCO3

2 enters the lu-
en via a luminal Cl2/HCO3

2 exchanger, the activity
f which depends on a supply of luminal Cl2 deliv-
red to it from the cytosol by a recycling process
tilizing an apical cAMP-activated Cl2 channel, pre-
umably CFTR (9). Na1 enters the lumen across
ation-permeable intercellular junctions, driven by
he lumen negativity.

In both models of secretion, a crucial step involves
CO3

2 being transported out of the cell in exchange
or intracellular Cl2 via a coupled Cl2/HCO3

2 ex-
hanger, possibly from the band 3-related family of
nion exchangers AE1–AE3 (10 –12). The exchanger
elongs to a family of HCO3

2 transporters (13), which
lso includes Na1/HCO3

2 cotransporters with as
any as three different stoichiometries, a K1/HCO3

2

otransporter, and a Na1-driven Cl2/HCO3
2 ex-

hanger. Recently, Romero et al. have cloned a renal
lectrogenic Na1/HCO3

2 cotransport protein (NBC)
rom salamander and rat kidney (14, 15). Subse-
uently, a different form of this Na1/HCO3

2 cotrans-
orter has been cloned from human pancreas
hpNBC) (16) and human heart (hhNBC) (17). In situ
ybridization studies in the mouse revealed expres-
ion of pNBC in duct and acinar cells (16). The hu-
an pancreatic respective cardiac NBC form is

onger (1079 amino acids (aa); 122 kDa) and has an
lternative N-terminus (MEDE start) compared to
he kidney specific NBC form (1035 aa; 116 kDa;
STE at the N-terminus). Meanwhile, additional
embers of the NBC protein family have been cloned

rom human retina (NBC2) (18) and skeletal muscle
NBC3) (19). Here we report the cloning of a NBC
rom rat pancreas (rpNBC). This rpNBC is 99% iden-
ical to the longer, more common form of NBC from
uman heart and pancreas (16, 17). Using polyclonal
ntibodies to the common N- and C-termini of NBC
20), immunoblotting of a plasma membrane fraction
rom rat pancreas revealed a ;130-kDa protein
and. Immunohistochemistry of rat pancreatic tissue
ith both antibodies revealed basolateral labeling of
cinar cells. Labeling of both apical and basolateral
embranes was found in intercalated, intralobular

nd main duct cells. The data suggest that NBC may
ontribute to both acinar and ductal HCO3

2 transport
y the rat exocrine pancreas.
292
ETHODS

loning of Rat Pancreatic NBC cDNA
Reverse transcriptase–PCR. We purchased rat pancreas poly(A)1
NA from Clontech (Palo Alto, CA). Five hundred nanograms of
NA was heated to 70°C for 2 min and then “quick-chilled” on ice for
0 s. In a 20-ml reaction, we added an oligo-dT primer, dNTPs, and
uperScript II reverse transcriptase (Gibco-BRL, Gaithersburg,
D). The extension proceeded at 45°C for 1 h.

PCR and subcloning. We used 0.5 ml of the RT reaction for a
tandard 50 ml PCR using NBC gene specific primers. Since there are
known isoforms of NBC which vary only at the NH2-terminus, we
CRed between the 2 know starts (MEDE_f 5 59-ATg-gAg-gAT-gAA-
CT-gTC-CTg-gAC-AgA-ggg-39 and MSTE_f 5 59-ATg-TCC-ACT-
AA-AAT-gTg-gAA-ggg-AAg-CCC-39) and the common COOH-
erminus (ERHT_r 5 59-TTA-TCA-gCA-TgA-TgT-gTg-gCg-TTC-39)
n separate reactions. To assure fidelity we performed PCR using
aKaRa-ExTaq (Panvera, Milwaukee, WI). The PCR protocol was:

a) 1 cycle of 2 min 94°C, 2 min 60°C, 2 min 68°C; (b) 30 cycles of 20 s
4°C, 20 s 60°C, 3 min 68°C; then (c) final extension of 10 min 68°C.
ive to eight microliters of the PCR-products was electrophoresed on
n ethidium bromide 0.65% agarose gel and UV visualized. Only the
EDE_f/ERHT_r reaction yielded a product. This PCR product was

irectly subcloned into a TA-cloning vector, pCR2.1-TOPO, using the
anufacturer’s instructions (Invitrogen, Palo Alto, CA).

Sequencing. Sequencing was performed at the W. M. Keck Bio-
echnology Sequencing laboratory (New Haven, CT). Sequences were
ssembled and analyzed using the DNAstar program (Lasergene,
adison, WI) as previously reported (14). The sequence of rat pan-

reas NBC or rpNBC is GenBank Accession No. A107265.

ntibodies

The monoclonal antibody to the a1-subunit of Na1/K1-ATPase
purified rabbit kidney Na1/K1-ATPase) was obtained from Upstate
iotechnology (Hamburg, Germany). Generation and specificity of

he rabbit polyclonal antisera anti-(MBP-NBC-3) serum raised
gainst rat kidney NBC (rkNBC) NH2-terminal amino acids 338–
91 and anti-(MBP-NBC-5) serum raised against rkNBC COOH-
erminal amino acids 928–1035 have been established elsewhere
20). Both antisera and the respective antigens (fusion proteins

BP (“maltose binding protein”)-NBC-3 or MBP-NBC-5) were gen-
rously provided by Dr. Walter F. Boron (Department of Cellular and
olecular Physiology, Yale University School of Medicine, New Ha-

en, CT; supported by NIH Grant DK30344).

reparation of Subcellular Fractions of Rat
Pancreatic Tissue, SDS–PAGE, and
Immunoblotting

Pancreas from 4–6 male Wistar rats (180–250 g; Charles River
mbH, Sulzfeld, Germany) fasted overnight were quickly removed

nto ice-cold homogenization buffer (in mM): 280 mannitol, 10 KCl, 1
gCl2, 0.2 Pefabloc SC, 10 Hepes, pH 7.0 adjusted with Tris. Glan-

ular tissue was minced into a fine paste and homogenized by 7
trokes at 500 rpm with a motor-driven glass-in-Teflon Potter–
lvehjem homogenizer. The crude homogenate was further dis-
upted by nitrogen pressure cavitation (750 psi for 1 min). All sub-
equent fractionation steps were performed using a combination of
ifferential and discontinuous sucrose gradient centrifugation pro-
edures described in details elsewhere (21). Purity of the plasma
embrane fraction was determined in three different membrane

reparations by immunoblot analysis of the a1-subunit of Na1/K1-
TPase (see below).
Rat pancreatic tissue homogenate and plasma membrane fractions
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DS–PAGE on 7.5% acrylamide minigels and blotted onto PVDF
embranes, essentially as described earlier (22). After blocking with
ris-buffered saline containing 0.1% Tween 20 and 3% milk, the
embranes were incubated with primary antibodies (mouse mono-

lonal to the a1-subunit of Na1/K1-ATPase (0.1 mg/ml), rabbit anti-
MBP-NBC-3) or anti-(MBP-NBC-5) sera (1:1000) overnight fol-
owed by horseradish peroxidase-conjugated secondary antibodies
1:10,000) (sheep anti-mouse and donkey anti-rabbit IgG purchased
rom Amersham-Buchler, Braunschweig, FRG) for 1 h. The blots
ere developed with ECL reagent (Amersham, Braunschweig, Ger-
any), and signals were visualized on X-ray films. X-ray films were

canned with a single pass flat-bed scanner (Linotype-Hell, Esch-
orn, FRG) and processed for documentation using a JASC Paint
hop Pro 4.1 software (Jameln, FRG). For antibody-pre-absorption
xperiments, primary antibodies were preabsorbed at ;22°C for 1 h
ith 10 mg/ml of one of the fusion proteins MBP-NBC-3 or MBP-
BC-5.

issue Preparation for Immunohistochemistry

Male Wistar rats (200 g) were anesthetized with pentobarbital
Nembutal) (65 mg/kg body wt, intraperitoneally) and perfusion-
xed with 2% paraformaldehyde/75 mM lysine/10 mM sodium perio-
ate (PLP), as described by McLean and Nakane (23). Pancreas were
uickly removed, cut into pieces and additionally fixed by immersion
n fresh PLP fixative overnight at 4°C. PLP-fixed tissue was washed
times for 10 min with phosphate-buffered saline (PBS) and kept in
BS containing 0.02% sodium azide at 4°C until further use.

mmunofluorescence and Immunoperoxidase
Light Microscopy

Tissue blocks were cryoprotected in 30% sucrose for at least 1 h,
rozen in liquid N2 and cut in 5-mm cryosections Indirect immuno-
uorescence was performed as described by Alper et al. (24) with
inor modifications. Cryosections were rehydrated in PBS for 5 min

nd incubated with 1% SDS for 5 min to enhance antigen retrieval
25). After three 5-min washes with PBS, sections were treated with
BS containing 1% BSA for 15 min to reduce background staining
nd subsequently incubated with the primary antibody diluted 1:600
o 1:800 in PBS containing 0.02% sodium azide for 2 h at room
emperature (RT). Sections were washed 3 times for 5 min in PBS,
ncubated with donkey anti-rabbit IgG coupled to indocarbocyanin
CY3) (1:600 dilution) (Amersham-Buchler, Braunschweig, FRG) for

h at RT, washed 3 times for 5 min with PBS and mounted with
ectashield (Vector Laboratories, Linaris, Bettingen, FRG) diluted
:1 in 0.1 M Tris–HCl (pH 8.0). Labeled sections were examined
sing an Olympus BX50F microscope equipped with a 403 Olympus
PlanFI objective and a narrow band green fluorescence exciter
lter (l 530–550 nm). Images were recorded with a 3CCD color video
amera (Sony DXC-950) and were digitized to 8 bits/pixel using a
oftware developed in the laboratory. Digitized images were pro-
essed for documentation using an Adobe Photoshop D1-4.0 software
Herzogenaurach, FRG).

For immunoperoxidase light microscopy, sections were initially
reated as described above. After incubation with the primary anti-
ody, sections were washed 3 times for 5 min in PBS, incubated with
iotinylated goat anti rabbit IgG (1:100 dilution) for 1 h at RT,
ashed 3 times for 5 min with PBS and incubated with Vectastain
BC reagent (Vector Laboratories, Linaris, Bettingen, FRG) for 1 h
t RT. Sections were then washed 3 times for 5 min with PBS and
eroxidase reaction was visualized by development in DAB-hydrogen
eroxide substrate medium. Sections were dehydrated in a graded
eries of ethanol concentrations, cleared in xylene and mounted with
ePeX. Labeled sections were examined with a light microscope

Olympus; Tokyo, Japan). Images were recorded with charge-coupled
293
BM-compatible personal computer. To increase sharpness, digitized
mages from three adjacent optical planes were merged in Adobe
hotoshop D1-4.0.
Control experiments were performed by either omitting the pri-
ary antibody or incubating the sections with the primary antibody

n the presence of 10 mg/ml fusion protein antigen.

ESULTS

loning of rNBC

Here we report the cloning of a NBC from rat pan-
reas (rpNBC). Figure 1 illustrates that rpNBC is 99%
dentical to NBC recently reported in human pancreas
16) and human heart (17). This NBC clone initiates
ith the sequence “MEDE . . . ,” encodes 1079 amino
cids (aa) and predicts a protein of 122 kDa. NBC from
oth the rat (15) and human (26) kidney possess a start
equence of “MSTE . . . ,” are 1035 aa and predict 116-
Da proteins. In humans, the “MSTE” clone-start ap-
ears to be kidney specific while the “MEDE” clone-
tart seems the more common NBC form (13, 16).
ndeed, using the same RT-PCR protocol, we were not
ble to amplify the MSTE full-length clone, i.e.,
kNBC, from rat pancreas. Figure 1 also shows that
he two forms differ only at the NH2-terminus in both
uman and rat.
Due to the high identity, this rpNBC clone shares
ost of the predicted structural features with rkNBC

15), but also contains the additional putative sites and
eatures found in human pancreas and heart (16, 17).
pNBC has both the NH2- and COOH-termini cytosolic,
minimum of ten transmembrane spans (TMs), and a

arge extracellular loop connecting TM5 and TM6. This
,6-loop contains 4 predicted N-linked glycosylation
ites. The alternative NH2-terminus of rpNBC has a
utative phosphorylation site for protein kinase A
PKA) at T49, an additional PKA site is also present at
he COOH-terminal end (S1026). The clone has multi-
le consensus protein kinase C (PKC) phosphorylation
ites, two of them are found in the alternative NH2-
erminus (S38, S65). There is also one predicted ty-
osine phosphorylation site (Y941). Two DIDS-binding
otifs (K-(Y) (X)-K, where Y 5 M, L and X 5 I, V, Y)

re additional characteristic “signature” sequences of
he NBC proteins. The sequence KMIK can be found in
he extracellular loop connecting TM5 and TM6 (aa
03–606) and the motif KLKK in the extracellular loop
etween TM7 and TM8 (aa 812–815). Table 1 high-
ights all the putative modification sites of rpNBC.

mmunoblotting of Rat Pancreas

To identify the NBC protein in rat pancreas, we
erformed immunoblotting experiments with rabbit
nti-(MBP-NBC3) and anti-(MBP-NBC5) antisera,
hose characterization and specificity has been previ-
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usly described (20), on homogenate from whole rat
ancreas and the plasma membrane fraction. The pu-
ity of the plasma membrane fraction was ascertained
y immunoblotting with a monoclonal antibody to the
1-subunit of Na1/K1-ATPase (0.1 mg/ml) (Fig. 2). An
nrichment factor of 14.4 6 3.2 was determined in the
lasma membrane fraction (PM) for the a1-subunit of
a1/K1-ATPase, compared to pancreas homogenate

Ho). As shown in Fig. 2 (lanes “2antigen”), both anti-
MBP-NBC3) and anti-(MBP-NBC5) antisera detected

prominent band of ;130 kDa in the plasma mem-
rane fraction, whereas this band was not detectable in
ancreatic tissue homogenate. This molecular weight
pproximates that of 122 kDa predicted from the cDNA

FIG. 1. Sequence alignment of the known NBC variants to date a
orms of NBC segregate into two groups: clones initiating with
MSTE . . . ”. Interestingly, the originally cloned Ambystoma tigrinum
f clones (13). Illustrated here are the two starts as well as the begi
KA site (T49) is denoted by a frame. In the last line of the alignment
a found in mammalian NBC forms, but not in aNBC, are represen

TAB

Putative Modifica

Predicted type Consensus site

-linked glycosylation N-{P}-[ST]-{P}
KA [RK](2)-x-[ST].
KC [ST]-x-[RK]

asein kinase II [ST]-x(2)-[DE]

yrosine phosphorylation [RK]-x(2,3)-[DE]-x(2,3)-Y
yristylation G-{EDRKHPFYW}-x(2)-[STA GCN]-{P

Note. For further details, see text. “[ ]” indicates that one of the li
cid may be present.
294
equence of rat pancreatic NBC and is also similar to
he major immunoreactive band identified as NBC pro-
ein in rat kidney microsomes (20). The specificity of
he labeling of the ;130-kDa band observed in the
lasma membrane fraction of rat pancreas was tested
y preincubation with an excess (10 mg/ml) of the re-
pective antigens. Labeling of the ;130 kDa band by
he antisera was prevented (Fig. 2, lanes “1antigen”),
ndicating that the ;130-kDa band labeled by the an-
isera is specific for rat pancreatic NBC.

The anti-(MBP-NBC3) antiserum also routinely de-
ected a minor band at ;50 kDa, whereas the anti-
MBP-NBC5) antiserum labeled a band at ;100 kDa.
abeling of both bands was abolished by pre-

Ambystoma tigrinum kidney form of NBC (aNBC). The mammalian
sequence “MEDE . . . ” and clones initiating with the sequence

idney form of NBC (aNBC) appears to be equidistant from both sets
ng of the common and identical NH2-termini. The second predicted
ghly conserved amino acids (aa) are indicated by capital letters, and
by lowercase letters.

1

Sites of rpNBC

Sites (rpNBC)

541, 636, 641, 661
T49, S1026
S38, S65, T128, T216, T249, S262, S400, T439, T750, S854,

S1039, S1044, S1064
S68, T110, S157, T163, S223, S239, S257, S336, S408, T419,

S995, S1000, S1029, S1064, T1071
Y941
G423, G427, G488, G500, G507, G512, G520, G558, G679, G683,

G702, G1025

amino acids is present, and “{ }” indicates that an optional amino
nd
the

k
nni
, hi
ted
tion

}

sted
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bsorption of the antisera with an excess concentration
10 mg/ml) of the respective antigens, suggesting that
hese two bands have NBC-specific epitopes.

BC Distribution in Rat Pancreas

NBC localization in rat pancreas was examined using
mmunoperoxidase immunofluorescence light microscopy
ith antibodies raised against rat kidney NBC (rkNBC)
H2-terminal amino acids 338–391 (anti-(MBP-NBC-3)),

r rkNBC COOH-terminal amino acids 928–1035 (anti-
MBP-NBC-5)). Both antibodies gave identical immuno-
taining. However, application of an epitope unmasking
rotocol, by treating the sections with 1% SDS for 5 min
rior to antibody incubation, considerably enhanced im-
unolabeling intensity (25).
Figure 3 (“2antigen,” left) shows the acinar labeling

attern in cryosections of PLP-fixed rat pancreas with
he anti-(MBP-NBC-5) antibody. These results were
onfirmed in four different animals. Similar results
ere obtained with the anti-(MBP-NBC-3) antibody

data not shown). Acinar staining appeared sharp and
learly localized at the basolateral cell side of moderate
o strong intensity, representing NBC expression at
he basolateral plasma membrane. Only rarely did sin-
le acinar cells show an apical (Fig. 3, asterisks) or
ranular (Fig. 3, arrowheads) staining. Labeling pat-
ern of acini was identical with both immunoperoxi-
ase and immunofluorescence procedures (not shown).
mmunofluorescence labeling of intralobular pancre-

FIG. 2. Immunoblotting of rpNBC in rat pancreas. The immuno
f Na1/K1-ATPase (0.1 mg/ml), rabbit polyclonal antiserum (anti-(M
erminal amino acids 338–391 fusion protein or anti-(MBP-NBC-5
28–1035 fusion protein (20). The specificity of labeling was tested
ntigens (10 mg/ml) (“1antigen”). The blot is typical for three differe
295
tic duct cells with the anti-(MBP-NBC-3) antibody is
hown in Fig. 3 (“2antigen,” right). Intralobular, but
lso interlobular and main duct cells (not shown) were
abeled on both, apical and basolateral cell sides by
oth, anti-(MBP-NBC-3) and anti-(MBP-NBC-5) anti-
era (not shown). However, staining did not appear
niform within the cells lining the ducts. Some cells
howed apical staining, whereas basolateral staining
as observed in other cells. Again, labeling of ducts
as identical with both, immunofluorescence and im-
unoperoxidase procedures (not shown). Both, acinar

nd duct cell labeling (“1antigen”) were abolished in
re-absorption experiments with 10 mg/ml fusion pro-
ein antigen.

Although NBC immunostaining of duct cells by im-
unofluorescence and immunoperoxidase was strong

nd highly reproducible, acinar cell labeling was not
onsistent in the eight animals studied. In two ani-
als, acinar labeling was not restricted to the basolat-

ral membrane, but diffusely distributed at the baso-
ateral cell side. Moreover, in two animals no acinar
BC immunoreactivity was detected at all. Thus, it is
ossible that high proteolytic activity of acinar cells
ay destroy the cytosolic NBC epitopes during the

xation process. This indicates that acinar cells are
ore sensitive to fixation and tissue processing for

mmunohistochemistry than duct cells. Consequently,
esults should be more susceptible to experimental
ariability.

s were either probed with a monoclonal antibody to the a1-subunit
P-NBC-3); 1:1,000) raised against rat kidney NBC (rkNBC) NH2-
rum (1:1,000) raised against rkNBC COOH-terminal amino acids
pre-absorption of the antisera with their respective fusion protein
membrane preparations.
blot
B

) se
by
nt
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ISCUSSION

The results of the present study demonstrate that
BC is expressed in rat exocrine pancreas, both at the
RNA and protein level. Compared to the kidney-

pecific form kNBC (1039 aa, “MSTE . . . ”), this alter-
ative form is longer and has a different NH2-terminus

1079 aa, “MEDE . . . ”). One distinguishing character-
stic of the human NBC genes are the NBC clone start-
ng amino acids, “MEDE” vs “MSTE.” kNBC“ (MSTE-
tart), originally expression cloned from the kidney of
he salamander Ambystoma tigrinum (14), seems to be
xclusive to the kidney of both rats and humans. In
ontrast, the other NBC form (MEDE-start) appears to
e the more generic form of NBC and is found as a
inor component also in the human kidney (13, 27).
here are some obvious differences between the two
BC forms: length of NH2-terminus, additional PKA

ite, and several additional PKC sites. Nevertheless,
he human NBC forms appear functionally very simi-
ar (electrogenic, Na1-dependent, HCO3

2-dependent,

FIG. 3. Immunolocalization of rpNBC using immunoperoxidase
left; “2antigen”) showed pronounced NBC immunolabeling with the
ells showing apical labeling are indicated by asterisks and arrowh
attern was obtained with the anti-(MBP-NBC-3) antibody (not
istribution pattern: cells displayed apical and basolateral NBC stain
abeling only. The same staining pattern was found with the anti-
ifferent duct segments and also within the same duct. Absence of sta
ntigen (“1antigen”) demonstrated the specificity of the antibody.
296
l2 independent, and blockable by DIDS) when ex-
ressed in Xenopus oocytes (17). Thus, future studies
ill be crucial to determine if there are differences in

hese two NBC proteins: regulation by second messen-
ers, intracellular sorting, and changes in apparent
onic affinities.

Abuladze et al. (16) found by in situ hybridization
hat NBC is expressed in acinar and duct cells of mouse
ancreas. The present data however prove that NBC is
xpressed in rat pancreas at the protein level. The
mmunoblotting experiments of our study demonstrate
xpression of an immunoreactive protein of ;130 kDa
the approximate molecular weight of rpNBC) in a
lasma membrane fraction (Fig. 2). Additional immu-
oreactive bands are also detected at about 50 kDa
antibody MBP-NBC-3) and 100 kDa (antibody MBP-
BC-5). They could either represent proteolytic frag-
ents of rpNBC (e.g., a 50-kDa NH2-terminal frag-
ent labeled by the anti-(MBP-NBC3) antiserum and
100 kDa COOH-terminal fragment recognized by the

ft) and immunofluorescence light microscopy (right). Acinar cells
i-(MBP-NBC-5) antibody (dilution 1:600) at the basolateral cell side.
s point to cells with granular NBC distribution. Identical staining

wn). Pancreatic duct cells (right; “2antigen”) showed a complex
(dilution of anti-(MBP-NBC-3) 1:600) as well as apical or basolateral
P-NBC-5) antibody (not shown). This variability was observed in

ng upon pre-incubation of the antibody with 10 mg/ml fusion protein
(le
ant
ead
sho
ing
(MB
ini
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nti-(MBP-NBC5) antiserum) or different NBC-forms.
he exact nature of these two additional immunoreac-
ive bands however remains to be determined.

Immunolocalization of rpNBC was ascertained by
wo different techniques: immunoperoxidase and im-
unofluorescence. Both methods show the same distri-

ution of NBC in exocrine pancreas, with a predomi-
ant localization in the plasma membrane of acinar
nd duct cells, which is in accordance with the western
lot data. In acinar cells, localization of NBC is mostly
asolateral (Fig. 3; “2antigen” left). Using pH mea-
urements with the fluorescent dye BCECF, Muallem
nd Loessberg (28, 29) have demonstrated Na1/HCO3

2

otransport in the basolateral membrane of rat pancre-
tic acinar cells that may partially account for the
CO3

2-dependent component of acinar secretion. Using
thermodynamic approach the authors concluded

rom experimental manipulations of intracellular pH
hat the Na1/HCO3

2 cotransporter of rat pancreatic
cinar cells operates with a 3:1 stoichiometry and is
esponsible for HCO3

2 efflux under basal conditions.
nterestingly, the secretagogue cholecystokinin, which
epolarizes the cell and increases cytosolic [Ca21], re-
uced the rate of Na1/HCO3

2 cotransport and reversed
he direction of transport to HCO3

2 influx (29). How-
ver, these studies rely on pH measurements only,
ompared to the criteria outlined by Boron and Boul-
aep for identification of electrogenic Na1/HCO3

2 co-
ransport, i.e., Na1- and HCO3

2-dependent, Cl2-
ndependent, DIDS-sensitive simultaneous changes of
ntracellular pH and membrane voltage (30). Never-
heless, they open a door to some speculation on the
ossible physiological significance of a basolateral Na1/
CO3

2 cotransporter in rat pancreatic acinar cells for
alt and fluid secretion. It is possible that during Ca21-
ependent secretagogue stimulation rpNBC may con-
ribute to HCO3

2 influx, resulting—by parallel opera-
ion with a basolaterally located Cl2/HCO3

2 exchanger
E. Roussa, S. L. Alper, and F. Thévenod, in
reparation)—in Cl2 accumulation into the cell (“pull-
hase” of the “push-pull” model of Cl2 secretion) (5, 6).
Immunolocalization of rpNBC in duct cells was

ighly reproducible and had a strong staining pattern
Fig. 3, “2antigen”). Immunolabeling within one given
ancreatic duct however varied between cells, some
ells showing luminal and basolateral labeling, as well
s labeling being restricted in other cells to the luminal
r basolateral membrane areas. Whereas cellular het-
rogeneity of H1- and HCO3

2-transporters is well doc-
mented in rat kidney collecting duct (31, 32) and
alivary glands (33, 34), to our knowledge such findings
ave not been reported in pancreatic ducts so far. It
an well be that in pancreatic duct cells the localization
f transporters may differ depending on their func-
ional state, as has been reported for vacuolar-type

1-ATPase for agonist evoked stimulation (35, 36). A
297
asolateral localization of a Na /HCO3 cotransporter
n intralobular and main segments of rat exocrine pan-
reas has been proposed by Zhao et al. (37) based on pH
easurements with BCECF. These observations have

een recently extended by Ishiguro et al. (38), who
easured intracellular pH and Na1 in guinea-pig in-

erlobular ducts with the fluorescent dyes BCECF and
BFI, respectively. These results challenge the current
odel of agonist-induced HCO3

2 secretion developed in
he rat pancreatic duct by demonstrating that a baso-
ateral Na1/HCO3

2 cotransporter may contribute up to
5% of Na1/HCO3

2 taken up by guinea pig pancreatic
uct cells during stimulation with secretin (38). The
asolaterally localized rpNBC could be responsible for
ellular HCO3

2 supply of the duct cell from the blood
uring secretin stimulated HCO3

2 secretion. This is
urther supported by a current report (39), in which
AMP-stimulation of a Na1/HCO3

2 cotransporter was
ound only in duct cells expressing functional CFTR.
he link between luminal Cl2 secretion and basolat-
ral Na1-dependent HCO3

2 influx was attributed to the
espective changes in membrane voltage (39).
In summary, the expression of NBC in rat exocrine

ancreas, its basolateral localization in acinar cells,
nd its distribution in both, apical and basolateral
embranes of duct cells suggest a more important role

or the Na1/HCO3
2 cotransporter in acid-base ho-

eostasis of rat pancreatic acinar and duct cells and
ossibly a reevaluation of standard models of HCO3

2

ecretion by the rat pancreas.
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