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Soluble adenylyl cyclase is an acid-base sensor in epithelial base-secreting
cells

Jinae N. Roa and Martin Tresguerres
Marine Biology Research Division, Scripps Institution of Oceanography, University of California San Diego, La Jolla,
California

Submitted 31 March 2016; accepted in final form 16 June 2016

Roa JN, Tresguerres M. Soluble adenylyl cyclase is an acid-base
sensor in epithelial base-secreting cells. Am J Physiol Cell Physiol
311: C340 –C349, 2016. First published June 22, 2016;
doi:10.1152/ajpcell.00089.2016.—Blood acid-base regulation by spe-
cialized epithelia, such as gills and kidney, requires the ability to sense
blood acid-base status. Here, we developed primary cultures of ray
(Urolophus halleri) gill cells to study mechanisms for acid-base
sensing without the interference of whole animal hormonal regulation.
Ray gills have abundant base-secreting cells, identified by their
noticeable expression of vacuolar-type H�-ATPase (VHA), and also
express the evolutionarily conserved acid-base sensor soluble adeny-
lyl cyclase (sAC). Exposure of cultured cells to extracellular alkalosis
(pH 8.0, 40 mM HCO3

�) triggered VHA translocation to the cell
membrane, similar to previous reports in live animals experiencing
blood alkalosis. VHA translocation was dependent on sAC, as it was
blocked by the sAC-specific inhibitor KH7. Ray gill base-secreting
cells also express transmembrane adenylyl cyclases (tmACs); how-
ever, tmAC inhibition by 2=,5=-dideoxyadenosine did not prevent
alkalosis-dependent VHA translocation, and tmAC activation by for-
skolin reduced the abundance of VHA at the cell membrane. This
study demonstrates that sAC is a necessary and sufficient sensor of
extracellular alkalosis in ray gill base-secreting cells. In addition, this
study indicates that different sources of cAMP differentially modulate
cell biology.

soluble adenylyl cyclase; pH sensing; proton pump; cAMP; gill

REGULATION OF SYSTEMIC acid-base status is essential for animal
homeostasis. Vertebrates developed specialized epithelia that
transport H�, HCO3

�, and other acid-base-relevant ions be-
tween the blood and the external environment, thus maintain-
ing a stable internal milieu (14, 20, 35). For example,
specialized cells in kidney and gill epithelia either secrete
H� and absorb HCO3

� to correct blood acidosis or secrete
HCO3

� and absorb H� to correct blood alkalosis (13, 47).
Regulation and coordination of H� and HCO3

� secretion and
absorption rely on the ability of these cells to sense blood
acid-base status; however, the molecular and cellular sens-
ing mechanisms are largely unknown. Soluble adenylyl
cyclase (sAC, adcy10) is one of the few evolutionarily
conserved acid-base sensors identified to date (7, 10). Like
the traditional transmembrane adenylyl cyclases (tmACs,
adcy1-9), sAC produces cAMP and, therefore, can poten-
tially modulate multiple aspects of cell biology via PKA-
dependent phosphorylation, exchange protein regulated by
cAMP, and cyclic nucleotide-gated channels (42). However,
unlike tmACs, which are modulated by hormonal/G protein-
coupled receptor (GPCR) pathways, sAC activity is, instead,

directly responsive to CO2, pH, and HCO3
� levels (38). The

fact that sAC and tmACs can coexist in the same cell raises
the following question: How can the same messenger mole-
cule, in this case cAMP, modulate multiple aspects of cell
biology in a coordinated fashion? A potential explanation
involves “cAMP microdomains,” each with a distinct source of
cAMP and phosphodiesterases that restrict cross-communica-
tion of cAMP from the different sources (reviewed in Refs. 11
and 42).

In �-intercalated cells (�-ICs) of the mammalian kidney
distal tubule, sAC colocalizes with vacuolar-type H�-ATPase
(VHA) at the apical pole (14, 20, 26, 35). In isolated �-ICs,
cell-permeable cAMP induced insertion of VHA into the apical
membrane, as well as elongation of microvilli and upregulation
of H� secretion (13, 27, 47), and in �-ICs from kidney slices,
addition of the sAC-specific inhibitor KH7 reduced VHA
insertion into the apical membrane (7, 10, 15). However, a
direct relationship between acid-base sensing by sAC and
apical VHA accumulation has yet to be established in �-ICs, in
part because �-ICs are relatively scarce and difficult to identify
in culture and because isolated �-ICs, as well as kidney slices,
cannot withstand experimental acid-base conditions that devi-
ate from ideal (pH 7.4, �25 mM HCO3

�, 5% CO2) (5, 15, 42).
However, research on clear cells of the mammalian epididymis
has advanced our mechanistic understanding about acid-base
sensing and H� secretion in renal �-ICs, because they are func-
tionally and embryologically similar (19, 38), and, unlike renal
tubules, they can be isolated and perfused with saline solutions
with a wide pH and HCO3

� concentration range (11, 25, 42). In
clear cells, sensing of luminal alkalization by sAC and subsequent
cAMP production trigger the insertion of VHA into the apical
membrane and H� secretion into the lumen, a process used to
maintain the acidic luminal pH required to maintain sperm in the
quiescent state (25).

The mammalian distal tubule also regulates systemic acid-
base status with �-intercalated cells (�-ICs), which secrete
HCO3

� in exchange for luminal Cl� via apical pendrin anion
exchangers (31) and absorb H� via basolateral VHA (6). sAC
colocalizes with pendrin at the apical pole of �-ICs and with
VHA near the basolateral membrane (26), suggesting that sAC
senses the acid-base status and regulates the activity of pendrin
and VHA accordingly; however, functional studies on acid-
base sensing and regulation in �-ICs are scarce. The base-
secreting cells in the gill of elasmobranch fishes (e.g., sharks,
skates, and rays) provide a great surrogate model to �-ICs, as
they also express VHA (28, 39), pendrin (28, 30), and sAC
(44). These cells can simply be referred to as “VHA-rich cells,”
because, unlike mammalian kidney cells, they are the only gill
cells that express noticeable amounts of VHA (39). Further-
more, elasmobranchs experience pronounced postprandial

Address for reprint requests and other correspondence: M. Tresguerres,
9500 Gilman Dr., Mail Code 0202, La Jolla, CA 92093 (e-mail:
mtresguerres@ucsd.edu).

Am J Physiol Cell Physiol 311: C340–C349, 2016.
First published June 22, 2016; doi:10.1152/ajpcell.00089.2016.

0363-6143/16 Copyright © 2016 the American Physiological Society http://www.ajpcell.orgC340

 by guest on A
ugust 9, 2016

http://ajpcell.physiology.org/
D

ow
nloaded from

 

mailto:mtresguerres@ucsd.edu
http://ajpcell.physiology.org/


blood alkalosis after feeding, whereby pH can increase by
�0.3 pH units and HCO3

� concentration can more than double
(from �4 to �10 mM, depending on meal size) over 24 h
(48–50). These characteristics are major advantages for induc-
ing experimental alkalosis without compromising cell viability.
Elasmobranchs provide two additional advantages for studies
on acid-base sensing and regulation: 1) unlike mammals,
which use both lungs and kidneys for blood acid-base regula-
tion, elasmobranchs exclusively rely on their gills to maintain
blood acid-base homeostasis (17), and 2) unlike the mamma-
lian kidney and bony fish gills, elasmobranch gills transport
ions only for acid-base purposes and are not involved in NaCl
transport for salt and osmoregulation (for which elasmo-
branches use their unique rectal gland) (17). These two char-
acteristics allow study of acid-base regulatory mechanisms
without the interference of osmoregulation, thus facilitating
interpretation of results.

Experiments with live sharks have provided abundant mech-
anistic information about acid-base sensing and regulation:
sAC triggered the translocation of VHA from cytoplasmic
vesicles into the basolateral membrane of VHA-rich cells in
response to blood alkalosis (44) through a mechanism that also
depends on carbonic anhydrases (CAs) (45) and functional
microtubules (43). Blocking VHA translocation with pharma-
cological inhibitors of sAC, CA, and microtubule assembly
prevented sharks from effectively regulating blood acid-base
homeostasis, indicating that basolateral VHA absorbs H� into
the blood and powers apical HCO3

� into seawater to correct
blood alkalosis (43–45). However, since those experiments
were performed on live, whole animals, it is unclear if direct
sensing by sAC is sufficient or if hormonal control also
contributes to the acid-base-sensing mechanism of VHA-rich
cells. However, this and other mechanistic aspects of acid-base

sensing, signal transduction, and acid-base regulation can be
studied only in cell cultures.

In this study we developed primary gill cell cultures from the
Pacific round ray (Urolophus halleri) to study acid-base sens-
ing by sAC in base-secreting VHA-rich cells. Similar to native
elasmobranch gill epithelium (30), isolated VHA-rich cells had
a large number of mitochondria and expressed both sAC and
tmACs. Exposure of isolated gill cells to extracellular alkalosis
led to VHA translocation from the cytoplasm to the cell
membrane in a sAC-dependent manner, confirming sAC as a
necessary acid-base sensor in base-secreting cells. Further-
more, the tmAC agonist forskolin induced removal of VHA
from the cell membrane, supporting the presence of cAMP
microdomains in ray gill base-secreting cells.

METHODS

Experimental animals. All experiments were approved by the
Scripps Institute of Oceanography-University of California San Diego
Animal Care Committee under protocol number S10320 in compli-
ance with the Institutional Animal Care and Use Committee guide-
lines for the care and use of experimental animals. Round rays were
caught from La Jolla Shores, CA, housed in tanks with flowing
seawater, and fed chopped squid or mackerel three times a week. Gill
samples for cell isolation experiments were collected 2–3 days after
the animals were fed.

Gill tissue sampling. Specimens were euthanized by an overdose of
tricaine methanesulfonate (0.5 g/l), and gill samples were taken for the
different experimental procedures. For immunohistochemistry, gill
samples were fixed in 0.2 M cacodylate buffer, 3.2% paraformalde-
hyde, and 0.3% glutaraldehyde for 6 h, transferred to 50% ethanol for
6 h, and stored in 70% ethanol until further processing, as described
by Tresguerres et al. (39). For Western blot analysis, gill samples were
flash-frozen in liquid nitrogen and stored at �80°C.

Fig. 1. Soluble adenylyl cyclase (sAC) in ray
gills. A: anti-dogfish sAC (dfsAC) antibodies
specifically recognized a 110-kDa shark sAC
band in Western blots from gill crude homog-
enate, but not in peptide preabsorption control
blots. B–D: sAC immunoreactivity was highly
abundant in gill cells, with sAC (B, green) and
vacuolar-type H�-ATPase (VHA; C, red) im-
munoreactivity colocalized in VHA-rich base-
secreting cells along the interlamellar gill re-
gion (D). Nuclei stained blue. Scale bars �
20 	m.
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Antibodies and reagents. Two custom-made polyclonal rabbit an-
tibodies were used, one against a conserved peptide in the VHA
B-subunit (30) (AREEVPGRRGFPGY) and the other against an
epitope in the second catalytic domain of dogfish sAC (dfsAC) (44)
(INNEFRNYQGRINKC). The anti-VHA antibodies specifically rec-
ognize the conserved VHA B-subunit in sharks (30, 44), corals (1),
and marine worms (40). Another custom-made anti-VHA monoclonal
mouse antibody against the same peptide was used to colocalize VHA
and sAC on the same histological sections. BODIPY FL forskolin dye
(Thermo Fisher Scientific, Waltham, MA) was used to determine
tmAC localization [recently used to localize tmACs in mammalian
cell cultures (8, 22) and zebrafish (21)], and MitoTracker Red
(Thermo Fisher Scientific) was used to stain mitochondria in live
cells. KH7 was a kind gift of Dr. Lonny Levin and Dr. Jochen Buck
(Weill Cornell Medical College); forskolin and adenosine 3=,5=-cyclic
monophosphorothioate (Sp-cAMP) were purchased from Enzo Life

Sciences (Farmingdale, NY), and 2=,5=-dideoxyadenosine (DDA) was
obtained from CalBiotech (Spring Valley, CA).

Western blotting. A procedure similar to that described by Roa et
al. (30) was used to process frozen gill samples for Western blotting.
Total protein (20 	g) was separated on a 7.5% polyacrylamide mini
gel (60 V for 15 min, 200 V for 45 min) and transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules,
CA). After transfer, PVDF membranes were incubated in blocking
buffer (Tris-buffered saline, 1% Tween, and 5% milk) at room
temperature for 1 h and incubated in the primary antibody at 4°C
overnight (3 	g/ml anti-dfsAC). PVDF membranes were washed
three times and incubated in secondary antibody (1:10,000 dilution) at
room temperature for 1 h. Bands were made visible through addition
of ECL Prime Western blotting detection reagent (GE Healthcare,
Waukesha, WI) and imaged and analyzed in a Bio-Rad Universal III
hood using ImageQuant software (Bio-Rad). PVDF membranes incu-

Fig. 2. Transmembrane adenylyl cyclases (tmACs) in vacuolar-type H�-
ATPase (VHA)-rich cells. A–C: VHA immunoreactivity (A, red) and BODIPY
FL forskolin-labeled tmACs (B, green) are present together in cells along the
interlamellar gill region (C). Nuclei stained blue. Scale bars � 20 	m.

Fig. 3. Soluble adenylyl cyclase (sAC) and transmembrane adenylyl cyclases
(tmACs) in ray gills. A–C: sAC immunoreactivity (A, red) and BODIPY FL
forskolin-labeled tmACs (B, green) are present together in cells along the
interlamellar gill region (C). Nuclei stained blue. Scale bars � 20 	m.
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bated in blocking buffer with anti-dfsAC antibodies and threefold
excess blocking peptide served as control and did not show any bands.

Immunohistochemistry. Gills fixed and stored in 70% ethanol as
described above were processed using a procedure similar to that
described by Roa et al. (30). Sections were blocked for 1 h (PBS, 2%
normal goat serum, and 0.02% keyhole limpet hemocyanin, pH 7.7)
and then incubated in the primary antibody overnight at 4°C (6 	g/ml
anti-VHA, 12 	g/ml anti-dfsAC, and 10 	M BODIPY FL forskolin).
Slides were washed three times in PBS, incubated in the appropriate
secondary antibody (1:500 dilution) at room temperature for 1 h,
incubated with the nuclear stain Hoechst 33342 (Invitrogen, Grand
Island, NY; 5 	g/ml) for 5 min, washed three times in PBS, and
permanently mounted in FluoroGel with Tris buffer (Electron Micros-
copy Sciences, Hatfield, PA). Immunofluorescence was detected using
an epifluorescence microscope (Zeiss AxioObserver Z1) connected to
a metal halide lamp and appropriate filters. Zeiss Axiovision software
and Adobe Photoshop were used to adjust digital images for bright-
ness and contrast only. Antigen retrieval was required for anti-dfsAC,
which involved incubating slides in heated (95°C) citrate unmasking
buffer (10 mM citric acid and 0.05% Tween 20, pH 6.0) for 30 min
following rehydration. For anti-dfsAC, control sections incubated in
blocking buffer with anti-dfsAC antibodies and 300-fold excess
blocking peptide showed no visible sAC immunoreactivity.

Colocalization of sAC, VHA, and tmACs. For immunolocalization
of sAC to VHA-rich cells, sections were processed as described above
but incubated in a mixture of anti-dfsAC (rabbit) and anti-VHA
(mouse) antibodies overnight and then in a mixture of goat anti-rabbit
and anti-mouse secondary antibodies. Similarly, mixtures of BODIPY
FL forskolin dye with anti-dfsAC or anti-VHA antibodies were used
to colocalize tmACs with sAC or VHA, with sections incubated in
BODIPY FL forskolin (30 min) and treated as described above.

Isolated gill cells. A collagenase digestion protocol used for iso-
lating cells from trout gills (24) was optimized for ray gills. Gills were
perfused through the heart with 50 ml of ice-cold heparinized shark
saline (280 mM NaCl, 6 mM KCl, 5 mM NaHCO3, 3 mM MgCl2, 0.5
mM NaSO4, 1 mM Na2HPO4, 350 mM urea, 70 mM trimethylamine
N-oxide, 5 mM glucose, and 1:100 dilution of protease inhibitor

Fig. 4. Soluble adenylyl cyclase (sAC) in
isolated gill cells. A–C: arrows indicate iso-
lated mitochondrion-rich acid-base regulatory
cells. sAC immunoreactivity was cytoplasmic
(A, green), with viable mitochondrion-rich
cells identified with MitoTracker Red (B, red),
and merged image (C). D: higher magnifica-
tion of the cell marked with an asterisk. Nuclei
stained blue. Scale bars � 20 	m.

Fig. 5. Transmembrane adenylyl cyclase (tmAC) activity in ray gills. A and B:
forskolin (10 	M) stimulated a 4-fold increase in cAMP over control cAMP
concentrations (�), which was inhibited by low concentrations of 2=,5=-
dideoxyadenosine (DDA, IC50 � 35 	M), but not KH7 (IC50 �1 mM).
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cocktail, pH 7.7), and 5-mm-wide sections were dissected and incu-
bated for 20 min (3 times) in a collagenase-saline solution (0.2
mg/ml). Cell suspensions were filtered onto a 50:50 FBS-saline
solution to inactivate collagenase activity. Final cell suspensions were

washed (3 times) with 10 ml of saline solution, centrifuged at 1,500 g
(4°C), resuspended in 5 ml of saline solution, plated onto poly-L-
lysine-coated coverslips, and allowed to settle for 2 h. After cells
recovered, they were exposed to control saline (�DMSO), saline

Fig. 6. Vacuolar-type H�-ATPase (VHA) translocates to the cell membrane of isolated base-secreting cells exposed to extracellular alkalosis. Representative
images of 5 separate cells (all cells from the same ray) show VHA (green) localization in isolated cells exposed to control (5 mM HCO3

�, pH 7.75, n � 59),
NaCl (5 mM HCO3

� � 40 mM NaCl, pH 7.75, n � 60), Bic (40 mM HCO3
�, pH 8.0, n � 56), Bic � KH7 (50 	M KH7 � 40 mM HCO3

�, pH 8.0, n � 60),
Bic � DDA (100 	M DDA � 40 mM HCO3

�, pH 8.0, n � 60), NaCl � Fsk (10 	M forskolin � 5 mM HCO3
� � 40 mM NaCl, pH 7.75, n � 60), and NaCl �

cAMP (1 mM Sp-cAMP � 5 mM HCO3
� � 40 mM NaCl, pH 7.75, n � 40). VHA was cytoplasmic in cells exposed to control (A) and NaCl (B); VHA translocated

to the cell membrane in cells exposed to alkalosis (C, Bic). Alkalosis-induced VHA translocation was blocked by KH7 (D, Bic � KH7), but not by DDA (E, Bic �
DDA). Additionally, VHA was cytoplasmic in cells exposed to forskolin (F, NaCl � Fsk) and Sp-cAMP (G, NaCl � cAMP). Nuclei stained blue; mitochondria stained
red. Scale bars � 20 	m.
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with additional 40 mM NaCl (320 mM NaCl � DMSO), NaCl
saline � forskolin (10 	M forskolin in DMSO), NaCl saline �
Sp-cAMP (1 mM Sp-cAMP in DMSO), saline with additional 40
mM NaHCO3 (pH 8.0), and the latter saline with KH7 (50 	M
KH7 in DMSO) or DDA (100 	M DDA in DMSO) for 30 min.
Cells were then incubated in the active mitochondrial dye Mito-
Tracker Red (200 nM, 30 min), fixed (shark saline, 3.2% paraformal-
dehyde, and 0.3% glutaraldehyde for 20 min), incubated in anti-VHA
antibodies overnight, and processed for immunocytochemistry as
described above. HCO3

� and pH values of the incubation medium
were confirmed using a CO2 analyzer (Corning, Corning, NY) and
UltraBASIC pH meter (Denver Instrument, Bohemia, NY).

cAMP assays. Tissue homogenates were incubated for 30 min at
room temperature in an orbital shaker (300 rpm) in 100 mM Tris (pH
7.5), 5 mM ATP, 10 mM MgCl2, 0.1 mM MnCl2, 0.5 mM IBMX, 1
mM dithiothreitol, 20 mM creatine phosphate, and 100 U/ml creatine
phosphokinase. For inhibition of tmAC activity, tissue homogenates
were incubated in 10 	M forskolin and the indicated concentrations of
KH7 and DDA. cAMP concentrations were determined using DetectX
Direct Cyclic AMP Enzyme Immunoassay (Arbor Assays, Ann Ar-
bor, MI).

Quantification of VHA translocation. VHA localization in response
to each experimental treatment was determined in �40–60 cells from
two or three different rays. Starting from the upper-right corner of the
field of view, the first �20 VHA-positive cells with strong mitochon-
drial staining (30) were selected and individually imaged at 
600
magnification. The individual performing the imaging was not aware
of the treatment that was being analyzed (“blind examiner”). Cells
with distinct “ring” VHA immunostaining (strong signal in the cell
membrane and lack of signal in the cytoplasm) were counted as cells
with “membrane VHA localization,” while cells without distinct
membrane staining [cytoplasmic and intermediate staining (43, 44)]
were grouped together as non-membrane-staining. Additionally, flu-
orescence intensity was quantified across the length of the cell using
ImageJ analysis software. Fluorescence intensity histograms were
created by drawing transects across individual cells while avoiding the
nuclei. To avoid bias, two transects per cell were used, and the data
were averaged. Data were normalized for cell size and background
fluorescence, and then (above-average) fluorescence at the edge of the
cell (first and last 10%) was quantified and divided by (above-
average) total cell fluorescence to give “relative VHA membrane
abundance” or VHA abundance from the edge to the center of each
cell. This analysis was performed using a custom-made script written
in Python programming language, into which images were input
randomly to eliminate bias.

Statistical analysis. Individual cells were counted as experimental
replicates (n � 40–60 cells from 2–3 rays), similar to previous studies
from mammalian kidney intercalated cells and epididymal clear cells
(25, 27). All quantitative data were arcsine-transformed, and experi-
mental groups were analyzed for significant differences using a one-
or two-way ANOVA and Bonferroni’s multiple-comparison test (P �
0.001).

RESULTS

sAC is present in ray VHA-rich cells, alongside tmACs.
Antibodies against dfsAC (anti-dfsAC) detected the predicted
110-kDa band for shark sAC in Western blots from ray gill
extracts, but not in control blots (Fig. 1A). sAC immunofluo-
rescence was present throughout the cytoplasm of gill cells in
histological sections (Fig. 1B), and double immunolabeling
with antibodies against VHA (Fig. 1C) also revealed high sAC
abundance in base-secreting VHA-rich cells (Fig. 1D). Similar
to results from previous studies of starved sharks (30, 39,
43–45), VHA was localized in the cytoplasm of starved ray gill
cells. In addition, VHA-rich cells were labeled with BODIPY

FL forskolin (Fig. 2), demonstrating that these cells express
two distinct sources of cAMP: tmACs and sAC. In fact, sAC
and tmACs colocalized in most cells throughout the ray gill
epithelium (Fig. 3). As seen in histological gill sections, sAC
was also present throughout the cytoplasm of gill isolated cells,
including acid-base regulatory cells [identified by their abun-
dant mitochondria (30), which were stained using the mito-
chondrial dye MitoTracker Red] (Fig. 4).

sAC inhibitor does not inhibit tmACs. In mammals, two
types of adenylyl cyclases produce cAMP: tmACs, which are
activated by hormones and GPCRs, and sAC. The only known
pharmacological adenylyl cyclase activators are derivatives of
forskolin, a natural plant dipentene that selectively binds
tmACs, but not sAC (7, 34). DDA and KH7 are pharmacolog-
ical inhibitors: DDA is tmAC-selective (IC50 � 8 	M) (3, 12),
and the small molecule KH7 is sAC-selective (IC50 � 10 	M)
(18). Tresguerres et al. (44) reported HCO3

�-stimulated, KH7-
sensitive cAMP production in elasmobranch gill homogenates,
as well as in purified elasmobranch sAC (EC50 HCO3

� � 5
mM, IC50 KH7 � 10 	M). However, they did not test the
effects of KH7 on elasmobranch tmACs. Therefore, we used
forskolin-stimulated cAMP production to determine the inhib-
itory effects of DDA and KH7 on tmAC activity. Forskolin
initiated a fourfold increase in cAMP activity (Fig. 5), an
indication that tmACs are present and responsive to traditional
forskolin-stimulated activation. DDA inhibited forskolin-stim-
ulated tmAC activity (IC50 � 35 	M; Fig. 5A), and KH7 did
not (IC50 �1 mM; Fig. 5B), thereby validating the use of DDA
and KH7 in subsequent tmAC- and sAC-inhibitory experi-
ments.

sAC-dependent VHA translocation to the cell membrane. In
VHA-rich cells exposed to control saline (control: 5 mM
HCO3

�, pH 7.75) and high-NaCl saline (NaCl: 5 mM HCO3
� �

Fig. 7. sAC-dependent membrane vacuolar-type H�-ATPase (VHA) localiza-
tion in isolated base-secreting cells. Cells were exposed to control (5 mM
HCO3

�, pH 7.75, n � 59), NaCl (5 mM HCO3
� � 40 mM NaCl, pH 7.75,

n � 60), Bic (40 mM HCO3
�, pH 8.0, n � 56), Bic � KH7 (50 	M KH7 � 40

mM HCO3
�, pH 8.0, n � 60), Bic � DDA (100 	M DDA � 40 mM HCO3

�, pH
8.0, n � 60), NaCl � Fsk (10 	M forskolin � 5 mM HCO3

� � 40 mM NaCl, pH
7.75, n � 60), and NaCl � cAMP (1 mM Sp-cAMP � 5 mM HCO3

� � 40 mM
NaCl, pH 7.75, n � 40). 40 mM HCO3

� (“Bic”) significantly increased the
percentage of cells with membrane VHA localization, which was inhibited by
KH7, but not DDA (P � 0.001). Compared with control and NaCl cells, forskolin
and Sp-cAMP had no effect on the percentage of cells with membrane VHA
localization.
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40 mM NaCl, pH 7.75), VHA was predominantly localized in
the cytoplasm (Fig. 6, A and B). In cells exposed to alkaline,
high-bicarbonate saline (Bic: 40 mM HCO3

�, pH 8.0), VHA
translocated to the cell membrane (Fig. 6C), which was similar
to previous reports from live animals experiencing blood alka-
losis (30, 39, 44). This alkalosis-induced VHA translocation
was dependent on sAC, and not tmACs; VHA remained in the
cytoplasm of cells exposed to the sAC-selective inhibitor
KH7 (Bic � KH7; Fig. 6D) but translocated to the cell
membrane of cells exposed to the tmAC-selective inhibitor
DDA (Bic � DDA; Fig. 6E). Additionally, VHA was
localized in the cytoplasm of cells exposed to the tmAC
activator forskolin (NaCl � Fsk; Fig. 6F) and Sp-cAMP
(NaCl � cAMP; Fig. 6G). Overall, the percentage of all
cells with membrane VHA was significantly higher in cells
exposed to alkaline saline, with or without DDA (Fig. 7).
Furthermore, since VHA was cytoplasmic in cells exposed
to high-NaCl saline, alkalosis, rather than increased ionic
strength and osmolarity, is the trigger of VHA translocation.

An additional analysis of VHA translocation based on the
histogram of fluorescence intensity across the length of each
cell yielded identical results (see METHODS for details). VHA
fluorescence intensity in control cells and cells exposed to
NaCl, Bic � KH7, NaCl � Fsk, and NaCl � cAMP was higher
in the cytoplasmic center; in cells exposed to Bic and Bic �
DDA, it peaked at the membrane edge (Fig. 8), with signifi-
cantly higher relative VHA abundance at the membrane (0–
10% from the cell edge) and lower relative VHA abundance in
the cytoplasm (40–50% from the cell edge; Fig. 9). Since KH7,
but not DDA, prevented alkalosis-induced VHA translocation,
we conclude that sAC in each isolated VHA-rich cell is the
molecular sensor of alkalosis that initiates an acid-base regu-
latory response, as previously suggested by experiments in live
sharks (44).

tmAC-dependent VHA movement away from the cell
membrane. Since ray gill VHA-rich cells also express tmACs,
we examined the effect of forskolin on VHA translocation. Our
hypothesis was that if cAMP produced by tmAC had the same

Fig. 8. Vacuolar-type H�-ATPase (VHA) fluorescence intensity in isolated base-secreting cells. A–G: representative transects displaying VHA fluorescence
intensity (created with ImageJ analysis software) of cells exposed to control (5 mM HCO3

�, pH 7.75, n � 59), NaCl (5 mM HCO3
� � 40 mM NaCl, pH

7.75, n � 60), Bic (40 mM HCO3
�, pH 8.0, n � 56), Bic � KH7 (50 	M KH7 � 40 mM HCO3

�, pH 8.0, n � 60), Bic � DDA (100 	M DDA � 40
mM HCO3

�, pH 8.0, n � 60), NaCl � Fsk (10 	M forskolin � 5 mM HCO3
� � 40 mM NaCl, pH 7.75, n � 60), and NaCl � cAMP (1 mM Sp-

cAMP � 5 mM HCO3
� � 40 mM NaCl, pH 7.75, n � 40).
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effect as cAMP produced by sAC, VHA should translocate to
the cell membrane, as observed during sAC stimulation by
elevated bicarbonate. However, the effect of tmAC stimulation
by forskolin is the opposite of the effect of stimulation by
bicarbonate (Fig. 9A), as evidenced by less VHA at the cell
membrane (Fig. 9B) and more VHA toward the center of the
cell (Fig. 9C) than in the NaCl control cell. Addition of
cell-permeable cAMP under control conditions had no effect
on VHA translocation (Fig. 9), which is consistent with dif-
ferent pools of cAMP having opposing effects on VHA trans-
location, with no net effect.

DISCUSSION

Similar to previous studies on live sharks, exposure of
isolated ray gill cells to alkaline conditions induced the trans-
location of VHA from the cytoplasm to the cell membrane, a
process that was prevented by the sAC inhibitor KH7, but not
by the tmAC inhibitor DDA. Thus, sAC in each VHA-rich cell
is necessary and sufficient to sense alkalosis and trigger a
compensatory response, as our experiments with isolated cul-
tured cells rule out whole animal endocrine and paracrine
signaling.

The results from this study, along with those from live
elasmobranchs experiencing natural postfeeding (30, 45) and
experimentally induced (39, 43, 44) blood alkalosis, yield the
following model for sensing and counteracting blood alkalosis:
elevated plasma HCO3

� is dehydrated into CO2 catalyzed by
extracellular CA, which then diffuses inside gill VHA-rich
cells and is hydrated back into H� and HCO3

� by intracellular
CA. The subsequent elevation of intracellular HCO3

� stimu-
lates sAC, which mediates, possibly via PKA-dependent phos-
phorylation of motor proteins, the microtubule-dependent
translocation of VHA-containing vesicles from the cytoplasm
to the basolateral membrane. The anion exchanger pendrin also
translocates to the apical membrane in response to blood
alkalosis (30); however, it is unknown whether this process is
sAC-dependent. Basolateral VHA absorbs H� into the blood,
and pendrin excretes HCO3

� into seawater in exchange for Cl�.
H� absorbed by VHA combines with plasma HCO3

�, generat-
ing more CO2, and the process continues until plasma HCO3

�

returns to basal levels. The fact that VHA translocation still
takes place in isolated and cultured gill VHA-rich cells dem-
onstrates that this process is self-regulatory and self-sufficient.
In addition to VHA-rich cells, sAC was present throughout the
cytoplasm of other gill cells, suggesting that sAC regulates
multiple other physiological processes. For example, sAC
might regulate H� secretion and HCO3

� absorption in acid-
secreting Na�-K�-ATPase-rich cells, as well as the reversible
hydration of CO2 in pillar cells, as previously suggested (44).
The ray gill cell cultures optimized in this study will be a
valuable tool for the study of these and other elements of
acid-base sensing and regulation.

Previous research has suggested a link between acid-base
sensing by sAC and pH regulation by VHA in mammalian
kidney �-ICs: metabolic alkalosis increased VHA abundance
in basolateral membranes (32), and sAC colocalized with VHA
at the basolateral region (26). However, functional studies on
renal �-ICs are not available, probably because of their low
abundance in the mammalian nephron, limited cell cultures,
and their inability to tolerate exposure to highly alkaline

Fig. 9. Relative membrane vacuolar-type H�-ATPase (VHA) abundance
increased during extracellular alkalosis in isolated base-secreting cells. A:
relative VHA abundance across cells exposed to control (5 mM HCO3

�, pH
7.75, n � 59), NaCl (5 mM HCO3

� � 40 mM NaCl, pH 7.75, n � 60), Bic (40
mM HCO3

�, pH 8.0, n � 56), Bic � KH7 (50 	M KH7 � 40 mM HCO3
�, pH

8.0, n � 60), Bic � DDA (100 	M DDA � 40 mM HCO3
�, pH 8.0, n � 60),

NaCl � Fsk (10 	M forskolin � 5 mM HCO3
� � 40 mM NaCl, pH 7.75,

n � 60), and NaCl � cAMP (1 mM Sp-cAMP � 5 mM HCO3
� � 40 mM

NaCl, pH 7.75, n � 40). B: 40 mM HCO3
� (“Bic”) significantly increased

relative VHA abundance at the cell membrane (0–10% of the area from the
edge of the cell), which was inhibited by KH7, but not DDA (P � 0.001).
Compared with control and NaCl cells, forskolin and Sp-cAMP had no effect
on relative membrane VHA abundance. C: 40 mM HCO3

� (“Bic”) significantly
decreased relative VHA abundance in the cell cytoplasmic center (40–50% of
the area from the edge of the cell), which was inhibited by KH7, but not DDA
(P � 0.001). Compared with control and NaCl cells, forskolin significantly
increased relative VHA abundance in the cell cytoplasmic center (P � 0.001),
and Sp-cAMP had no effect.
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conditions in vivo without compromise to their viability. The
cultured ray gill cells developed here circumvent these limita-
tions, making them a promising surrogate model system for
renal �-ICs. Furthermore, this acid-base-sensing and regu-
lation model may apply to other epithelia known to have
basolateral VHA-, sAC-, and cAMP-stimulated base secre-
tion, but in which their potential link has not been studied.
Some examples include mammalian pancreatic (29, 36, 46)
and salivary (33) ducts, marine bony fish intestine (9, 16,
41), and insect midgut (4).

Staining with BODIPY FL forskolin suggested that, in
addition to sAC, most ray gill cells express tmACs. This was
confirmed by the robust forskolin-stimulated cAMP production
in ray gill extracts that was sensitive to the tmAC inhibitor
DDA. Furthermore, colocalization of VHA with sAC (using
dual immunostaining) and with tmACs (using BODIPY FL
forskolin staining) demonstrated the presence of both sAC and
tmACs in VHA-rich cells. This situation also resembles the
mammalian renal collecting duct, where �- and �-ICs are
located, because it also expresses sAC (adcy10) (25, 26) and
the tmACs (adcys2, adcys4, adcys5, adcys6, and adcys9) (2).
However, DDA did not affect alkalosis-induced VHA translo-
cation in cultured gill VHA-rich cells, and forskolin induced a
redistribution of VHA away from the cell membrane. These
results rule out a role of tmACs in triggering the VHA
translocation and raise questions about the physiological roles
of tmACs in these cells. Since tmAC stimulation induced an
effect on VHA translocation that was the opposite of the effect
of sAC, it is possible that tmACs are involved in the sensing of
acidosis. For example, in mammalian renal collecting duct
cells, tmACs are stimulated in response to extracellular meta-
bolic acidosis through a mechanism that depends on the GPCR
GPR4 (23, 37). We hypothesize that acid-base sensing and
regulation in gill cells occur as a result of the coordinated
action of sAC (which stimulates base secretion and inhibits
acid secretion under alkalosis) and GPCR/tmAC (which stim-
ulates acid secretion and inhibits base secretion under acido-
sis). Confirmation of this model will require, first, establishing
whether any acid-sensing GPCRs are present in gill acid- and
base-secreting cells. However, the subsequent experimental
testing will not be trivial, because both sensing mechanisms
depend on the same messenger molecule, cAMP, which com-
plicates interpretation of results from experiments using cAMP
agonists and antagonists.

In summary, this study established sAC as a sensor of
alkalosis in ray gill base-secreting cells. Because sAC, the
cAMP pathway, and VHA are widespread in eukaryotic cells,
this could be an evolutionarily conserved mechanism for sens-
ing and counteracting alkalosis.
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