
UC San Diego
UC San Diego Previously Published Works

Title
Feeding induces translocation of vacuolar proton ATPase and pendrin to the membrane 
of leopard shark (Triakis semifasciata) mitochondrion-rich gill cells

Permalink
https://escholarship.org/uc/item/2bg830hr

Authors
Roa, Jinae N
Munévar, Christian L
Tresguerres, Martin

Publication Date
2014-08-01

DOI
10.1016/j.cbpa.2014.04.003
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2bg830hr
https://escholarship.org
http://www.cdlib.org/


Author's personal copy

Feeding induces translocation of vacuolar proton ATPase and pendrin to
the membrane of leopard shark (Triakis semifasciata)
mitochondrion-rich gill cells

Jinae N. Roa, Christian L. Munévar, Martin Tresguerres ⁎
Marine Biology Research Division, Scripps Institution of Oceanography, University of California San Diego, 9500 Gilman Drive, La Jolla, CA 93092-0202, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 6 March 2014
Received in revised form 9 April 2014
Accepted 10 April 2014
Available online 16 April 2014

Keywords:
Alkaline tide
Elasmobranch
Na+/K+-ATPase
Pendrin
Proton pump
slc26a4
Sodium pump
V-H+-ATPase

In this study we characterized mitochondrion-rich (MR) cells and regulation of acid/base (A/B) relevant ion-
transporting proteins in leopard shark (Triakis semifasciata) gills. Immunohistochemistry revealed that leopard
shark gills posses two separate cell populations that abundantly express either Na+/K+-ATPase (NKA) or V-
H+-ATPase (VHA), but not both ATPases together. Co-immunolocalization with mitochondrial Complex IV dem-
onstrated, for thefirst time in shark gills, that bothNKA- andVHA-rich cells are alsoMR cells, and that allMR cells
are either NKA- or VHA-rich cells. Additionally we localized the anion exchanger pendrin to VHA-rich cells, but
not NKA-rich cells. In starved sharks, VHAwas localized throughout the cell cytoplasm and pendrin was present
at the apical pole (but not in the membrane). However, in a significant number of gill cells from fed leopard
sharks, VHA translocated to the basolateral membrane (as previously described in dogfish), and pendrin
translocated to the apical membrane. Our results highlight the importance of translocation of ion-transporting
proteins to the cell membrane as a regulatory mechanism for A/B regulation.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The fish gill epithelium has specialized cells that transport H+ and
HCO3

− between the blood and the surrounding water thus maintaining
blood acid/base (A/B) homeostasis. Unlike the gills of teleost fishes,
which transport ions for both A/B balance and osmoregulation, the
gills of marine elasmobranchs transport ions exclusively for A/B regula-
tory purposes.Moreover, elasmobranch gills are responsible for ~97% of
A/B regulation, with the rectal gland and kidneys facilitating iono- and
osmoregulation, respectively (Heisler, 1988). The functional specificity
of the elasmobranch gill makes it an excellent model for the study of
A/B regulation at the cellular and systemic levels without interference
from other ion-transporting processes.

In Atlantic stingray (Dasyatis sabina) (Piermarini and Evans,
2001), dogfish shark (Squalus acanthias) (Tresguerres et al., 2005),
and bull shark (Carcharhinus leucas) (Reilly et al., 2011), Na+/K+-
ATPase (NKA) and V-H+-ATPase (VHA) are abundantly expressed
in distinct gill cell subpopulations: NKA- and VHA-rich cells,

respectively. NKA-rich cells express apical Na+/H+ exchangers 3
(NHE3) and are considered “acid-secreting, base absorbing and sodi-
um absorbing” cells (Choe et al., 2005, 2007; Reilly et al., 2011),
while VHA-rich cells co-express an anion exchanger homologous to
human pendrin (SLC26A4) and are considered “base-secreting, acid
and chloride absorbing” cells (Piermarini et al., 2002; Reilly et al.,
2011). Because NKA- and VHA-rich cells are specialized for active
ion transport, both are thought to also be mitochondrion-rich (MR)
cells (reviewed in Evans et al., 2005). However, only NKA-rich cells
have been confirmed to also be MR cells, based on dual staining
with anti-NKA antibodies and toluidine blue to highlight cell mor-
phology (Wilson et al., 2002). While VHA-rich cells are typically as-
sumed to also be MR cells based on their shape and location within
the gill filament, there is no direct evidence supporting this assump-
tion. It is also unknownwhether all MR cells are either NKA- or VHA-
rich cells or if other MR cell subtypes exist.

Normally, NKA is present in the cell basolateral membrane and VHA
is located in cytoplasmic vesicles of elasmobranch gill cells. However,
during experimentally induced blood alkalosis, VHA translocates into
the basolateral membrane of dogfish gill cells (Tresguerres et al.,
2005). The mechanism involves extra- and intracellular carbonic
anhydrases that transfer increased plasma [HCO3

−] inside gill cells
(Gilmour et al., 2007; Tresguerres et al., 2007), where it is sensed by
HCO3

−-sensitive soluble adenylyl cylcase to produce cAMP, which

Comparative Biochemistry and Physiology, Part A 174 (2014) 29–37

Abbreviations:VHA, V-H+-ATPase, vacuolar proton ATPase; NKA, Na+/K+-ATPase, so-
dium potassium ATPase; MR, mitochondrion-rich.
⁎ Corresponding author.

E-mail address: mtresguerres@ucsd.edu (M. Tresguerres).

http://dx.doi.org/10.1016/j.cbpa.2014.04.003
1095-6433/© 2014 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

Comparative Biochemistry and Physiology, Part A

j ourna l homepage: www.e lsev ie r .com/ locate /cbpa



Author's personal copy

triggers VHA translocation (Tresguerres et al., 2010, 2014). Basolateral
VHA absorbsH+ into the blood and energizes HCO3

− secretion to seawa-
ter, thus counteracting blood alkalosis. In dogfish, the VHA translocation
is essential for compensating naturally occurring alkalosis such as dur-
ing the post-feeding blood alkalosis (Tresguerres et al., 2007). As H+ is
secreted into the stomach to aid in food digestion, an equimolar amount
of HCO3

− is absorbed into the blood, thus causing metabolic alkalosis
(Wood et al., 2005, 2009). Similar to dogfish infused with NaHCO3,
VHA in gills from fed dogfish translocates to the basolateral membrane
in a timeframe that is consistent with absorption of H+ into the blood
and secretion of excess HCO3

− into seawater (Tresguerres et al., 2007).
Presumably, the VHA translocation helps shape the typical ‘alkaline
tide’. While the alkaline tide has only been studied in detail in dogfish,
it likely also takes place in most other marine elasmobranchs. In partic-
ular, leopard sharks (Triakis semifasciata) increase H+ secretion into the
stomach after a meal (Papastamatiou and Lowe, 2004, 2005) and thus
should also experience postprandial blood alkalosis.

Intracellular HCO3
− in VHA-rich cells is presumably exchanged for

seawater Cl− via apical pendrin (slc26a4). However, while several stud-
ies have suggested an involvement of pendrin in chloride uptake in
freshwater fish (Perry et al., 2009; Piermarini et al., 2002), pendrin func-
tion has not been studied in relation to A/B regulation in fish gills. In-
triguingly, pendrin seems predominantly located on the apical pole,
but not directly in the apical membrane of gill cells from Atlantic sting-
ray (Piermarini et al., 2002) and bull sharks (Reilly et al., 2011) acclimat-
ed to seawater. This raises the possibility that pendrin, like VHA, is
translocated to the cell membrane during alkalosis.

In this study,we used immunofluorescence to investigateMR cells in
leopard shark gills. We immunolabeled leopard shark gills to deter-
mine: (1) if NKA- and VHA-rich cells are distinct subpopulations, (2) if
both NKA- and VHA-rich cells are also MR cells, (3) if all MR cells are ei-
ther NKA- or NKA-rich cells, (4) localization of the anion exchanger
pendrin, and (5) if feeding results in translocation of ion-transporting
proteins to the cell membrane.

2. Materials and methods

2.1. Experimental animals

All experiments were approved by the SIO-UCSD animal care com-
mittee under protocol number #S10320 in compliance with the IACUC
guidelines for the care and use of experimental animals. Juvenile leop-
ard sharks were born in the experimental aquarium at Scripps Institu-
tion of Oceanography (SIO) from pregnant females caught from La
Jolla Shores, CA, USA. Sharks were housed in tanks with flowing seawa-
ter and were fed chopped squid or mackerel 3 times a week. Samples
were collected 2–3 days after feeding.

2.2. Feeding experiments

A total of 8 juvenile leopard sharks were used (mean body mass
145.5 ± 8.4 g; mean length 34.3 ± 0.83 cm; 3 male, 5 female), with
4 sharks in each treatment (starved vs. fed). Sharks were starved
for five days, after which 4 randomly selected sharks were sacrificed
and gill tissue collected (“starved” treatment). The remaining sharks
were force-fed with blended squid worth ~5% of their body weight.
After 24 h, sharks were sacrificed and gill tissue collected (“fed”
treatment). The 24 h-post feeding sampling time was selected
based on leopard shark gastric pH dynamics after feeding
(Papastamatiou and Lowe, 2004), as well as systemic pH dynamics
after feeding in dogfish sharks (Wood et al., 2005). Together with an-
other study in dogfish (Tresguerres et al., 2007), the literature indi-
cates that branchial base secretion in sharks is maximal or near
maximal around 24 h after feeding.

2.3. Tissue preparation

Specimens were euthanized by an overdose of tricaine
methanesulfonate (0.5 g·L−1). Gill samples were fixed in 0.2 M
cacodylate buffer, 3.2% paraformaldehyde, 0.3% glutaraldehyde for 6 h,
transferred to 50% ethanol for 6 h, and stored in 70% ethanol until fur-
ther processing for immunohistochemistry as described in Tresguerres
et al. (2005).

2.4. Antibodies

Two commercially available anti-NKA antibodies were used for this
study: monoclonal mouse anti-NKA antibodies raised against the chick-
en α-subunit (Developmental Studies Hybridoma Bank, Iowa City, IA,
USA) and polyclonal rabbit anti-NKA antibodies raised against the
mammalian α-subunit (Santa Cruz Biotechnology, Dallas, TX, USA).
Themousemonoclonal anti-OxPhos antibody (Invitrogen, Grand Island,
NY, USA) is against a highly conserved epitope in mitochondrial Com-
plex IV, subunit 1. Antibodies against pendrin were raised against
amino acids 630–643 from mammalian SLC26A4; these antibodies are
known to specifically recognize pendrin from diverse elasmobranchs
(Piermarini et al., 2002; Reilly et al., 2011). Custom-made polyclonal
rabbit antibodies were against a conserved peptide in the VHA B-
subunit (AREEVPGRRGFPGY). Fluorescent secondary antibodies goat
anti-mouse Alexa Fluor 568 and goat anti-rabbit Alexa Fluor 488 were
obtained from Invitrogen (Grand Island, NY, USA).

2.5. Western blot analysis

Frozen gill sampleswere weighed, immersed in liquid nitrogen, pul-
verized in a porcelain grinder, combined 1:10 w/v with ice-cold buffer
(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, 1:100 protease inhibitor cocktail, Sigma), and ho-
mogenized using a glass homogenizer for 30 s. The sample was centri-
fuged at 3000 g for 10 min (4 °C) and the supernatant removed as the
“crude homogenate fraction”. Protein concentration was determined
in triplicate using the Bradford method (Bio-Rad, Hercules, CA, USA).
5–20 μg of total protein was separated on 7.5% polyacrylamide mini
gel (60 V 15 min, 200 V 45 min) and transferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad). After transfer, PVDF mem-
branes were incubated in blocking buffer (tris buffered saline, 1%
tween, 5% milk) at room temperature for 1 h and incubated in the pri-
mary antibody at 4 °C overnight (anti-VHA = 1:1000). PVDF mem-
branes were washed 3× and incubated in secondary antibody
(1:10,000) at room temperature for 1 h. Bands were made visible
through addition of ECL Prime Western Blotting Detection Reagent
(GE Healthcare, Waukesha, WI, USA) and imaged and analyzed in a
BioRad Universal III Hood using ImageQuant software (BioRad). PVDF
membranes incubated in blocking buffer with anti-VHA antibodies
and 10-fold excess blocking peptide served as control and did not
show any bands.

2.6. Immunohistochemistry

Gillsfixed and stored in 70% ethanol as described abovewere serially
dehydrated in 95% ethanol (10 min), 100% ethanol (10 min), and xy-
lene (3 × 10 min). Tissues were transferred from xylene to paraffin
(55 °C) (3 × 30 min), after which paraffin blocks were left to solidify
overnight. Sections were cut at 7 μm using a rotary microtome; three
consecutive sections of each sample were placed on slides and left on
a slide warmer (37 °C) overnight. Paraffin was removed in xylene
(10 min × 3) and sections rehydrated in 100% ethanol (10 min), 95%
ethanol (10 min), 70% ethanol (10 min), and PBS. Non-specific binding
was reduced by incubating the sections in blocking buffer (PBS, 2% nor-
mal goat serum, 0.02% keyhole limpet hemocyanin, pH 7.8) for 1 h.
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Sections were then incubated in the primary antibody overnight at 4 °C
(dilutions: anti-NKA = 1:500; anti-VHA =1:500; anti-OxPhos =1:500;
anti-pendrin = 1:20). Slides were washed 3× in PBS and sections
incubated in the appropriate secondary antibody (1:500) at room
temperature for 1 h; followed by incubation with the nuclear stain
Hoechst 33342 (Invitrogen, Grand Island, NY, USA) (5 μg/mL) for 5
min. Slides were then washed 3× in PBS and sections were perma-
nently mounted in Fluorogel with tris buffer (Electron Microscopy
Sciences, Hatfield, PA, USA). Immunofluorescence was detected
using an epifluorescence microscope (Zeiss AxioObserver Z1) con-
nected to a metal halide lamp and appropriate filters. Some images
were captured using structured illumination (Zeiss Apotome2).
Digital images were adjusted, for brightness and contrast only,
using Zeiss Axiovision software and Adobe Photoshop. Antigen re-
trieval was required for anti-pendrin, which involved incubating
slides in heated (95 °C) citrate unmasking buffer (10 mM citric
acid, 0.05% Tween20, pH 6.0) for 20 min following rehydration.
For anti-VHA, control sections were incubated in blocking buffer
with anti-VHA antibodies and 10-fold excess blocking peptide.

2.7. Dual immunolocalization of NKA and VHA

Mouse anti-NKA and rabbit (1:500) anti-VHA (1:500) antibodies
were diluted together in blocking buffer and applied onto slides as de-
scribed above. Goat anti-mouse Alexa-Fluor 568 (1:500) and goat
anti-rabbit Alexa-Fluor 488 (1:500) were diluted together and used
for the secondary antibody incubation. Controls used to eliminate the
possibility of cross-reactivity between antibodies included incubation
with both primary antibodies together with only one secondary
antibody, incubation with one primary antibody and both secondary
antibodies, and incubation with only secondary antibodies. Control sec-
tions only stained positive when the corresponding primary and
secondary antibodies were combined and no cross-reactivity was
observed.

2.8. Colocalization of mitochondria, NKA, and VHA

For double immunolabeling of NKAandOxPhos, or VHAandOxPhos,
sections were incubated in a solution of rabbit anti-NKA or rabbit anti-
VHA antibodies (1:500) combined with mouse anti-OxPhos antibody
(1:500); secondary antibodies and controls were as described in the
previous section.

Co-localization with all three antibodies was achieved over two
days. Initially, NKA- and VHA-rich cells were labeled with respective
primary rabbit antibodies. Following incubation overnight, sections
were washed as described above, incubated in the secondary Alexa-
Fluor 488 anti-rabbit antibodies (1 h, room temperature), and washed.
Sectionswere then incubatedwithmouse anti-OxPhos antibodies over-
night, and ultimately with Alexa-Fluor 568 anti-mouse antibodies. This
procedure resulted in both NKA and VHA immunolabeled in green, and
mitochondria immunolabeled in red.

2.9. Immunolocalization of pendrin to NKA- and VHA-rich cells

For immunolocalization of pendrin to NKA- or VHA-rich cells sec-
tions were first incubated in rabbit anti-pendrin. Following incubation
overnight, sections were washed as described above, incubated in the
appropriate secondary antibodies (1 h, room temperature), washed
again and blocked. Sections were then incubated with either mouse
anti-NKA or rabbit anti-VHAantibodies overnight, and completed as de-
scribed above.

2.10. Quantification of VHA and pendrin translocation

For VHA and pendrin translocation analyses, the number of cells
displaying cytoplasmic or distinct membrane immunostaining was

counted (Tresguerres et al., 2006, 2010) (basolateral membrane for
VHA, apical membrane for pendrin). For each of the 4 specimens from
each treatment (starved, fed), 3 immunostained gill sections were ana-
lyzed and all cells with positive VHA (total number of cells analyzed =
1310; 614 starved group; 696 fed group) or pendrin (total number of
cells analyzed = 1839; 771 starved group; 1068 fed group) staining
were counted at 300× and 600× magnification. Cells with distinct sig-
nal in the basolateral (VHA) or apical (pendrin) membrane were con-
sidered as having “Membrane staining” for each protein. Cells without
distinct membrane staining (cytoplasmic and intermediate staining,
see Tresguerres et al., 2006, 2010) were grouped together as “Cytoplas-
mic staining” for each protein. Percentages of total cells with either
membrane or cytoplasmic staining were transformed to the arcsine of
the square root of the value before statistical analysis. To test for
differences in localization between starved (n = 4) and fed (n = 4)
groups, separate t-tests were conducted for VHA- and pendrin-
positive cells. Data are given as mean ± SEM and statistical significance
was set at P b 0.05.

3. Results

3.1. Dual immunolocalization of NKA and VHA

The custom rabbit polyclonal anti-VHA antibodies recognized a
55 kDa band on western blots and labeled cells along the interlamellar
region of the gill filament, but did not in control blots and sections
when the antibody was combined with the blocking peptide (Fig. 1).
Immunoreactivity of NKA and VHAwas present in separate cell popula-
tions in the gills of leopard sharks. The anti-NKA antibody resulted in
distinct basolateral staining, and the anti-VHA antibody resulted in pri-
marily cytoplasmic staining, with only a few cells (less than 1%) show-
ing basolateral staining. Based on double labeling with anti-NKA and
anti-VHA antibodies on the same gill sections, NKA- and VHA-rich
cells are distinct cell types (Fig. 2).

3.2. Colocalization of NKA and VHA with mitochondria

Anti-OxPhos antibodies strongly labeled cells in interlamellar re-
gions of leopard shark gills. MR cells were visible at short exposure
time but at longer exposure times all cells displayed positive signal as
expected since all cells containmitochondria (Fig. 3A). Cells with strong
Oxphos signal also had strong NKA or VHA signal, indicating both NKA-
and VHA-rich cells are also MR cells (Fig. 3B, C). To determine if NKA-
and VHA-rich cells are the only MR cell subtypes present in leopard
shark gills, NKA, VHA (both in green), and OxPhos (in red) were
immunolabeled on the same section. The results showed that all MR
cells are either NKA- or VHA-rich cells (Fig. 4).

3.3. Immunolocalization of pendrin in VHA-rich cells

In starved sharks, pendrin immunoreactivity was present in the api-
cal pole (but not in the apicalmembrane) of cells along the interlamellar
region. Pendrin immunoreactivity was specific to VHA-rich cells
(Fig. 5A), with colocalization of pendrin and VHA found near the apical
pole of VHA-rich cells (Fig. 5B). Pendrin was not present in NKA-rich
cells (Fig. 5C).

3.4. Translocation of VHA and pendrin in gills from fed sharks

In starved leopard sharks, VHA and pendrin immunoreactivity was
almost exclusively present in the cytoplasm (Fig. 6A, B; Table 1). How-
ever, feeding induced translocation of VHA to the basolateralmembrane
and pendrin to the apical membrane in a fraction of MR cells (Fig. 6C, D;
Table 1). Optical sectioning and z-stack reconstruction confirmedmem-
brane localization of both VHA and pendrin after feeding (Fig. 7).
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4. Discussion

Our results show that leopard shark gills have two distinct popula-
tions of NKA- and VHA-rich cells (likely acid- and base-secreting, re-
spectively) (Evans et al., 2005; Tresguerres et al., 2005). We also
established that both NKA- and VHA-rich cells are MR cells; to our
knowledge this is the first time that this has been shown conclusively

for elasmobranch VHA-rich cells. Additionally, we showed that all MR
cells in leopard shark gills are either NKA- or VHA-rich, suggesting all
MR cells are either acid- or base-secreting. Further exploration revealed
that pendrin is exclusively localized in VHA-rich cells. Lastly, feeding in-
duced VHA translocation from cytoplasmic vesicles to the basolateral
membrane and pendrin translocation to the apical membrane of a frac-
tion of leopard shark gill cells.

4.1. NKA- and VHA-rich cells are MR cells

NKA immunoreactivity was always along the basolateral membrane
and VHA immunoreactivity was generally distributed throughout the
cytoplasm. NKA and VHAwere expressed in separate cells, similar to At-
lantic stingray (Piermarini et al., 2002; Piermarini and Evans, 2001),
dogfish shark (Tresguerres et al., 2005), and bull shark (Reilly et al.,
2011). The presence of NKA and VHA in two distinct cell populations
separates elasmobranchs from teleost fishes. In freshwater teleosts, si-
multaneous expression of NKA and VHA is thought to drive Na+ uptake
and NH3 excretion during osmoregulation and nitrogen balance (Evans,
2011), and has been shown in gills from rainbow trout (Galvez et al.,
2002; Lin et al., 1994; Wilson et al., 2000a), killifish (Katoh et al.,
2003), mudskipper (Wilson et al., 2000b), zebrafish (Liao et al., 2009),
and several species of intertidal blennies (Uchiyama et al., 2012). Ma-
rine teleost gills also have several types of NKA-rich cells and although

Fig. 1. Specificity of the anti-VHA antibodies in leopard shark gills. A) Western blot with
gill crude homogenate showing a single and specific 55 kDa band when 20, 15, and
10 μg of total protein were loaded, but, at this exposure time, not in 5 μg (anti-VHA).
The band was not evident when the antibodies were preincubated with excess blocking
peptide (Control). B) VHA immunoreactivity in cells along the interlamellar region of a
gill section. C) No signal was evident in the consecutive section treated anti-VHA antibod-
ies preincubated with excess blocking peptide. VHA in green, nuclei in blue. Scale bar =
20 μm.

Fig. 2. NKA- and VHA-rich cells in leopard shark gills. Dual immunolocalization of NKA
(red) and VHA (green), with NKA immunoreactivity along the basolateral membrane
and VHA immunoreactivity diffuse throughout the cytoplasm. NKA- and VHA-rich cells
were always observed as separate populations. An arrow and asterisk indicate basolateral
and apical membranes on a representative cell, respectively. Nuclei in blue. Scale bar =
50 μm (A) or 20 μm (B).
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Author's personal copy

not widely reported, NKA and VHA may co-localize in the same cell as
observed in a small population of branchial MR cells from longhorn
sculpin (Catches et al., 2006). Thus, unlike teleost gill cells that carry
out multiple ion-transporting functions and may express both pumps
simultaneously, elasmobranch NKA- and VHA-rich cells are separate
cell types specialized for A/B regulation.

To explore if NKA- and VHA-rich cells were also MR cells, we
immunolabeled mitochondrial Complex IV (OxPhos) in leopard shark

gills. Previously, MR cells were typically identified using qualitative
structural analysis (Wilson et al., 1997, 2000b), vital dyes such as
mitotracker (Galvez et al., 2002), or based on high NKA abundance
(Edwards et al., 2002). Our results show it is possible to visualize MR
cells by immunolabeling. Since Complex IV (“cytochrome c oxidase”)
is a highly conserved enzyme, these antibodies are useful in labeling
MR cells from diverse species. In fact, our laboratory has successfully

Fig. 3. NKA-, VHA-, andmitochondrion-rich (MR) cells in leopard shark gills. (A)MR cells,
evident by strong anti-OxPhos immunoreactivity,were present along the interlamellar gill
region. At longer exposure times all cells displayed a positive signal. Colocalization of NKA
(B, green) or VHA (C, green) andMR cells (red) indicated that NKA- and VHA-rich cells are
also MR cells. Nuclei in blue. Scale bar = 50 μm.

Fig. 4.Mitochondrion-rich (MR) cell types in leopard shark gills are enriched for NKA or
VHA. Mitochondrial complex IV, indicative of MR cells (A, red) and NKA- and VHA-rich
cells (B, both in green) were present throughout the interlamellar region. (C) MR cells
were enriched in either NKA (distinct green signal along the basolateral membrane) or
VHA (diffuse green signal throughout the cytoplasm, seen as yellow due to colocalization
with mitochondrial complex IV (red). Nuclei in blue. Scale bar = 20 μm.

33J.N. Roa et al. / Comparative Biochemistry and Physiology, Part A 174 (2014) 29–37
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used these antibodies in shark (this study), worm and coral tissues
(unpublished observations). Although all cells have mitochondria, MR
cells can be identified by intense OxPhos immunoreactivity at short ex-
posure times. NumerousMR cellswere observed along the interlamellar
region of the gill; colocalization of OxPhos with NKA or VHA revealed
that NKA- and VHA-rich cells were also MR cells. Additionally, prior to
this study, the number of MR cell subtypes in elasmobranch gills was
unknown; but we show here that there are two MR cell subtypes:

NKA- and VHA-rich cells. However, we cannot rule out the existence
of MR, NKA- or VHA-rich, cell subtypes (i.e. cells that express either
ATPase and differentially express other proteins).

Next, we investigated the relationship between NKA- and VHA-rich
MR cells and another other ion-transporting protein, the anion ex-
changer pendrin. Pendrin immunoreactivitywas present near the apical
pole of a subset of gill cells and colocalized with VHA-rich cells (but not
NKA-rich cells). These results support the hypothesis (Piermarini et al.,
2002) that shark gill VHA-rich cells are functionally analogous to the
mammalian base-secreting β-intercalated renal cells, which also ex-
press VHA and pendrin (Royaux et al., 2001). Since VHA-rich cells in
shark gills are by far more abundant than in mammalian kidneys, they
represent an excellent model for the study of cellular mechanisms for
base secretion and further efforts should be pursued for developing
cell cultures of these cells.

4.2. The effect of feeding on VHA and pendrin sub-cellular localization

Feeding induced translocation of VHA to the basolateral membrane,
and of pendrin to the apical membrane in a fraction of gill cells from
leopard sharks. Based on other established models for ion transport
and A/B regulation such as dogfish (Tresguerres et al., 2005, 2006,
2007, 2010), bull shark (Reilly et al., 2011), and Atlantic stingray
(Piermarini et al., 2002) gills, as well as mammalian kidney (Paunescu
et al., 2008; Royaux et al., 2001), we expect that translocation of VHA
and pendrin leads to upregulation of HCO3

− secretion and H+ absorp-
tion. In dogfish, feeding induces a pronounced blood alkalosis that is
fully compensated ~24 h later (‘alkaline tide’) (Wood et al., 2005,
2009). Previous reports suggest that leopard sharks also undergo a
post-feeding alkalosis (Papastamatiou and Lowe, 2004, 2005). There-
fore, it is reasonable to assume that the translocation of VHA to the
basolateral membrane and of pendrin to the apical membrane is a com-
pensatory response to blood alkalosis.

The actual fraction of cells demonstrating VHA and pendrin translo-
cation is likely proportional to the bloodA/B stress. For example, distinct
VHA translocation to the basolateral membrane occurred in 85% of
VHA-positive gill cells from 12 h base-infused dogfish sharks, while it
only occurred in 56% of VHA-positive cells in 6 h base-infused sharks
(Tresguerres et al., 2006). Comparatively, sharks in our study demon-
strated distinct VHA and pendrin translocation in ~10% of cells. This is
likely explained by feeding inducing a much milder alkalosis compared
to experimental base-infusion. We only quantified cells that had most
VHA and pendrin in the cell membrane (distinct membrane staining)
to conservatively consider cells that had became activated for HCO3

− se-
cretion. However, protein translocation is a dynamic and graded mech-
anism, and some of the cells that we categorized as “Cytoplasmic
staining” likely had higher amounts of VHA and pendrin in their mem-
branes compared to starved fish. Thus, our quantification method most
likely underestimated the number of cells involved in base secretion.

To our knowledge, this is thefirst report of pendrin insertion into the
apical membrane in response to alkalosis in an intact organism. Howev-
er, cAMP-dependent translocation of pendrin to the apical membrane
has previously been reported in rat cortical collecting duct (CCD) cells
(Azroyan et al., 2012). Reports of VHA translocation to the cell mem-
brane are more common, and they include translocation to the apical
membrane in kidney (Gong et al., 2010; Paunescu et al., 2008), epidid-
ymis (Pastor-Soler et al., 2003), intestinal lumen (Collaco et al., 2013),
blowfly salivary glands (Dames et al., 2006), and gills of the green
shore crab (Weihrauch et al., 2002). In those organs, apical VHA secretes
acid for diverse purposes such as blood A/B regulation, sperm inactiva-
tion, and ammonia excretion. In addition, VHA in sternal cells from the
isopod Pocellio scaber is basolateral during CaCO3 secretion and apical
during CaCO3 resorption (Ziegler et al., 2004). Translocation of VHA
from the cytoplasm to the basolateral membrane has only been previ-
ously described in detail in dogfish gill cells (see Introduction); the

Fig. 5. Pendrin and VHA- or NKA-rich cells. A) Pendrin (red) and VHA (green)
colocalization (yellow)was observed in gill cells along the interlamellar region. B) Pendrin
immunoreactivity observed in the apical pole (but not in the membrane) of gill cells. C)
Pendrin (green) and NKA (red) did not colocalize to the same cell. Nuclei in blue. Scale
bar = 50 μm (A) or 20 μm (B, C).
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current report suggests that it is a generalizedmechanism to upregulate
base secretion in elasmobranchs.

Importantly, translocation of pre-existing VHA protein, without the
need for increased protein abundance, is enough to compensate for
experimentally-induced, 6 h acute alkalosis (Tresguerres et al., 2006),
as well as for dealing with post-feeding alkalosis (Tresguerres et al.,
2007). For example, total VHA protein abundance did not change in
gills frompost-fed and 6 h base-infused dogfish sharks; but VHAprotein
abundance in the membrane increased significantly. Therefore, in the
case of VHA and probably also pendrin, it is likely that protein transloca-
tion (not changes in gene expression) is more important during short
term and physiological relevant changes in A/B status. Mechanisms
such as protein translocation would not be evident using increasingly
popular transcriptomic techniques such as qPCR or RNAseq, highlight-
ing the importance of immunolocalization studies.

5. Conclusions

In summary, our results showed that leopard shark gills, like all
other elasmobranchs studied so far, have separate acid-secreting NKA-
rich cells, and base-secreting VHA- and pendrin-rich cells. Our results
also showed that these two cell types constitute all MR cells in the gill
epithelium. However, we cannot discard the existence of further sub-
types that differentially express other ion-transporting proteins or reg-
ulatory properties. The observed translocation of pendrin to the apical
membrane in fed fish, together with the previously described VHA
translocation to the basolateral membrane, indicates that translocation
of multiple ion-transporting proteins to different regions within a cell
is an important mechanism for the regulation of blood A/B status. This
would be a dynamic and energetically efficient mechanism, and in
some cases itmay bemore physiologically relevant compared to regula-
tion of gene expression.
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Fig. 6. VHA and pendrin immunoreactivity in the gills of starved and fed sharks. Representative images of cytoplasmic VHA (A) and pendrin (B) immunoreactivity in the gills of starved
sharks. In fed sharks, VHA translocated to the basolateralmembrane (C) andpendrin translocated to the apicalmembrane (D). An arrow and asterisks indicate basolateral and apicalmem-
branes on representative cells, respectively. VHA and pendrin in green, nuclei in blue. Scale bar = 20 μm.

Table 1
Sub-cellular localization of VHA and pendrin in gills from starved and fed leopard sharks.

Cytoplasmic (%) Membrane (%)

Starved Fed Starved Fed

VHA 99.49 ± 0.33 87.43 ± 0.73⁎ 0.51 ± 0.33 12.57 ± 0.73⁎

Pendrin 99.83 ± 0.17 91.96 ± 2.51⁎ 0.17 ± 0.17 8.04 ± 2.51⁎

Values for starved (n = 4) and fed (n = 4) sharks show percentage of cells
demonstrating cytoplasmic, apical membrane (pendrin) or basolateral membrane
(VHA) localization. Total number of cells analyzed, VHA = 1310 and pendrin = 1839.
⁎ Indicate a statistically significant difference compared to the respective starved group

(t-test, see Materials and methods for details on data transformation).
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