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Cystic fibrosis transmembrane conductance regulator
(CFTR)-mediated secretion of an electrolyte-rich fluid
is a major but incompletely understood function of
the salivary glands. We provide molecular evidence
that guanylin, a bioactive intestinal peptide involved
in the CFTR-regulated secretion of electrolyte/water
in the gut epithelium, is highly expressed in the hu-
man parotid and submandibular glands and in re-
spective clinically most relevant tumors. Moreover, in
the same organs we identified expression of the ma-
jor components of the guanylin signaling pathway,
ie, guanylin-receptor guanylate cyclase-C, cGKII, and
CFTR, as well as of the epithelial Cl�/HCO3

� anion
exchanger type 2 (AE2). At the cellular level, guanylin
is localized to epithelial cells of the ductal system
that, based on its presence in the saliva, is obviously
released into the salivary gland ducts. The guanylin-
receptor guanylate cyclase-C, cGKII, CFTR, and AE2
are all confined exclusively to the apical membrane of
the same duct cells. These findings implicate guanylin
as intrinsic regulator of electrolyte secretion in the
salivary glands. We assume that duct epithelial cells
synthesize and release guanylin into the saliva to reg-
ulate electrolyte secretion in the ductal system by
an intraductal luminocrine signaling pathway. More-
over, the high expression of guanylin in pleomorphic
adenoma and Warthin tumors (cystadenolym-
phoma), the most common neoplasms of salivary
glands, predicts guanylin as a significant marker in
tumor pathology. (Am J Pathol 2002, 161:655–664)

The ductal system in the salivary glands is the site of
modification and secretion of an electrolyte-rich fluid, the

mechanism of secretion, however, is poorly understood.1

Because the electrolyte secretion in these glands is im-
paired in cystic fibrosis (CF),2 it became evident that the
cystic fibrosis transmembrane conductance regulator
(CFTR) protein as the CF gene product is immediately
involved in the secretory function.2,3 In various epithelial
cells, CFTR acts as a Cl� channel2,3 and serves as
regulator of various transporters including Na�-HCO3

�

co-transporter and Cl�/HCO3
� exchanger.4–6 Intracellu-

larly, CFTR is regulated by the cAMP/cAMP-dependent
protein kinase pathway.3 However, the role of cGMP or
the identity of peptides using this second messenger for
salivary gland secretory function remained enigmatic.1 In
this respect, recent studies in the intestine demonstrated
that the newly discovered peptides guanylin and urogua-
nylin7,8 regulate via cGMP epithelial electrolyte/water
transport.8,9 Both peptides are structurally related to
heat-stable enterotoxins (STa) that cause secretory diar-
rhea when secreted into the intestine by pathogenic
strains of Escherichia coli.7,8 Guanylate cyclase-C (GC-
C), originally identified as the STa-receptor,10 repre-
sents the genuine receptor for the endogenous ligand
guanylin11 that elicits an increase in intracellular cGMP
on stimulation.7,9

Since the discovery that the guanylin or STa effect on
Cl� conductance or on epithelial HCO3

� secretion dis-
appears in the small intestine of transgenic CF-mice9,12 it
became evident that CFTR is decisively involved in the
guanylin-mediated Cl� and HCO3

� secretion. In addition
to the well-established cAMP/cAMP-dependent protein
kinase pathway in the regulation of CFTR,3 the recently
detected cGMP-dependent protein kinase II (cGKII)13

also phosphorylates and thus activates the CFTR Cl�

channel13,14 in terms of epithelial net chloride and water
secretion. The physiological impact of cGKII has been
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reinforced by studies in cGKII-deficient mice demonstrat-
ing lack of guanylin and STa effect on Cl� conductance
in the intestinal epithelium;14 however, in the intestine
cGKII- or CFTR-independent signaling pathways may
also exist for the guanylin-mediated regulation of anion
secretion.15,16 Moreover, it is well documented that CFTR
serves as regulator for a Cl�/HCO3

� exchanger5 to pro-
mote luminal HCO3

�-secretion as demonstrated in the
submandibular gland or in the pancreas,5,6 although the
molecular identity of the anion exchanger as yet re-
mained undefined.

In view of the fact that CFTR is highly expressed in
salivary glands17 and that, as demonstrated in the intes-
tinal epithelium9,12 and pancreas,18 the peptide guanylin
regulates CFTR function, we comparatively analyzed in
the present study the human parotid and submandibular
glands for expression and cell-specific localization of
guanylin, guanylin receptor GC-C, cGKII, and CFTR. The
investigations particularly included the anion exchanger
isoform AE2 as the major Cl�/HCO3

� exchanger candi-
date of epithelial HCO3

� secretion.19,20 Localization
studies at the cellular level were particularly aimed to
identify the cellular origin of guanylin and its target cells
and membranes to analyze the intercellular signaling
route of guanylin in situ. Expression of guanylin and its
localization in distinct cells of pleomorphic adenoma and
Warthin tumors of the parotid gland may indicate the
potential role of guanylin in the pathology of salivary
gland neoplasms.

Materials and Methods

Tissues and Tissue Preparation

Tissues of salivary glands (parotid gland, n � 12; sub-
mandibular gland, n � 4) used in this study were ob-
tained after operation in patients suffering from pleomor-
phic adenoma or Warthin tumor (cystadenolymphoma) of
the salivary glands. The operations were performed at the
Department of Otorhinolaryngology, Philipps University
(Marburg, Germany). Neoplastic tissues were resected
from the center of the respective tumors to exclude con-
tamination with normal tissue. Normal tissues were taken
outside the tumors and were both macroscopically and
histologically normal. After resection, the tissues were
fixed in different fixatives for immunohistochemistry or

immediately frozen in liquid nitrogen for Western blot and
reverse transcriptase-polymerase chain reaction (RT-
PCR) analyses. Gastrointestinal tissues from guinea pig
(n � 3) and rat (n � 3) served as reference organs that
were treated similarly.

RT-PCR Analyses

Table 1 show the primers that were constructed and used
based on the GenBank cDNA sequences (see respective
database accession numbers).

The primers displayed no homology to any previous
reported sequences. Using the RNeasy kit (Qiagen,
Hilden, Germany), total RNA was isolated from tissues
and reverse-transcribed into cDNA with oligo(dT) primer
(Promega, Madison, WI). PCR was performed in a ther-
mocycler (MWG-Biotech, Ebersberg, Germany) using 50
ng of template cDNA. The PCR products were subse-
quently separated in a 1.8% agarose gel. The product
length was identified by staining with ethidium bromide
and the expected sizes of �131 bp for guanylin, �143 bp
for GC-C, �377 bp for cGKII, �380 bp for CFTR, and
�376 bp for AE2 were obtained. Glyceraldehyde-3-phos-
phate-dehydrogenase (GAPDH) was used as control.
The amplification of genomic DNA was excluded by ap-
propriate controls.

Peptide Synthesis, Immunization Procedure,
and Antisera

The following peptides were synthesized as detailed21

referring to the published human proguanylin se-
quence:22 proguanylin-(25-37), proguanylin-(34-46),
proguanylin-(101-115). Rabbits (New Zealand White, five
for each antigen) and four chickens (for proguanylin-(34-
46) were immunized subcutaneously with the respective
peptides.21,23 The titer of the generated antibodies were
checked by enzyme-linked immunosorbent assay. Out of
the antibodies raised, the antibodies K39 [directed
against proguanylin-(25-37)], K42 [directed against
proguanylin-(34-46)], K605, and K606 [each directed
against proguanylin-(101-115)] and the chicken antibody
H9 [directed against proguanylin-(34-46)] exhibited the
highest titers. Except for H9, these antibodies have been
used and characterized in detail.18,21,23,24

Table 1. Primers Constructed and Used Based on GenBank Sequences

Primer sets
Corresponding positions in the

cDNA of the respective proteins

Guanylin 5�-AGT GGG CAC AAG GAG TAT GG 334–353
(no. M97496) 5�-TGG CAG TTC TGA CTC ACC TG 457–476
GC-C 5�-TGA AAT CTG TGC CTA CGC TG 9–28
(no. M73489) 5�-TAG GTT GAG CTG CTG GGA GT 120–139
cGKII 5�-CTG GGA ACC TCA CCA CTG AT 67–86
(no. X94612) 5�-GGA AAA TTC AGG GGG TTT GT 424–443
CFTR 5�-CGA CAG GGT GAA GCT CTT TC 4464–4483
(no. M28668) 5�-TCT GGC TTG CAA AAC ACA AG 4824–4843
AE2 5�-CAC GCT CAT CAT CTC CAA GA 3121–3140
(no. X62137) 5�-ATG CAG CCG CTC ATA GAA CT 3477–3496
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From the human GC-C sequence25 GC-C-(31-45) was
synthesized in a linear form and GC-C-(1009-1023) was
synthesized as an octameric multiple antigenic peptide
on a SMPS 350 automated multiple peptide synthesizer
(Zinsser, Frankfurt, Germany) using the standard Fmoc
protocol.21 The purity and sequence of the synthesized
peptides were checked by reverse-phase high perfor-
mance liquid chromatography (C18; Vydac, Hesparia,
CA), capillary zone electrophoresis (Biofocus 3000, Bio-
Rad), mass spectrometry (Sciesx API III, Perkin-Elmer),
automated Edman degradation (model 473A protein se-
quencer, Applied Biosystems), and amino acid analysis
(Aminoquant 1090L, Hewlett-Packard). GC-C-(31-45)
(0.5 mg per rabbit) was conjugated to keyhole limpet
hemocyanin (Sigma) with carbodiimide as coupling re-
agent. GC-C-(1009-1023) (0.5 mg of multiple antigenic
peptide per rabbit) was dissolved in saline (1 mg/ml).
Rabbits (New Zealand White, five for each antigen) were
immunized subcutaneously with the respective peptides.
The antibodies K735 recognizing GC-C-(31-45) and
K741 recognizing GC-C-(1009-1023) were generated ac-
cording to the protocol published.21,23

From the human cGMP-dependent protein kinase II
(cGKII),26 from the CFTR protein,27 and from the anion
exchanger AE2 sequence28 the peptides cGKII-(146-
158), cGKII-(734-749), CFTR-(122-136), CFTR-(843-857),
and AE2-(1214-1236) were synthesized (Eurogentec,
Belgium) using a standard Fmoc protocol on a Rainin
Symphony multiple peptide synthesizer. These peptides
were coupled to keyhole limpet hemocyanin using m-
maleimidobenzoyl-N-hydroxysuccinimide ester (Pierce).
For each peptide conjugate two SPF-rabbits (Charles
River-Iffa Credo) were immunized (Eurogentec) intrader-
mally with 0.2 mg of peptide conjugate per animal emul-
sified in Freund’s adjuvant 1:1 (v/v). Booster injections
were given every 2 weeks and bleeding was 10 days
after each booster injection. The antisera with the highest
titers thus generated were EG(1)-PKIIA directed against
cGKII-(146-158), EG(2)-PKIIB directed against cGKII-
(734-749), EG(1)-CFTR122 directed against CFTR-(122-
136), EG(1)-CFTR843 directed against CFTR-(843-857),
and EG(1)-AE2 and EG(2)-AE2 both directed against
AE2-(1214-1236). The antibody BS-CAII against carbonic
anhydrase II (CAII) was purchased from The Binding Site
(Birmingham, England).

Extraction of Guanylin from Salivary Glands

Frozen tissues were powdered and boiled in 1 mol/L of
acetic acid for 10 minutes. The homogenates were cen-
trifuged at 20,000 � g for 20 minutes at 4°C and the
supernatants were filtered through a 0.45-�m (pore size)
filter. To concentrate the protein content, total tissue ex-
tracts were applied to an octadecasilyl (C18) Sep-Pak
cartridge (Waters, MA). The column was washed with
0.01 mol/L of HCl and material was eluted with 30% (v/v)
2-propanol/30% (v/v) methanol/0.01 mol/L HCl.21,23 The
eluted protein fractions were lyophilized and stored at
�80°C until use.

Detection of Guanylin in Saliva

Saliva samples were obtained from 10 healthy persons
by collecting in sterile tubes. The saliva production was
not stimulated. The unpooled samples were centrifuged
at 1000 � g for 10 minutes at 4°C, the supernatants were
filtered (0.45 �m) and extracted in octadecasilyl (C18)
Sep-Pak cartridges as described above.

For detection of immunoreactive guanylin in saliva,
extracts of 10-ml samples were separated electrophoreti-
cally on 16.5% tricine-sodium dodecyl sulfate-polyacryl-
amide gels and immunoblotted with guanylin antibodies.
The concentration of guanylin in saliva was measured
with a guanylin-specific monoclonal antibody29 by en-
zyme-linked immunosorbent assay (ELISA) according to
the established protocol.29

Protein Preparation from Tissues and Western
Blot Procedure

Proteins from salivary glands were extracted using a
Tris-HCl buffer containing 100 mmol/L NaCl, 50 mmol/L
Tris-HCl, pH 7.4, 10% glycerol, 1% Triton X-100, 2 �g/ml
leupeptin, 2 �g/ml pepstatin, 1 mmol/L phenylmethyl sul-
fonyl fluoride for GC-C and cGKII, and 10 mmol/L KCl, 1.5
mmol/L MgCl2, 10 mmol/L Tris-HCl, pH 7.4, 1 mmol/L
phenylmethyl sulfonyl fluoride, and 2 �g/ml each of leu-
peptin and pepstatin for CFTR and AE2. For Western blot
analysis, 25 �g of total protein (measured by the Lowry
method) from salivary glands was separated on 8 to 12%
sodium dodecyl sulfate-polyacrylamide gels dependent
on the molecular mass of the various membrane proteins.
To detect guanylin, a 16.5% tricine-sodium dodecyl sul-
fate-polyacrylamide gel was used according to the pro-
tocol published.18 Separated proteins were transferred
onto hydrophobic polyvinylidene fluoride-based mem-
branes and incubated with the various antisera at dilu-
tions also used for immunohistochemistry (see below).
The respective immunoreactive proteins were visualized
after incubation with alkaline phosphatase-conjugated
goat anti-rabbit or anti-chicken IgG (each diluted
1:30,000; Sigma) using nitro blue tetrazolium and 5-bro-
mo-4-chloro-3-indolyl phosphate as chromogens (Sig-
ma). The immunoreaction in Western blot was specifically
blocked after preincubation of the antibodies with the
corresponding peptide immunogens. Any crossreactions
with the second goat anti-rabbit or anti-chicken antibod-
ies were excluded by appropriate controls.21,23

Immunohistochemistry

Tissues were fixed overnight in 4% aqueous formalin or in
Bouin’s fixative and embedded in paraffin. The sections
(4 �m) were immunostained by the avidin-biotin-peroxi-
dase complex technique as detailed:30,31 sections were
incubated with the respective antisera [K39, K42, K605,
K606, diluted 1:1000 to 1:3000; H9, 1:7000; K735 and
K741, 1:500; EG(1)-PKIIA and EG(2)-PKIIB, EG(1)-AE2
and EG(2)-AE2, EG(1)-CFTR122 and EG(1)-CFTR843,
each diluted 1:2000; BS-CAII, 1:1000] overnight at 4°C,
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followed by incubation with biotinylated anti-rabbit IgG
(Jackson ImmunoResearch) or anti-chicken IgY (IgG)
(Dianova, Hamburg, Germany) for 30 minutes diluted
1:200. The sections were then incubated for 30 minutes
with a preformed complex of biotin-peroxidase/streptavi-
din (Jackson ImmunoResearch), diluted in phosphate-
buffered saline (PBS) (final concentrations: biotin-perox-
idase, 0.7 �g/ml; streptavidin, 5 �g/ml). The antigen-
antibody-binding sites were visualized by incubation of the
sections in 0.7 mmol/L diaminobenzidine hydrochloride/
0.002% H2O2 in 0.05 mol/L Tris-HCl (pH 7.6). PBS was used
as diluent for the antisera and as rinsing solution.

Specificity Controls

Method-dependent nonspecificities were excluded by
running controls as described.30,31 Specificities of the
antibodies were tested by preadsorption of all antisera
with homologous and heterologous antigenic peptides
(6.25 to 100 �g/ml of the antiserum).30,31 Preadsorption
of the antisera with homologous antigens at concentra-
tions as low as 6.25 �g/ml completely blocked immuno-
staining in the salivary glands, whereas preadsorption of
the antisera with heterologous antigens at concentrations
up to 100 �g/ml had no effect on immunostaining.

Results and Discussion

Expression of Guanylin and Its Affiliated
Signaling and Effector Proteins in the Human
Parotid and Submandibular Glands

RT-PCR analyses showed that guanylin is highly ex-
pressed in the human salivary glands (Figure 1). Al-
though recent studies failed to detect expression of the
guanylin receptor GC-C in the opossum submandibular
gland,32 the present RT-PCR analyses clearly revealed
that not only the guanylin receptor GC-C but also cGKII
and CFTR as key proteins of the guanylin-signaling path-
way11–13 are expressed in the human parotid and sub-
mandibular glands (Figure 1). Likewise, expression of
AE2 was also found in both exocrine glands (Figure 1).

To verify the presence of the translated proteins in the
human parotid and submandibular glands, we raised a
bulk of region-specific antisera against guanylin and mo-
lecular domain-specific antisera against the various affil-
iated signaling cascade and effector proteins and used
them in Western blotting analyses and immunohisto-
chemistry.

In Western blots, all guanylin antisera recognizing dif-
ferent epitopes of proguanylin concurrently identified the
immunoreactive peptide of �12.5-kd molecular mass
(Figure 2) that corresponds to that deduced from the
respective cDNA sequence.22

Moreover, the antisera K735 and K741, directed
against the extracellular and the intracellular domain of
GC-C, respectively, identified the immunoreactive protein
at �140 kd (Figure 2), although the same antisera de-
tected GC-C in the range of �130 kd in intestinal extracts
(data not shown). This is quite conceivable because both
immunoreactive protein bands of respective molecular
masses have already been attributed to GC-C.33,34

These different molecular sizes of GC-C in the intestine
versus salivary glands may be because of tissue-specific
heterogeneities of GC-C that already have been docu-
mented in the digestive tract.34

The expression of cGKII has been reported mainly in the
intestine, where it was identified as an 86-kd protein.13 The
region-specific cGKII antisera coincidentally recognized
cGKII in the range of �55 kd (Figure 2) in the human parotid
and submandibular glands, although the same antisera
detected cGKII as a 86-kd protein in the intestine.18 Of note,
in the rat parotid and submandibular glands the same an-
tisera identified the immunoreactive cGKII protein at 86 kd
and additionally at 55 kd (data not shown). In view of the
fact that cGKII has a distinct propensity for proteolytic de-
composition,35 the 55-kd cGKII immunoreactive protein
may reflect an enzymatic fragment, most likely generated
during preparation for Western blotting. Remarkably, in
cGKII-transfected cells cGKII has been detected at 50 to 60

Figure 1. RT-PCR analyses of gene expression of guanylin (lane 2), GC-C
(lane 3), cGKII (lane 4), CFTR (lane 5), and AE2 (lane 6) in the human
submandibular gland with amplification products of correct molecular sizes.
One hundred-bp DNA ladder is indicated (lanes 1 and 7). Figure 2. Western blot analyses of guanylin (A), GC-C (B), cGKII (C), CFTR

(D), AE2 (E), and CAII (F) in extracts of the human salivary glands. A:
Immunoreactive guanylin of �12.5-kd molecular mass was identified by the
region-specific antibodies K605 (lanes 1 and 2) and K42 (lanes 3 and 4) in
the human parotid (lanes 1 and 3) and submandibular (lanes 2 and 4)
glands. B–F: GC-C (antibody K735), cGKII [antibody EG(1)-PKIIA], CFTR
[antibody EG(1)-CFTR843], AE2 [antibody EG(1)-AE2], and CAII (antibody
BS-CAII) were detected in extracts of the parotid (lanes 1) and submandib-
ular (lanes 2) glands with molecular masses as indicated.
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kd and 86 kd35 indicating that the 55-kd immunoreactive
protein identified in human salivary gland extracts may cer-
tainly represent a physiological molecular variant of cGKII.

Because cGKII serves as a cGMP-dependent alterna-
tive regulator of CFTR in the intestine,13 it is of particular
significance that this protein is expressed in the salivary
glands where CFTR is also highly expressed.17 The an-
tisera EG(1)-CFTR122 and EG(1)-CFTR843 specifically
identified CFTR as a strongly immunoreactive protein in
the expected3 range of 160 to 170 kd (Figure 2). More-
over, two different antisera identified AE2 at �170 kd
and, in addition, distinctly at �140 kd (Figure 2). Indeed,
AE2 of respective molecular masses has been reported
to occur as glycosylated and unglycosylated forms.19,20

Western blot with the CAII antibody BS-CAII revealed an
immunoreactive protein of �29 kd (Figure 2) that is ex-

actly in line with the molecular mass of CAII as shown
previously.36

Cell-Specific Localization of Guanylin in the
Human Salivary Glands

The guanylin antisera K39, K42, K605, K606, and H9
directed against different epitopes coincidentally local-
ized guanylin to epithelial cells of the ductal system of the
parotid gland as well as of the submandibular gland
(Figure 3). The acinar cells and the myoepithelial cells
completely lacked any guanylin immunoreactivity. Within
the ductal system, the guanylin immunoreactive cells
were located in the intercalated, intralobular (striated),
and interlobular (excretory) ducts. However, the various

Figure 3. Cellular localization of guanylin in the human parotid gland. A–D: Four serial paraffin sections of the human parotid gland immunostained for guanylin
by the region-specific antibodies K42 (A), K605 (B), K39 (C), and K606 (D) using the avidin-biotin-peroxidase complex technique. All antibodies coincidentally
localize guanylin to the same duct cells. Note that some basally situated cells (A–D, arrowheads) in the interlobular ducts are completely unreactive for guanylin.
E and F: Guanylin immunoreactivities of varying densities are demonstrated in ducts of the same lobule (E) immunostained by the antibody H9. Even in the same
ducts (F) immunostained by the antibody K605, intercellular differences of guanylin immunoreactivities exist showing strongly (arrow) and faintly immunore-
active or unreactive (arrowhead) epithelial cells. G: Guanylin immunoreactivity is not only present in the striated ducts (arrow), but also in the intercalated ducts
(arrowhead). H: In some ducts guanylin immunoreactivity is distributed within the cytoplasm of the epithelial cells (arrow), but in others this immunoreactivity
is strongly concentrated toward the apical pole of the respective cells (arrowheads). Original magnifications: �360 (A–G); �180 (H).
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segments of the ductal network were heterogeneous with
respect to their guanylin immunoreactivity; in the interlob-
ular ducts only the secretory columnar cells exhibited
immunoreactivity for guanylin, the basally situated re-
serve cells in the interlobular ducts37 were unreactive for
guanylin. Although the intercalated ducts showed a faint
immunoreactivity for guanylin, the striated ducts dis-
played the strongest guanylin immunoreactivity (Figure 3)
which is why this ductal segment was considered as the
main source of guanylin in the salivary glands.

Remarkably, all guanylin antisera produced a granular
immunoreactivity pattern assuming localization of the
peptide in small secretory vesicles of the respective cells
that have been already identified in these cells by elec-
tron microscopy.38 Notably, distinct intercellular differ-
ences exist between the epithelial cells even of the same
duct with respect to the density of guanylin immunoreac-
tivity that may reflect intercellular differences in expres-
sion or secretion of guanylin. Moreover, in some ducts
immunoreactivity for guanylin was localized in the whole
cytoplasm of the epithelial cells whereas in other ducts
strong guanylin immunoreactivity was concentrated at the
apical pole of the secretory cells (Figure 3). This peculiar
distribution pattern of guanylin at the cellular level may
assume a luminally directed release of guanylin.

Detection of Guanylin in the Saliva

The potential release of guanylin into the saliva was sub-
stantiated by Western blotting studies. The region-spe-
cific guanylin antisera coincidentally identified a strongly
labeled band of correct molecular mass18,22 that co-
migrated exactly with the immunoreactive guanylin as in
salivary gland tissue extracts (Figure 4). To measure the
range of guanylin concentration in human saliva, a sen-
sitive ELISA with a detection sensitivity of 5 pmol/ml was
developed. ELISA analyses with a monoclonal guanylin
antibody, which was already successfully used in ELISA

experiments,29 revealed a high concentration of guanylin
in the range from 9.8 to 25.3 nmol per ml saliva (n � 10)
(mean � SE; 15.08 � 5.65 nmol/ml). This concentration is
considerably higher than the reported guanylin concen-
tration in the circulation.24 Based on these findings we
conclude that salivary duct cells release the bioactive
peptide guanylin into the saliva. Such a luminal secretion
route is quite conceivable because the guanylin-receptor
GC-C is immediately localized to the apical membrane of
neighbored duct epithelial cells (see below).

Cell- and Membrane-Specific Localization of the
Guanylin Receptor GC-C, cGKII, CFTR Cl�

Channel, and AE2

The immunolabeling characteristics of all antisera against
GC-C, cGKII, CFTR, and AE2 were verified in gastroin-
testinal specimens used as reference organs. Except for
AE2, they all localized the respective proteins in the
brush border of enterocytes (data not shown), exactly
where they have been reported to occur.13,17,34 With
regard to AE2, the region-specific AE2 antisera identified
the respective protein at the basolateral membrane of
gastric parietal cells; this particular localization of AE2 is
completely in accordance with previous findings.19,20

The human parotid and submandibular glands were
investigated immunohistochemically for the cellular local-
ization of GC-C, cGKII, CFTR, and AE2 with particular
focus on their organization at distinct functional mem-
brane domains of the respective cells. In both organs, the
molecular domain-specific GC-C antisera K735 and
K741 coincidentally localized the guanylin-receptor to the
epithelial cells of striated and interlobular ducts where
GC-C was specifically confined to the apical cell mem-
brane (Figure 5). In no case was GC-C immunoreactivity
found at the basolateral membrane domain. This site of
location of GC-C unequivocally pleads for a luminal ac-
tivation of this receptor by guanylin in the ductal system.

Coincident with the cellular distribution of GC-C, re-
gion-specific antisera localized CFTR at the apical mem-
brane domain of the striated and interlobular duct cells
(Figure 5). This finding fully corresponds to previous data
showing that CFTR is confined to the apical pole of stri-
ated duct epithelial cells of rat submandibular gland.39

Based on the data in the intestine, cGKII is co-ex-
pressed with CFTR to activate the CFTR Cl� channel
function.13 In accordance with this finding, the present
immunohistochemical studies revealed that cGKII is co-
localized with GC-C and CFTR to the striated and inter-
lobular duct epithelial cells of the human salivary glands
(Figure 5). Notably, the immunoreactivity for cGKII was
concentrated to the apical membrane of the respective
cells where GC-C and CFTR were also confined. This
type of spatial organization at the cellular level may be of
functional significance as previous studies could show
that targeting of cGKII to the apical membrane and its
close proximity to CFTR is required for phosphorylation
and activation of CFTR Cl� channel function.40

Corresponding to the localization of GC-C, cGKII, and
CFTR, AE2 was detected in the striated and interlobular

Figure 4. Western blot analyses of guanylin in human parotid gland (lanes
1 and 4) and saliva (lanes 2 and 3) with the antibodies K42 (lanes 1 and 2)
and K 605 (lanes 3 and 4). Note the co-migration of the respective guanylin
immunoreactivities.
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segments of the ductal network where it was also con-
fined to the apical membrane of the respective duct cells
(Figure 5) despite the fact that the same antibodies iden-
tify the protein at the basolateral membrane of gastric
parietal cells.18–20 Previous studies in the human salivary
glands yielded contradictory data by localization of AE2
to apical or basolateral membranes of duct cells or to
basolateral membrane of acinar cells.41,42 In contrast to
these findings, in the present study no immunoreactivity
for AE2 was found at the basolateral membrane of the
duct cells and in no case was immunoreactivity found in
the acinar cells. Both antisera against AE2 exhibited a
clear immunostaining restricted to the apical membrane
of striated and interlobular duct cells. This specific local-
ization of AE2 is in accordance with the functionally char-
acterized apical Cl�/HCO3

� exchanger in ducts of the
salivary glands.1,42,43 In this respect, the human parotid
gland produces a final secretion that becomes HCO3

�-
rich and Cl�-poor as secretion rate is increased1 which
argues additionally for a luminal Cl�/HCO3

� exchanger.
Based on our findings, AE2 is at least one anion ex-
changer isoform candidate involved in Cl�/HCO3

� ex-

change in the salivary glands. The co-localization of AE2
and CFTR in the apical membrane of duct cells is com-
pletely in line with the fact that CFTR ultimately regulates
luminal Cl�/HCO3

� exchanger in the submandibular
gland,6 provided that CFTR is correctly folded and posi-
tioned in the plasma membrane.5,6 Intracellularly, the
transportable bicarbonate ions are generated from hy-
dration of CO2 catalyzed by carbonic anhydrase.1 In line
with previous findings,44 we detected CAII in the same
ductal segments of the salivary glands (data not shown)
where AE2 has also been localized suggesting a func-
tional coupling of both proteins as verified for AE1 and
CAII.45

Expression of Guanylin in Pleomorphic
Adenoma and in Warthin Tumors

The salivary glands are afflicted by a greater variety of
neoplasms than any other organ system in the body.46

Approximately 80% of all salivary gland tumors occur in
the parotid gland, where pleomorphic adenoma and War-

Figure 5. Immunohistochemical localization of GC-C (A, B), cGKII (C), CFTR (D, E), and AE2 (F) in the human parotid gland by the avidin-biotin-peroxidase
complex technique. Note that immunoreactivity for all components is exclusively confined to the apical membrane of the duct cells [A, antibody K735; B, K741;
C, EG(1)-PKIIB; D, EG(1)-CFTR122; E, EG(1)-CFTR843; F, EG(1)-AE2]. Original magnifications, �360.
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thin tumors are the most common salivary neoplasms.37

Although the pleomorphic adenoma originates from epi-
thelial cells,47 the cellular origin of the Warthin tumor is
uncertain,37 although current theory suggests that the
tumor arises from heterotopic salivary tissue trapped
within a lymph node during embryogenesis.46

RT-PCR analyses showed that guanylin is expressed
not only in normal salivary gland tissues, but also in
pleomorphic adenoma (n � 3) and in Warthin tumors
(n � 3) of the parotid gland (Figure 6). The existence of
guanylin in these tumors at the translational level was
verified by Western blotting analyses. In extracts of tu-
mors, guanylin antisera identified the immunoreactive
peptide of �12.5-kd molecular mass that co-migrated
with the immunoreactive band observed in normal tissues
(Figure 6). Using immunohistochemistry, all region-spe-
cific guanylin antisera displayed cytoplasmic immunore-
activity of guanylin exclusively in neoplastic epithelial
cells in pleomorphic adenomas (n � 7) and in Warthin
tumors (n � 3) (Figure 6). The fact that guanylin was
found in duct cells of the salivary glands and in epithelial
cells of gland tumors supports the view that this part of
the gland is the origin of a neoplastic proliferation.37 With
regard to the uncertain cellular origin, the presence of

guanylin in Warthin tumors may indicate that this tumor
type originates from the duct cells. Previous studies have
assumed a role of guanylins in tumor tissues. Although
the localization of guanylin is reduced48 or absent49 in
intestinal tumors in mice and humans, high expression of
guanylin is seen in the present study in the salivary gland
tumors. These differences may be because of tumor-
specific expression and function of guanylins. Although
our data suggest similar electrolyte/water secretion reg-
ulatory effects of guanylin in the salivary glands as in the
intestine or pancreas, the nonsecretory anti-tumor ac-
tions of guanylin50,51 may be nevertheless different in
intestinal versus salivary gland tumors.

Conclusions

In the salivary glands, the regulation of composition and
secretion of the saliva is incompletely understood al-
though the role of various neural and humoral stimulants
using cAMP or Ca2� has been documented in this in-
stance.1 However, the function of cGMP in the salivary
gland secretory activity and particularly regulatory pep-
tides using this second messenger remained as yet un-

Figure 6. A: RT-PCR analysis of gene expression of guanylin in the normal human parotid gland (lane 1) and in pleomorphic adenoma (lane 2) of the same
patient with amplification products of correct molecular size. One hundred-bp DNA ladder is indicated (lane L). B: Western blot analysis of guanylin (lanes 1
and 2, antibody K605; lanes 3 and 4, antibody K42) in normal parotid gland (lanes 1 and 3) and in pleomorphic adenoma (lanes 2 and 4) of the same patient.
Note the predominant guanylin immunoreactivity at �12.5 kd in both tissue extracts. C: Immunohistochemistry in pleomorphic adenoma localizes strong guanylin
immunoreactivity (antibody K605) in tumor epithelial cells (arrows). D: In Warthin tumors guanylin immunoreactivity is present in the outer layer of oncocytes
(arrows) (antibody K605). No immunoreactivity is detected in the lymphoid stroma (asterisk). Original magnifications, �360 (C, D).
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defined.1 Based on the present findings it is evident that
not only guanylin but also its receptor GC-C, cGKII,
CFTR, and AE2 are expressed in the salivary glands
assuming functional coupling of these proteins in terms of
guanylin-regulated electrolyte secretion. Thus, in line with
its functional role in the intestine and pancreas9,12,14,18

we expect that guanylin regulates CFTR Cl� channel
function via GC-C, cGMP, and cGKII also in salivary
glands. The integrity and specificity of the guanylin-sig-
naling cascade have been clearly documented by stud-
ies showing that the guanylin effect on Cl� conductance
primarily disappears in transgenic CF-mice and in cGKII-
deficient mice.12,14–16 Therefore, CFTR as a key protein
in electrolyte secretion2,3 was considered as a major
effector of the guanylin signaling pathway.12 In addition,
the regulatory effect of CFTR on bicarbonate secretion in
the submandibular glands by activation of the luminal
Cl�/HCO3

� exchange is functionally well characterized6

although the molecular identity of the anion exchanger
isoform involved as yet remains unclear. In this respect,
the expression of AE2 and particularly its co-localization
with CFTR to the apical membrane of salivary gland duct
cells may indicate that AE2 is the CFTR-dependent Cl�/
HCO3

� exchanger isoform significantly promoting bicar-
bonate secretion in the salivary glands. Based on the
presence of guanylin in secretory duct cells and in the
saliva and the localization of the guanylin receptor GC-C,
cGKII, CFTR, and AE2 restricted to the apical membrane
of the duct cells, we assume that guanylin as an intrinsic
regulatory peptide exerts its function by a luminocrine
route of signaling. Hence, the duct epithelial cells may
predictably release guanylin intraductally (luminally) into
the saliva to activate its receptor that is immediately
located on the apical membrane of the same or neigh-
bored duct epithelial cells. Thus, in addition to the ion-
transporting characteristics, one function of human sali-
vary gland duct cells is apparently synthesis and
secretion of the regulatory peptide guanylin that by its
high expression in salivary gland tumors may also be of
diagnostic value as marker in tumor pathology.47 Be-
cause the conventional histology-based diagnoses of ep-
ithelial and myoepithelial tumors of salivary glands mostly
bear difficulties, we assume that guanylin may be useful
in differentiation and identification of the cellular origin of
the tumors.
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