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Abstract

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cyclic AMP-dependent
protein kinase (PKA) regulated CI~ channel crucial for epithelial cell regulation of salt and water
transport. Previous studies showed that ezrin, an actin binding and A-kinase anchoring protein
(AKAP), facilitates association of PKA with CFTR. We used immunohistochemistry and
immunogold transmission electron microscopy to localize CFTR, ezrin, and PKA type 11
regulatory (RII) and catalytic (C) subunits in striated duct cells of human parotid and
submandibular glands. Immunohistochemistry localized the four proteins mainly to the apical
membrane and apical cytoplasm of striated duct cells. In acinar cells, ezrin localized to the luminal
membrane, and RII was present in secretory granules as previously described. Immunogold
labeling showed that CFTR, PKA RII and C subunits were localized to the luminal membrane and
associated with apical granules and vesicles of striated duct cells. Ezrin was present along the
luminal membrane, on microvilli and along the junctional complexes between cells. Double
labeling showed specific protein associations with apical granules and vesicles and along the
luminal membrane. Ezrin, CFTR and PKA RII and C subunits are co-localized in striated duct
cells, suggesting the presence of signaling complexes that serve to regulate CFTR activity.
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The cystic fibrosis transmembrane conductance regulator (CFTR) is a cyclic AMP-mediated
CI™ channel that regulates equilibrium transport of salt and water (1, 2). CFTR is present in
the luminal or apical cell membrane of airway epithelial cells, pancreatic ductal cells,
intestinal epithelial cells, sweat gland duct cells, and epididymal and vas deferens epithelial
cells (3). The insertion of CFTR into the cell membrane occurs via vesicular transport from
the Golgi complex to the apical region of the cell (4). Numerous mutations in the CFTR
gene lead to misfolded protein products that are degraded in the endoplasmic reticulum, fail
to reach the cell membrane, or have little or no channel activity (4). These gene mutations
cause the inherited chronic disease, cystic fibrosis, characterized by a defective regulation of
epithelial electrolyte and water homeostasis, increased mucus viscosity, chronic infections,
especially of the lung, and early death (5).

In rodent and human salivary glands CFTR has been localized to the luminal membrane of
striated duct cells (6-13), and occasionally in acinar secretory cells (8, 11). Striated duct
cells modify the primary saliva produced by the acinar cells by reabsorption of Na* and CI-,
and secretion of K* and HCOs3™. Studies of saliva secretion in mice with a deletion in Cftr
corresponding to the human AF508 mutation indicate that NaCl reabsorption by striated duct
cells requires both CFTR and the epithelial sodium channel, ENaC (13). The activity of
ENaC is dependent on CFTR in sweat gland ducts (14), and studies using fluorescence
resonance energy transfer (FRET) and co-immunoprecipitation place ENaC and CFTR in
close physical proximity (15).

The cellular processes leading to CFTR activation and opening of the channel involve
binding of cyclic adenosine-3’5’-monophosphate (cyclic AMP) to the regulatory subunits
(RID) of type II cyclic AMP-dependent protein kinase (PKA) and phosphorylation of serine
residues in the regulatory domain of CFTR by the catalytic (C) subunits of PKA (16, 17).
Although the cyclic AMP-PKA signaling pathway has been well studied in salivary glands
(18-21), there is little understanding of how PKA is localized and how it exerts its regulatory
function on CFTR in intact salivary gland cells. Generally, PKA is localized in discrete
cellular compartments by anchoring proteins (A-kinase anchoring proteins, AKAPs),
allowing activation of specific signaling pathways (22). In human salivary glands, PKA RII
subunits are associated with small vesicles in the apical cytoplasm of striated duct cells (23),
suggesting that an AKAP may be present and part of a signaling complex involved in
regulating CFTR activity. In parietal cells of the gastric mucosa, the protein ezrin, which has
a PKA RII binding domain in its central a-helical domain (24), is required for histamine-
stimulated acid secretion (25, 26). Ezrin is a member of the ezrin-radixin-moesin (ERM)
family of proteins, which bind filamentous actin, are associated with adherens junctions and
involved in cortical membrane-cytoskeleton linkages, and participate in signal transduction
(27, 28). These data suggest that ezrin functions in anchoring PKA to specialized regions of
the cells and may be the AKAP involved in a PKA-AKAP-CFTR complex mediating
efficient and localized activation of CFTR by PKA (24, 29).

We hypothesized that ezrin is an AKAP in human salivary gland duct cells, anchoring PKA
to CFTR via the RII subunit. The objective of this study was to identify PKA, CFTR and
ezrin in human salivary glands, employing immunohistochemistry and immunogold electron
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microscopy, in order to determine if they are co-localized and could function as a signaling
complex that regulates CFTR activity in striated duct cells.

Materials and methods

Tissue Preparation

Normal human salivary gland tissues (4 parotid glands and 7 submandibular glands) were
obtained from 11 consenting patients undergoing surgery at the Otorhinolaryngology Clinic
at the University of Cagliari, Cagliari, Italy. All procedures were approved by the Human
Experimentation Committee, University of Cagliari. The use of these samples at the
University of Connecticut Health Center (UCHC) was approved by the UCHC Institutional
Review Board. For light microscopic immunohistochemistry, the tissue samples were fixed
overnight in 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, then stored
in 1% paraformaldehyde in cacodylate buffer. The tissues were embedded in paraffin and 5-
um sections were collected on coated slides. For electron microscopic studies, the tissue
samples were cut into small pieces, fixed for 2-3 h in 3% paraformaldehyde-0.1%
glutaraldehyde in cacodylate buffer, then stored in 1% paraformaldehyde. The samples were
embedded in LR White resin at 50°C overnight, and thin sections were cut with a diamond
knife and collected on formvar-coated 200-400 mesh nickel specimen grids.

Immunolabeling and Microscopy

For light microscopic immunohistochemistry, the sections were deparaffinized and
rehydrated, subjected to antigen retrieval in 5% urea/0.05 M B-mercaptoethanol at 95°C for
10 min and treated with 0.3% H»0O, in 85% methanol to block endogenous peroxidase
activity.

Non-specific binding was blocked with 1% bovine serum albumin (BSA)/5% normal serum
in phosphate buffered saline (PBS), then the sections were incubated for 1 h at room
temperature with the primary antibody diluted in the blocking buffer. The antibodies used
and their dilutions are shown in Table 1. Bound antibodies were detected with biotinylated
secondary antibody, followed by an ABC reagent (Vector Laboratories, Burlingame, CA,
USA) and diaminobenzidine-H,O, for color development. The sections were lightly stained
with hematoxylin, dehydrated and coverslipped with DPX. Controls included omission of
the primary antibody and substitution of the primary with non-immune IgG. The sections
were examined and photographed in a Leica Orthoplan brightfield microscope equipped
with a Nikon digital camera. The images were transferred to a Macintosh G4 computer, and
a background white correction was made using Adobe Photoshop version 7.0.1

Electron microscopic immunogold labeling was performed as described previously (32). To
block non-specific binding, the thin sections were treated with BSA and normal serum in
PBS, or a combination of ovalbumin, fish gelatin, Tween 20 and Tris buffer with 0.5 M
NaCl. Primary antibodies were diluted in the same blocking solution, and incubated
overnight at 4°C. Dilutions of the primary antibodies were selected based on optimal
conditions that minimized background and maximized protein labeling. The bound primary
antibodies were detected by gold-labeled goat anti-mouse IgG (10 nm diameter gold
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particles) or goat anti-rabbit IgG (15 nm diameter) (Auroprobe, GE Healthcare, City?, UK;
or Aurion, Electron Microscopy Sciences, Hatfield, PA, USA), which were incubated with
the thin sections for 1 h at room temperature. Control incubations were performed as
described for light microscopy.

The labeled thin sections were stained with uranyl acetate and lead citrate, and then
examined and photographed in a JEOL 100CX or Philips CM10 transmission electron
microscope at 60 kV. The negatives were scanned at 1200 ppi on an Epson Perfection V750
Pro scanner, and levels and contrast were adjusted in Photoshop.

Semiquantitative Analyses

Results

For estimation of the immunogold labeling density x sections from y patient samples were
investigated. All labeled regions of striated ducts visible in the thin sections were
photographed. The labeling density (gold particles/unit length) of the apical, lateral and
basal cell membranes for the four proteins (CFTR, ezrin, PKA C and RII subunits) was
determined using a grid overlay technique. Using Photoshop, a grid pattern with a spacing
equivalent to 0.5 um was placed over each high magnification TEM image. The total
number of intersections of the plasma membrane segment with the horizontal and vertical
grid lines was counted for each micrograph. The number of membrane-associated gold
particles, defined as those lying within 30 nm of either side of the membrane, was counted.
The distance of 30 nm was based on the estimated size of the primary antibody-
immunoglobulin-gold complex. The labeling density was calculated as N/(m/4)eId, where N
= the number of gold particles, I = the number of membrane intersections, and d = the grid
spacing (33). A total of 7-21 micrographs were counted for each protein. The mean value of
the immunogold labeling of each of the three membrane domains of interest was calculated
from all micrographs for each protein. These mean values were subjected to statistical
analyses using the ANOVA and t-test functions in Microsoft Excel.

The labeling of small granules and vesicles in the apical cytoplasm of the duct cells also was
determined. The total number of granules and vesicles, and the number of labeled granules
and vesicles (gold particles lying over or within 30 nm of the granule or vesicle), were
counted in each micrograph, and the percentage of labeled granules and vesicles was
calculated. A total of 3-11 micrographs were counted for each protein.

Light Microscopic Immunohistochemistry

Reactivity for ezrin, PKA RII and C subunits, and CFTR was seen in striated ducts of the
parotid and submandibular glands (Fig. 1). Ezrin immunolabeling was seen mainly along the
luminal membranes of the acinar cells and the striated and intercalated duct cells.
Additionally, the intercellular canaliculi between adjacent acinar cells were strongly labeled
(Fig. 1A). The type II regulatory (RII) subunits of PKA were present in the apical
cytoplasm, and occasionally in the perinuclear and basal regions of the striated duct cells
(Fig. 1B, C). Increased labeling intensity was frequently seen along the luminal membrane.
In acinar cells RII reactivity was strongest in the apical region; previous studies have shown
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that this reactivity is associated with secretory granules (23). Reactivity for the catalytic (C)
subunits of PKA was observed along the luminal membrane of striated duct cells (Fig. 1D).
Additionally, the basal and perinuclear regions of most duct cells showed PKA C reactivity.
Reactivity for CFTR was seen in striated duct cells, but not in intercalated duct cells or
acinar cells (Fig. 1E, F). Labeling was present in the apical, perinuclear and basal regions of
the striated duct cells, and frequently along the luminal membrane. The endothelium of
arterioles small arteries, and some capillaries and venules also showed reactivity for CFTR,
as described by others (34). Control sections incubated without primary antibody or with
non-immune IgG instead of primary antibody (Fig. 1G) showed no reactivity in any
structures.

Electron Microscopic Immunogold Labeling

Gold particles representing ezrin were present along the luminal, lateral and basal plasma
membranes of striated duct cells (Fig. 2). At the luminal surface, gold particles were mainly
along the cytoplasmic face of the membrane, associated with the cortical actin network, and
with the microvilli (Fig. 2A, B). Numerous gold particles were present near the junctional
complexes and their cytoskeletal components (Fig. 2C). Gold particles also were present in
regions of membrane infoldings and interdigitation along the lateral and basal membranes
(Fig. 2D). Ezrin also was associated with the membranes of small apical vesicles and
granules.

The RII subunits of PKA were present throughout the cytoplasm of the striated duct cells but
were more concentrated in the apical region (Fig. 3A). Additionally, gold particles
representing RII were associated with small apical granules and vesicles, as well as along
the luminal membrane and associated with microvilli. The C subunits of PKA were also
found throughout the cytoplasm of the striated duct cells, but with an increased
concentration of gold particles associated with small vesicles in the apical cytoplasm of the
duct cells (Fig. 3B).

Gold particles indicating the presence of CFTR were mainly associated with small granules
and vesicles in the apical cytoplasm of striated duct cells (Fig. 4). Some gold particles were
associated with the luminal membrane (Fig. 4; see also Fig. 7), and to a lesser extent with
the lateral and basal plasma membranes. Gold particles also were observed over saccules
and vesicles of the Golgi complex (not shown). The localization of CFTR in these
cytoplasmic organelles correlates with its distribution observed by light microscopic
immunohistochemistry.

Thin sections incubated without primary antibody or with non-immune IgG instead of
primary antibody served as controls (not shown). Only a few randomly scattered gold
particles were seen on the sections, with no consistent relationship to cell membranes or
organelles.

Semiquantitative analysis of the labeling density (gold particles /um?) of striated duct cell
membranes showed that the apical membrane had the highest labeling density for each of
the four proteins, followed by the lateral membranes and the basal membranes (Fig. 5). The
differences in calculated labeling density among the three membrane domains were
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significant for ezrin (p<0.001), PKA RII (p<0.001) and CFTR (p<0.05), but not for PKA C
(p=0.58), as determined by ANOVA. The percentage of apical granules and vesicles labeled
for each of the four proteins ranged from ~ 17% to 32% (Fig. 6). There was no difference in
the percentage of vesicles labeled as determined by ANOVA (p=0.25).

In sections that were double labeled for PKA RII and CFTR using 15 nm and 10 nm gold
particles, respectively, some small apical granules and vesicles were labeled for both
proteins (Fig. 7). Other double labeling combinations (ezrin — PKA C; PKA RII — PKA C)
showed some granules and vesicles also were labeled for both proteins. The percentage of
double labeled vesicles was small (PKA RII — CFTR, 13%; ezrin — PKA C, 12.7%; PKA RII
—PKA C, 4.5%); however, the actual proportion of vesicles with two or more of these
proteins may be greater, considering that the labeling efficiencies of the various antibodies
on plastic sections are less than 100%, and not all of the proteins associated with a single
vesicle are exposed at the section surface and accessible to the antibodies.

Discussion

The present results indicate that ezrin, CFTR and PKA RII and C subunits are localized to
the luminal membrane and apical granules and vesicles of striated duct cells of human
salivary glands. CFTR is required for the reabsorption of CI~ (and for ENaC channel
expression and activity) by striated duct cells (11, 13), and Na* and CI~ concentrations are
increased in saliva of cystic fibrosis patients (35, 36). Ezrin is an actin binding protein and
has been shown to function as an AKAP, binding to the regulatory subunits of both type I
and type IT PKA (RI and RII) (24, 37). Additionally, ezrin binds to the C-terminus of CFTR
via the PDZ domain-containing protein ezrin/radixin/moesin binding protein of 50 kDa/
Na*/H* exchanger regulatory factor 1 (EBP50/NHERF1) (3, 38, 39). CFTR is regulated by
phosphorylation of its regulatory domain by type II PKA, and its localization and function
are dependent upon interactions with ezrin, EBPS0/NHERF]1 and the actin cytoskeleton (3,
40, 41).

Our results show that four of the five components constituting the molecular complex
required for CI~ reabsorption are present in the apical cytoplasm of salivary gland striated
duct cells (Fig. 8). The localization of CFTR in striated duct cells of human salivary glands
is consistent with previous studies in rats, where it was localized to the luminal membrane
and apical vesicles and granules (6, 9). The presence of CFTR in elements of the Golgi
complex and apical vesicles and granules most likely represents its intracellular synthetic
and transport pathways. The apical granules of striated duct cells are components of the
exocytic pathway; in rodents and primates they have been shown to contain kallikrein (42,
43), which is secreted into saliva by the duct cells. While some apical vesicles also may be
components of the exocytic pathway, it is clear that some of them are endocytic in nature.
Native and cationized ferritin infused into the duct system are taken up in small vesicles and
tubules by striated duct cells (44), and apical vesicles label with antibodies to molecular
markers of endosomes (6). Most of the internalized CFTR appears to be recycled back to the
plasma membrane (45).
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Ezrin was shown to be present at the luminal surface of acinar cells and ducts of human
labial salivary glands (46). In the acinar cells ezrin was mainly associated with microvilli on
the luminal cell surface. Our results confirm the localization of ezrin to the luminal surface
of the acinar cells. Additionally, we show that it is associated with the cytoskeleton of the
luminal and basolateral membranes, the microvilli and the junctional complexes of striated
duct cells. This distribution is consistent with the actin binding function of ezrin.
Furthermore, its association with the luminal membrane places it in the location necessary
for anchoring PKA in position to phosphorylate luminal membrane proteins, such as CFTR.

Protein kinase A functions to regulate many cellular processes. A-kinase anchoring proteins
serve to localize PKA to specific cytoplasmic regions and ensure specificity of substrate
phosphorylation (22). The presence of PKA RII and C subunits in several cytoplasmic
regions of striated duct cells presumably reflects binding to other AKAPs and their role in a
variety of cellular functions. We previously demonstrated that PKA RII is present in the
secretory granules of human salivary gland acinar cells (23), and is secreted into saliva (47).
The present results confirm that PKA RII is associated with small secretory granules and
vesicles in the apical cytoplasm of human striated duct cells (23), as well as with the apical
cell membrane. We now show that PKA C subunits also are associated with these small
granules and vesicles. These results indicate that the PKA holoenzyme is appropriately
localized to function in the regulation of electrolyte reabsorption by striated duct cells.

Activation of PKA, resulting in dissociation of its R and C subunits and leading to substrate
phosphorylation, requires increased local concentration of cyclic AMP, its binding to the R
subunits and dissociation of the holoenzyme. We recently have shown that the alpha subunit
of the heterotrimeric Gq signaling protein is present in the apical region of mouse striated
duct cells (48), and previous studies demonstrated that stimulation by isoproterenol,
norepinephrine and forskolin resulted in increased cyclic AMP content in isolated rabbit
striated ducts (49, 50). Thus, in some mammalian species, and probably in humans, striated
duct cells express the components of the cyclic AMP signaling pathway, -adrenergic
receptors, G, and adenylate cyclase, necessary to increase cyclic AMP levels and activate
PKA. Immunohistochemical studies of human sweat gland duct cells (51) and airway
epithelial cells (52, 53) have shown that several components of the cyclic AMP-PKA
signaling pathway are present with CFTR along the apical cell membranes.

Other proteins also may participate in the regulation of CFTR in striated duct cells.
Regulation of CFTR may occur by extracellular ATP activation of P2Y, receptors and
phosphorylation by protein kinase C, both of which are present in salivary gland duct cells
(12, 54, 55). Shank?2, a PDZ domain-containing protein, binds to the C-terminal of CFTR
and to the cyclic AMP-specific phosphodiesterase 4D (PDE4D) (3, 56, 57). Modulation of
cyclic AMPPKA signaling by Shank2-PDE4D may provide an additional mechanism for
regulation of CFTR activity. However, neither of these proteins, or other kinases and
phosphatases shown to associate with and regulate CFTR activity (58), have been
demonstrated in human striated duct cells.

Mutations involving CFTR or its interacting partners causing mislocalization and/or altered
activity result in altered salivary gland function. Patients with cystic fibrosis exhibit changes
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salivary electrolyte and protein composition (36, 59). The present results provide new

information on the localization and compartmentalization of signaling proteins that lead to

the selective activation of CFTR in striated duct cells of human salivary glands. Further

studies should explore the localization and function of other scaffolding and signaling

proteins that may regulate CFTR localization and activity in these cells.
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Figure 1.
Light microscopic localization of ezrin, PKA and CFTR in human salivary glands. A: SMG;

ezrin reactivity is present around the lumen and along the intercellular canaliculi in secretory
acini (AC), and around the lumen of intercalated duct (ID) cells. Inset: Parotid; ezrin is
present along the luminal surface of striated duct cells (SD). B, C: In striated duct cells, RII
subunits of PKA are present along the luminal membrane (arrowheads) and in the apical
cytoplasm; in some cells reactivity also is present in the basal cytoplasm. In acinar cells, RIT
is present mainly in the apical region. B, SMG; C, parotid gland. D: SMG; C subunits of
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PKA are present along the luminal membrane (arrowheads) and in the basal cytoplasm of
striated duct cells. E: SMG; CFTR is present along the luminal membrane (arrowheads) of
striated duct cells, in the apical cytoplasm, and in the basal cytoplasm of some cells. No
reactivity is present in the acini. F: Parotid; CFTR reactivity is present along the luminal
membrane (arrowheads) and in the apical cytoplasm of striated duct cells. G: SMG; no
labeling is seen in control sections incubated with non-immune IgG instead of primary
antibody. Scale bars = 20 um.
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Figure 2.
Electron microscopic localization of ezrin in striated duct cells. Gold particles indicating

ezrin reactivity are associated with the luminal membrane (A) and microvilli (MV) (B), the
lateral membranes especially in relation to intercellular junctions and associated cytoskeletal
components (C), and the basal membrane infoldings (D). Tight junction (TJ); zonula
adherens (ZA); desmosome (D); mitochondrion (M). Scale bars = 0.25 pm.
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Figure 3.
Electron microscopic localization of PKA in striated duct cells. A: RII subunits of PKA are

present along the luminal membrane and microvilli (MV), and are associated with apical
granules and vesicles (arrowheads). B: Catalytic (C) subunits of PKA are mainly associated
with apical granules and vesicles. Scale bars = 0.25 pm.
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Figure 4.
CFTR is mainly associated with apical granules and vesicles of striated duct cells. The

arrows indicate particles associated with the apical membrane. Scale bar = 0.25 um.
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Figure 5.
Immunogold labeling of striated duct cell plasma membranes. Quantitative analysis showed

that the labeling density of all four proteins was greatest for the apical membrane, and that a
gradual decrease in density occurs from apical to lateral to basal membranes.
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Figure 6.
Percentage (+ SEM) of apical granules/vesicles in striated duct cells labeled for RII, PKA-C,

CFTR or ezrin.
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Figure 7.
Double labeling for RII (15 nm gold particles) and CFTR (10 nm gold particles) in parotid

striated duct cells. RII is present along the luminal membrane and associated with apical

granules and vesicles. CFTR is mainly associated with granules and vesicles; gold particles
representing CFTR also are associated with the luminal membranes (arrows). Arrowheads
indicate granules and vesicles labeled for both RII and CFTR. Scale bars = 0.25 pm; upper
inset = 0.1 pum.
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Figure 8.
Schematic depicting possible CFTR-PKA-ezrin interaction at the apical membrane of

striated duct cells allowing for rapid and efficient activation of the CFTR channel. PKA is
anchored to ezrin via its RII subunits; ezrin in turn binds to EBP50/NHERF1, which has 2
PDZ domains that interact with the PDZ binding motif at the C-terminus of CFTR. Ezrin
also binds to actin, which stabilizes the entire complex near the luminal membrane. Not
shown are the heterotrimeric G protein (48) and other components of signaling pathways
demonstrated (in other systems) or presumed to be involved with CFTR localization and
activation (B-adrenergic receptor, P2Y, receptor, adenylate cyclase, protein kinase C, etc.).
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Table 1

Antibodies Used for Light and Electron Microscopic Immunolabeling

Antibody Source Catalog No. Dilution - LM  Dilution - EM
Rabbit anti-CFTR Chemicon AB3555 1:40 - 1:75 1:5-1:20
Mouse monoclonal anti-CFTR R&D Systems MAB1660 - 1:10 - 1:25
Mouse monoclonal anti-ezrin Sigma-Aldrich E8897 - 1:20
Rabbit anti-ezrin Abcam ab41672 1:150 — 1:400 1:10 - 1:100
Mouse monoclonal anti-PKA C subunit Abcam ab64596 1:50 - 1:100 1:10 - 1:30
Rabbit anti-PKA RII subunit M. Mednieks Ref. no. 30,31  1:500 - 1:1000 1:250 - 1:500
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