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Claiborne JB, Choe KP, Morrison-Shetlar AI, Weakley JC,
Havird J, Freiji A, Evans DH, Edwards SL. Molecular detection
and immunological localization of gill Na!/H! exchanger in the
dogfish (Squalus acanthias). Am J Physiol Regul Integr Comp Physiol
294: R1092–R1102, 2008. First published December 19, 2007;
doi:10.1152/ajpregu.00718.2007.—The dogfish (Squalus acanthias)
can make rapid adjustments to gill acid-base transfers to compensate
for internal acidosis/alkalosis. Branchial Na!/H! exchange (NHE)
has been postulated as one mechanism driving the excretion of H!

following acidosis. We have cloned gill cDNA that includes an open
reading frame coding for a 770-residue protein most homologous
("71%) to mammalian NHE2. RT-PCR revealed NHE2 transcripts
predominantly in gill, stomach, rectal gland, intestine, and kidney. In
situ hybridization with an antisense probe against NHE2 in gill
sections revealed a strong mRNA signal from a subset of interlamellar
and lamellae cells. We developed dogfish-specific polyclonal antibod-
ies against NHE2 that detected a "70-kDa protein in Western blots
and immunologically recognized branchial cells having two patterns
of protein expression. Cytoplasmic and apical NHE2 immunoreactiv-
ity were observed in cells coexpressing basolateral Na!-K!-ATPase.
Other large ovoid cells more generally staining for NHE2 also were
strongly positive for basolateral H!-ATPase. Gill mRNA levels for
NHE2 and H!-ATPase did not change following systemic acidosis
(as measured by quantitative PCR 2 h after a 1- or 2-meq/kg acid
infusion). These data indicate that posttranslational adjustments of
NHE2 and other transport systems (e.g., NHE3) following acidosis
may be of importance in the short-term pH adjustment and net
branchial H! efflux observed in vivo. NHE2 may play multiple roles
in the gills, involved with H! efflux from acid-secreting cells, baso-
lateral H! reabsorption for pHi regulation, and in parallel with
H!-ATPase for the generation of HCO3

# in base-secreting cells.

acid-base regulation; branchial; elasmobranch; sodium/hydrogen
antiporter

ACID-BASE REGULATION in fishes is primarily accomplished by
epithelial transfer of relevant ions (H! and HCO3

#) across the
gills (17, 32). Because of their low plasma PCO2 and HCO3

#

concentration (on the order of 2–4 torr and 4 meq/l, respec-
tively) and relatively low plasma buffer capacity, typical mam-
malian ventilatory adjustments to modify plasma PCO2 are not
available to these aquatic animals. Internal pH must be adjusted
by the differential excretion of H! and HCO3

# to the ambient
water (see reviews in Refs. 19, 33, and 44). Because of their
hyperionic environment, marine fishes are also faced with a
diffusive ion influx of salt (predominantly NaCl) that must be

balanced by active excretion to the water. The maintenance of
internal acid-base equilibrium may also impact this ionic bal-
ance when the transfers of H! and HCO3

# are linked to Na!

and Cl# movements (17). Unlike mammals, the kidneys play
little role in these transfers in most species measured, but the
ion transport mechanisms postulated for the gill epithelium are
analogous to those hypothesized for the mammalian renal
tubule. In saltwater-adapted teleost fish, apical Na!/H! ex-
change (NHE) and Cl#/HCO3

# exchange are thought to drive
acid-base transfers across the gills, whereas salt excretion is
accomplished via the Na!-K!-2Cl# cotransporter and apical
cystic fibrosis transmembrane conductance regulator Cl# chan-
nels, with Na! moving to the water through paracellular
junctions (reviewed in Ref. 26). The driving force for the
system is the low intracellular Na! concentration maintained
by basolateral Na!-K!-ATPase. In this model, excretion of
acid-base relevant ions will add to the NaCl load that the
animal must ultimately excrete (23).

Marine elasmobranches present an intriguing model for
understanding the mechanisms of fish epithelial acid-base
transfers, because salt excretion is predominantly accom-
plished by an extrarenal salt gland (the rectal gland), whereas
acid-base exchanges occur nearly completely across the
branchial tissues (41, 54). Several species (20, 34) have been
shown to adjust rapidly to either metabolic or respiratory
acidosis by utilizing gill-to-water H! transfers. For example,
we found that the spiny dogfish shark (Squalus acanthias)
could recover nearly completely from hypercapnia over 24 h
by net H! excretion to the water to raise plasma HCO3

# and
compensate the serosal pH decrease (20). Restoration of water
PCO2 to normal levels resulted in a rapid loss of the accumu-
lated plasma HCO3

# to the water and a return of plasma pH to
prehypercapnic controls. The majority of acid-base transfers
are extrarenal (54). It has only been over the past few years that
molecular and biochemical approaches have begun to reveal
the gill transport mechanisms that may be involved.

The gill of the little skate (Raja erinacea) has significant
H!-ATPase activity that can be inhibited by N-ethylmaleimide
(37). Wilson et al. (65) used polyclonal antibodies against
bovine vacuolar H!-ATPase to identify cells expressing this
enzyme in the gill of the dogfish. The immunolocalized cells
were in the interlamellar regions of the gill filaments and
exhibited an ultrastructure similar to mitochondrial-rich cells
when viewed at the electron microscopic level. More recent
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studies support the model of two distinct mitochondrial-rich
cell types, one expressing Na!-K!-ATPase and involved with
H! excretion and the other using basolateral H!-ATPase to
drive apical HCO3

# excretion (10, 47, 56). Piermarini et al. (48)
showed that H!-ATPase cells also expressed apical pendrin-
like Cl#/HCO3

# exchangers and suggested that these cells
could contribute to base excretion in a fashion similar to the
B-type intercalated cells (51). Tresguerres and coworkers (56)
also demonstrated immunolocalization of H!-ATPase in gill
cells of the pacific dogfish (S. acanthias) that were predomi-
nantly distinct from those expressing Na!-K!-ATPase, and
H!-ATPase expression increased in animals exposed to met-
abolic alkalosis. These authors have recently proposed that
translocation of existing H!-ATPase to the basolateral mem-
brane of the gill-transporting cells may drive a compensatory
proton reabsorption following postfeeding alkalosis (57, 58).

The Na!/H! antiporter is thought to catalyze the electro-
neutral transmembrane exchange of sodium and hydrogen to
assist in maintaining homeostasis of cell volume, intracellular/
extracellular pH, and epithelial ion translocation (70). To date,
11 NHE isoforms (NHE1-11) have been identified in mam-
mals, and orthologs exist across the animal kingdom as well as
in plants, fungi, and bacteria (5). NHE1-5 have been localized
to the plasma membrane, with NHE2 and NHE3 normally
apically expressed and involved in luminal Na! reabsorption
and H! excretion. In mammals, NHE2 is primarily found in
skeletal muscle, kidney, and the gastrointestinal tract, whereas
NHE3 is mainly in the renal tubule, intestine, and stomach (39,
70). NHE3 is the predominant apical exchanger in the renal
proximal tubule and is upregulated during metabolic acidosis
(43, 68), whereas NHE2 may be the predominant isoform in
the distal convoluted tubule (63) and apical membranes of
colonic crypts (30). Phylogenetic analysis of the NHE family
indicates that NHE1, NHE2, and NHE4 are closely related (all
belonging to the resident plasma membrane NHE clade; see Ref.
5). Generally, NHE2 is not as well studied as NHE3 and appears
to play roles for both apical Na! reabsorption as above and pHi

regulation on the basolateral membrane (50). Interestingly, NHE2
(as well as NHE1 and -4) is thought to have first appeared in early
vertebrates (5) and a partial sequence most homologous to
NHE2/4 has been cloned in the stingray (Genebank no. AY626249;
see Ref. 12). Thus the dogfish may present an important
opportunity to characterize the function of the NHE2 isoform
in its earliest form.

As implicated in teleosts (6, 18, 35), the Na!/H! antiporter
also may be involved in elasmobranch acid excretion across the
gills. H! efflux in R. erinacea is sensitive to reductions in
external Na! concentration, and external amiloride also inhib-
its skate acid excretion (22, 24). Choe et al. (12) were the first
to use species-specific antibodies against NHE3 in an elasmo-
branch (the stingray, Dasyatis sabina). They demonstrated that
apical NHE3 is likely involved with sodium uptake in fresh-
water adapted fish and is colocalized with cells also expressing
high levels of Na!-K!-ATPase. This same pattern of distribu-
tion of NHE3 and Na!-K!-ATPase has also been recently
described in the gills of S. acanthias (10). Earlier work using
heterologous antibodies (against mammalian NHE2 sequence)
demonstrated NHE2 immunoreactivity colocalized with Na!-
K!-ATPase in the gills of several elasmobranch species (21)
and increased protein detection following acid infusion (56). A

detailed molecular and immunological characterization of elas-
mobranch-specific NHE2 has not been done to date.

Thus it appears that NHE may play a role in gill ion transfers
in elasmobranches. We report here the cloning of a full-length
NHE2-like sequence from the dogfish (S. acanthias) and the
localization of branchial cells expressing this transcript with
probes for both the NHE2 mRNA and shark-specific antibodies
developed against the sequence. We have used immunohisto-
chemical techniques with both light and confocal laser micros-
copy to colocalize NHE2 expression in combination with both
the Na!-K!-ATPase and H!-ATPase. The NHE2 immunore-
activity was detected in both Na!-K!-ATPase and H!-ATPase
immunoreactive cells in the gill epithelium. NHE2 mRNA
levels were similar in both controls and animals exposed to an
acute acidosis.

METHODS AND MATERIALS

Animals. Spiny dogfish (S. acanthias) were caught off the coast of
Maine by commercial fishermen and transferred to large (20,000 l)
aquaria at the Mount Desert Island Biological Laboratory (MDIBL).
Seawater (15–19°C) was pumped continuously from Frenchman Bay
into the aquaria via the MDIBL running seawater system. The tank
was exposed to ambient light cycles during the summer months. Male
dogfish (1–3 kg) were maintained unfed in the large holding aquarium
for 3–7 days and then quickly removed and killed by brain and spinal
pithing. Tissues were immediately removed for processing as de-
scribed below. In some experiments, animals were anesthetized in
MS-222 in seawater (150 mg/l) and the gills were perfused with cold
("4°C) elasmobranch Ringer (28) to remove blood from the gills.
Once most of the blood was cleared, the animals were pithed, and gill
arches (normally the second and third) were removed and prepared for
Western analysis or immunohistochemistry.

Molecular cloning and sequence analysis. Total RNA was prepared
from tissues homogenized in Tri-Reagent (Molecular Research Cen-
ter), cDNA was generated in a reverse transcription reaction (Super-
Script II; Invitrogen), and a PCR product was obtained using a
degenerate primer pair specific for conserved (putative membrane
spanning) areas of mammalian NHEs (3F: 5$-AAY GAY GSN GTN
CAN GTN GT-3$ and 4R: 5$-GGN CKN ATN GTN ATN CCY
TG-3$ where Y%C/T, S%G/C, K%G/T) first designed by Towle et al.
(55). The PCR cycle parameters were as follows: 5 min at 91°C, 40
cycles consisting of 1 min at 95°C, 1 min at 45°C, and 1.5 min at
72°C, and final 7-min extension at 72°C. A BLAST search indicated
that the resulting sequence of the "700-bp RT-PCR fragment was
most homologous to mammalian NHE2, and a series of specific nested
primers were then designed for use in 3$ and 5$ rapid amplification of
cDNA ends (RACE; Invitrogen). RACE products were subcloned
(Promega and Invitrogen) and sequenced at the MDIBL Marine DNA
Sequencing Center. An open reading frame (ORF) was constructed
from overlapping fragments (MacVector).

The 3$ end of the gill NHE2 sequence was used to design specific
primers (NHE2-F3: 5$-GGT GTC ATC ATC TGC TTC CCT G-3$
and NHE2-B3: 5$-TGG ATT CCT ATT GTT CTC CCT TCG-3$) for
PCR screening of various shark tissues in paired PCR reactions with
shark-specific actin primers (actin-F3: 5$-TGA AGC CCA GAA GCA
AGAGAG G-3$ and actin-B4: 5$-GCT CGT TGT AGA AGG TGT
GAT GCC-3$) that we developed to serve as positive controls from
partial dogfish actin cDNA sequence (NCBI no. ES452223). PCR
cycling parameters were as follows: initial denaturation temperature
of 95°C for 1 min followed by 35 cycles of 95°C for 1 min, 57.5°C
for 1 min, 72°C for 1 min, and a final extension for 10 min at 72°C.
As expected, the cDNA obtained from the dogfish gill yielded a band
of "468 bp with the NHE primers (corresponding with residues
1746-2213 of the ORF) and 115 bp for actin. PCR products were
confirmed by direct sequencing.
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The predicted amino acid sequence from the dogfish NHE ORF
was aligned with mammalian and fish NHE sequences downloaded
from NCBI. Phylogenetic “best trees” were constructed (MacVector)
using the neighbor-joining method with Poisson correction and cal-
culation of absolute differences and bootstrap confidence estimates
(10,000 replications). Predicted transmembrane regions from the dog-
fish sequence were calculated with hydrophilicity analysis and the
Argos helix transmembrane flexibility model (1).

RNA probes. A shark NHE2 542-bp cDNA fragment (position
1746–2287 of the dogfish ORF) was inserted into RNA expression
vector pGem TEasy (Promega). RNA expression vector was then
linearized by restriction enzymes SacII and SpeI to allow in vitro run
off synthesis of both sense and antisense RNA probes. Generation of
both sense and antisense digoxigenin (DIG)-labeled RNA probes was
accomplished using in vitro transcription as per the DIG-RNA label-
ing kit (Roche Applied Science).

In situ hybridization. Tissue sections were postfixed in 4% para-
formaldehyde in diethyl pyrocarbonate (DEPC)-treated PBS for 10
min and then rinsed for 2 & 15 min in PBS with 0.1% DEPC followed
by 15 min in 5& NaCl-sodium citrate (SSC). Sections were then
placed into prehyb [4& SSC containing 50% (vol/vol) deionized
formamide] for 2 h. Prehyb solution was drained from the slides, and
slides were then placed in hybidization buffer (40% deionized form-
amide, 10% dextran sulfate, 1& Denhardt’s solution, 4& SSC, 10 mM
dithiothreitol, 1 mg/ml yeast tRNA, and 1 mg/ml salmon sperm DNA)
containing 10 ng/ml labeled sense or antisense mRNA (generated
from the PCR product as above) and incubated in a humid chamber
overnight at 42°C. Tissue sections were immersed in 2& SSC in a
shaking water bath at 37°C for 2 & 15 min and then 1& SSC 2 & 15
min. Sections were then equilibrated in washing buffer (Boehringer
Mannheim) for 5 min at room temperature followed by an overnight
incubation in anti-DIG antibody diluted 1:5,000 in blocking reagent at
room temperature. Sections were washed 2 & 15 min in washing
buffer (BM) and then equilibrated for 5 min in detection buffer.
Labeled NHE2 mRNA was visualized with nitro blue tetrazolium
chloride (NBT)/5-bromo-4-chloro-3-indolyl phosphate, toluidine salt
(BCIP) for 2 h, and the reaction was stopped with Tris EDTA (TE)
buffer, pH 8, following counterstaining with 0.1% nuclear fast red.
Sections were mounted using an aqueous mounting medium.

Antibodies. Mouse monoclonal antibody '5 was made against
the '-subunit of avian Na!-K!-ATPase and binds to all isoforms.
It was developed by Dr. Douglas Fambrough and was obtained
from the Developmental Studies Hybridoma Bank under the aus-
pices of the National Institute of Child Health and Human Devel-
opment of the University of Iowa, Department of Biological Sci-
ences (Iowa City, IA). This antibody recognizes fish Na!-K!-ATPase
and is now used widely for studies on fish branchial cells (6, 11, 13,
21, 46, 47, 66).

Rabbit polyclonal antibody for vacuolar H!-ATPase (HAB) was
developed by Filippova et al. (27) and was a gift from Sarjeet Gill at
the University of California Riverside. It was made against a 279-
amino acid peptide that matches residues 79-357 of Culex quinque-
fasciatus B subunit. This antibody has been used to localize V-H!-
ATPase in Atlantic stingrays (14, 47) and the marine long-horned
sculpin (Myoxocephalus octodecimspinosus; see Ref. 6).

Squalus specific rabbit polyclonal antibodies against amino acids
636–654 of the dogfish NHE2 sequence (NENQVKEILIRRHESLRES;
see Fig. 2) were created (BioSource International) from two different
rabbits: 540 and 541 and also used in affinity-purified form (540-AP
and 541-AP).

Western blotting. Gill filaments from three dogfish were removed,
weighed, and placed in ice-cold homogenization buffer (250 mM
sucrose, 1 mM EDTA, 30 mM Tris, 100 (g/ml phenylmethylsulfonyl
fluoride, and 5 mg/ml protease inhibitor cocktail). The solution was
centrifuged with the resulting pellet suspended in a 50:50 solution of
homogenizing buffer and modified Laemmli sample buffer. Total
protein (70 (g) was resolved on a 7.5% polyacrylamide gel and

transferred to polyvinylidene difluoride membranes. The membrane
was blocked with 5% Blotto (pH 7.4) for 1 h at room temperature
(RT) and then incubated with either plasma from rabbits immunized
against NHE2 (primary antibody 540; 1:5,000; diluted in 5% Blotto)
or the affinity-purified version (540-AP; 1:7,500) overnight and
washed with primary antibody (TBST: TBS with 0.1% Tween 20, pH
7.4). A secondary 1-h incubation in AP-conjugated goat anti-rabbit
IgG (diluted 1:3,000 in 5% Blotto) was followed by a secondary
antibody wash with 1& TBST with three changes. Bound IgG was
detected using an enhanced chemiluminescence system (Bio-Rad
170-5018).

Immunohistochemistry and florescence microscopy. Gill filaments
from three dogfish were removed from the arches and placed in
fixative (3% paraformaldehyde, 0.05% glutaraldehyde, and 0.05%
picric acid in 10 mmol/l PBS, pH 7.3) for 24 h at 4°C. Immunohis-
tochemistry was done on frozen sections as described previously (11),
with minor modifications. After 24 h of fixation, filaments were rinsed
in at least three changes of PBS at 4°C, cryoprotected in at least two
changes of 20% sucrose and 5% polyethylene glycol, and frozen in
optimum cutting temperature embedding medium (TissueTek, Sakura,
CA) by immersion in 2-metylbutane chilled with liquid N2. Cryosec-
tions (8–10 (m) were cut longitudinally through the trailing half of
filaments with a Reichert-Jung cryostat and dried on positively
charged slides (Fisher Scientific). Slides were then stored at #80°C
for 1–6 days. For immunostaining, slides were thawed at RT, and a
hydrophobic barrier was created around each section with a PAP-pen
(Electron Microscopy Suppliers). Endogenous peroxidase activity was
inhibited by incubating with 0.3% H2O2 in block (1.5% normal goat
serum, 0.09% NaN3, and 0.1% Tween 20 in PBS at pH 7.3) for 30 min
at RT. Nonspecific binding sites on the tissues were blocked by
incubating with block for 30 min.

Sections were then incubated with primary antibodies and diluted
in block ['5 (1:500–1,000)], HAB (1:7,500–1:10,000), or NHE2
(540, 541: 1:5,000; 541-AP: 1:750–1:1,000) overnight at 4°C in a
humidified chamber. Alternatively, negative control sections were
incubated with block lacking antibodies. Unbound primary antibodies
were removed with a 10-min rinse in PBS. Sections were then
incubated with Vector Laboratories’ biotinylated goat anti-mouse ('5)
or goat anti-rabbit (HAB and NHE2) secondary antibodies diluted in
block for 30 min at RT. After being rinsed for 10 min in PBS, sections
were incubated with Biogenex’s ready-to-use horseradish peroxidase
avidin-biotin solution for 30 min at RT. After a final wash in PBS for
10 min, antibody binding was visualized by incubating with Vector
Laboratories’ 3,3$-diaminobenzidine tetrahydrocholride (DAB) or
vasoactive intestinal peptide substrates for 2–5 min at RT. Sections
were then rinsed with running tap water for 5 min, dehydrated in an
ethanol-Citrosolv series, and mounted permanently with a cover slip
using permount (Fisher Scientific).

Gill sections were prepared for immunofluorescent detection using
a modified protocol. Sections were deparaffinized, rinsed in PBS, and
then incubated overnight in a mixture containing dilutions of each
primary antibody as described earlier at 4°C. Sections were washed in
PBS and then incubated in a secondary TRITC antibody mixture or
Alexa Fluor 488-goat anti-mouse IgG (1:3,000) and FITC or Alexa
Fluor 568 goat anti-rabbit IgG (1:3,000) (Sigma-Aldrich, St. Louis,
MO, and Molecular Probes, Carlsbad, CA). Sections were mounted
using buffered glycerol, and sections were visualized using an Olym-
pus Fluoview 300 laser scanning point source confocal microscope.

Excess antigen staining controls for antibody 541-AP were done as
above, except for the primary antibody incubations. 541-AP was
diluted to 1.25 (g/ml (1:750) in block that also contained 250 (g/ml
of NHE2 antigen. This antibody and peptide mixture was allowed to
incubate at RT for 30 min before addition to gill sections.

Acidosis experiments and real-time PCR. Following MS-222
anesthesia, dogfish were cannulated via the dorsal aorta and allowed
to recover in a darkened Plexiglas aquarium fed with running seawater
according to the methods of Claiborne and Evans (20). After an
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overnight recovery, blood samples were drawn for measurement of
control pH, and then fish were infused via the dorsal aorta cannula
with either Ringer (n % 5) or 1 mmol/kg HCl in Ringer (n % 5) over
1 h using a protocol similar to that of Swenson et al. (53). Blood was
then sampled at hours 1 and 2 postinfusion before the animal was
removed from the aquarium and quickly killed as described above so
that gill tissue could be collected for RNA processing. An additional
three fish were exposed to twice the acid load (2 mmol/kg) using the
same time course as above. Differences between control and postin-
fusion plasma pH values were analyzed by paired Student’s t-tests
after using the Bonferroni procedure to control for error rate for
repeated-measures data (overall protection level, 0.05).

To measure gene expression, RNA was reverse transcribed as
above, and the manufactured cDNA was used in triplicate samples in

real-time quantitative PCR (qPCR) reactions in the presence of SYBR
Green (Molecular Probes, Eugene, OR) binding dye in a Stratagene
MX4000 qRT-PCR system (Stratagene, La Jolla, CA) with the fol-
lowing parameters: initial denaturing for 10 min at 95°C followed by
40 cycles of 35 s at 95°C, 30 s at 60°C, and 30 s at 72°C. After the
final cycle, a melting curve analysis was done to verify the amplifi-
cation of only one product in each well. Each sample contained 0.2 (l
of cDNA (2 (l of a 1:10 dilution of stock cDNA), 7.4 pmol of each
primer, and SYBR Green Master Mix (Applied Biosystems, Foster
City, CA) in a total volume of 25 (l. Specific primers for NHE2
(NHE2-F3 and NHE2-B3; above), H!-ATPase, and L8 sequence
were developed (MacVector) and tested for single product production
by gel electrophoresis and melting point analysis on the qPCR system.
Primers for dogfish H!-ATPase sequence (NCBI EU004205) were

Fig. 1. Phylogenetic “best tree” using neighbor joining method with Poisson correction (bootstrap with 10,000 replications) of selected Na!/H! exchanger
(NHE) 1– 4 sequences and the dogfish open reading frame (ORF) rooted to Ciona intestinalis NHE sequence (Ensemble gene prediction
ENSCING00000009555). NCBI accession nos. are listed adjacent to each sequence. The length of connecting lines is proportional to the relationship, and the
scale above each branch line indicates absolute differences between the amino acid sequences (1.0 % sequence is completely different, 0.0 % sequence is
identical). Bootstrap confidence estimates are shown in parentheses below each node.

Fig. 2. Homology alignment of putative dogfish NHE2 sequence (NCBI no. DQ324545) with mouse NHE2 (NP_001028461). Dark shading represents identical
amino acids, and light shading indicates functionally homologous residues. The sequences exhibit 58% identity and 70% homology overall. The epitope for the
dogfish antibodies is indicated by the boxed area. Predicted transmembrane regions (1) for mouse and dogfish are shown with dark lines (M1–M12).
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HAT-F3: 5$-GGA AAC CCA TTG ACA GAG GAC C-3$ and
HAT-B3: 5$-CAT TAT GTG GCA AAC CCG CTG-3$, which gen-
erated a 195-bp product. Primers (L8-F1 5$-GGA TAC ATC AAG
GGA ATC GTG AAR GA-3$ & L8-B1 5$-CAG TTT CGC TTG GCC
TTG TAY TTR TGR-3$) against the ribosomal protein L8 were
designed by homology comparisons with published sequences, and
the 470-bp L8 product from the dogfish (NCBI EU004204) was used
as an internal control (12, 14). Differences in relative gene expression
between control and acidotic animals were analyzed by unpaired
Student’s t-tests.

RESULTS

The predicted 770-amino acid ORF for the dogfish NHE-like
sequence (NCBI no. DQ324545) showed the highest homology
to NHE2 isoforms. Phylogenetic comparisons of the dogfish
amino acid sequence with published vertebrate protein coding
regions for NHE1–4 (Fig. 1) indicated that the dogfish NHE
was most similar to mammalian NHE2 ("0.23 difference)
followed by NHE4 ("0.37 difference). The dogfish sequence
was also more similar to mammalian and chicken NHE2 than
to teleost orthologs (mean difference from 3 species: 0.40 )
0.07). When aligned with the mouse NHE2 sequence (NCBI
AA NP_001028461; Fig. 2), the dogfish ORF was 58% iden-
tical and 70% homologous overall. The region of the dogfish
sequence between residues 15-489 included 12 postulated
membrane-spanning domains and was well conserved to the
mouse sequence in this area (71% identity, 83% homology).

Using specific PCR primers designed from the Squalus
NHE2 and actin sequences, we performed RT-PCR on mRNA
isolated from stomach, rectal gland, intestine, skeletal muscle,

kidney, liver. and gill (Fig. 3). Gel electrophoresis of the PCR
products revealed that actin bands of similar densities were
visible in all tissues. NHE2 primers also generated strong
bands in all of the epithelial tissues tested, and a lower intensity
product in skeletal muscle. No band was visible in the liver
sample.

In situ hybridization detection of the mRNA in dogfish gill
sections with antisense and sense NHE2 probes is shown in
Fig. 4. The antisense probe labeled interlamellar cells and
ovoid cells along the length of the lamellae. No binding was
detected with the sense probe. This distribution was similar to
that observed with NHE2 specific antibodies (Fig. 5). Cells
along the filament and the base of the lamellae often exhibited
light punctate staining, whereas most cells along the lamellae
were strongly stained in a more diffuse cytoplasmic pattern
(Fig. 5, A, C, and D; antibody 541-AP). In one of three dogfish
tested in early trials, antibodies contained in sera from both
immunized rabbits (540 and 541) recognized cells along the
lamellae with a less dense and more apical specific staining
pattern (Fig. 5, E and F). No staining was detected with block
only or in preabsorption controls. The large immunopositive
lamellar cells exhibited the strongest staining with 541-AP, and
some cells in this region exhibited increased immunoreactivity
near the apical edge. Western blots of gill and additional
dogfish tissues probed with affinity purified antibody (540-AP;
Fig. 6) and 540 serum recognized a distinct band at "70 kDa.
Strong immunolabeling was noted in gill, stomach, heart, and
rectal gland, with a weaker signal in brain. No binding was
observed in liver.

Fig. 3. RT-PCR analysis of selected dogfish tissues using NHE2 and actin specific primers. For each tissue, the first well is the NHE2 band, and the second is
the actin positive control. All negative controls (containing no cDNA) were negative. The actin primers generated transcripts in all tissues tested, whereas NHE
transcript was clearly detected in all epithelial tissues, including the gills. S, stomach; RG, rectal gland; L, DNA ladder; IN, intestine; M, skeletal muscle; K,
kidney; LV, liver; G, gill.

Fig. 4. In situ hybridization of dogfish spe-
cific mRNA NHE2 sequence in gill sections.
A and B were hybridized with the antisense
probe, whereas C was incubated with the
sense control. Large ovoid cells along and
between the lamellae expressed NHE2
mRNA. The sense probe did not hybridize to
cells. Scale bars: 20 (m (A) and 50 (m (B
and C).
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Heterologous antibodies against Na!-K!-ATPase and H!-
ATPase were used to identify numerous branchial cells ex-
pressing these proteins. Staining for Na!-K!-ATPase was
often most dense along the basolateral margin of lamellar cells,
whereas H!-ATPase was both basolateral and cytoplasmic. To
relate NHE2 expression, we performed colocalization with the
Na!-K!-ATPase antibody in combination with either NHE2
(541-AP) or H!-ATPase (Fig. 7). The large ovoid lamellar cells
predominantly stained for NHE2 but not Na!-K!-ATPase (Fig.
7A), whereas other lamellar cells most positive for Na!-K!-
ATPase had some mild NHE2 staining as well (Fig. 7A).
Interlamellar cells had more even staining for both proteins
(Fig. 7A). In contrast, there was little colocalization observed
in sections immunolabeled with H!-ATPase and Na!-K!-
ATPase (Fig. 7B). Serial sections (10 (m) from the gills were
each stained with one of the three antibodies (Fig. 8). The

ovoid lamellar cells often appeared to stain for both NHE2 and
H!-ATPase (Fig. 8, B and C). Other NHE2 immunopositive
cells along the lamellae coexpressed Na!-K!-ATPase (Fig. 8,
A and B).

Animals exposed to an infusion of 1 or 2 meq/kg HCl in
Ringer over 1 h exhibited a significant fall in plasma pH
following the infusion that then returned to near control levels
(Fig. 9B). Plasma pH fell from 7.81 ) 0.04 to 7.62 ) 0.07
(1 meq acid group; mean ) SE, n % 5, P * 0.05) and from
7.86 ) 0.02 to 7.29 ) 0.08 (2 meq group; n % 3, P * 0.05)
measured at the end of the infusion period. A control group of
Ringer-infused animals did not change (7.77 ) 0.03 vs. 7.80 )
0.01 1 h postinfusion; n % 5, not significant). Relative expres-
sion of message for both transporters at hour 2 postinfusion (as
measured by real-time qPCR) did not change significantly
between Ringer and acid-infused groups (Fig. 9A).

Fig. 5. Representative immunohistochemi-
cal detection with NHE2 specific antibody
(541-AP; 1:750) and stained with 3,3$-dia-
minobenzidine tetrahydrocholride (DAB; A)
or fluorescein (D) in dogfish gill sections. A
and C show a dense staining pattern of cells
on the lamellae and lighter staining at the
base of the lamellae and in the interlamellar
region on the gill filament. Some lamellar
cells exhibit increased staining in the apical
region (arrows). No staining is apparent in
preabsorption controls (B). A laser confocal
image (D) of the lamellar region shows stain-
ing that appears punctate in some cells and
more broadly diffuse in others. E and F
demonstrate an apical binding pattern (indi-
cated by arrows) observed in one of three
fish when plasma (1:5,000 dilution) from
rabbits immunized against 540 or 541 was
used (nonaffinity purified). Insets show neg-
ative controls (no primary antibody). Scale
bars for A, B, E, and F are 50 (m and for C
and D are 20 (m.
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DISCUSSION

The dogfish gill NHE sequence exhibited 70% homology
with mouse NHE2 with similar topology and putative mem-
brane spanning regions (42). The ORF was truncated by "39
residues at the 3$ end when compared with the mouse (Fig. 2).
The dogfish sequence included a leucine at position 144
(equivalent to Leu143 in rabbit NHE2) that is thought to play a
critical role in NHE2 amiloride sensitivity (71). Likewise, a
postulated mammalian proline-rich motif involved with target-
ing of NHE2 to the apical surface [e.g., mouse 744–751:
PPSVSPAP; (15)] has two proline residues that correspond in
the dogfish region 738–740. NHE2 expression in PS-120
membranes following cell acidification also appears to require
a response element located within the first 551 amino acids of
the rat NHE2 sequence (29), and this area is well conserved
(81% homology) between the dogfish and rat (as in mouse)
NHE2. Phylogenetic analysis groups the dogfish sequence
closest to mammalian NHE2 and NHE4, with NHE3 and
NHE1 on separate out branches (Fig. 1). Interestingly, the
dogfish sequence groups are closer to avian and mammalian
NHE2 than to those described for teleost (Actinopterygii)
species. This is in contrast to the generally accepted view of
cartilaginous fishes being basal to other jawed vertebrates (36),
although some analyses have disagreed with this model (2).
This same relationship with mammalian orthologs has been
described for the stingray NHE3 (12) and other transporter
sequences from the dogfish (31). Data from the genome
sequence of a cartilaginous species (the elephant shark,
Callorhinchus milii) has recently demonstrated that the
human and shark genome exhibit a higher level of sequence
conservation than is found between humans and teleosts (61,
62). These differences are likely because of the rapid diver-
gence of the teleosts, since this group is thought to have
gone through one or more additional genome duplications
after their split from the tetrapod line (16).

As noted by Brett and coworkers (5), mammalian NHE2 and
NHE4 are located adjacent to each other on the same chromo-
some (in humans, 2q11) and likely arose from a recent gene
duplication. To date, NHE4 has not been found in a fish
genome or from the cloning of full-length cDNA for eight

members of the NHE family in Danio rerio (69), giving
support to the suggestion that this isoform arose after the
tetrapod line diverged from fishes (12). It is feasible that the
dogfish NHE2 (and NHE2/4 in fishes in general) could carry
out functions ascribed to both NHE2 and NHE4 in mammals
(see below).

mRNA and protein expression for dogfish NHE2 (as de-
tected by RT-PCR and Western blotting; Figs. 3 and 6) were
detected in a variety of transporting tissues (gill, rectal gland,
stomach, intestine, and kidney) and also heart, with a weaker
signal in muscle and brain. In mammals, NHE2 message has
been found predominantly in kidney, intestine, stomach (in rat;
64); kidney, intestine, and adrenal gland with lower expression
in skeletal muscle and trachea (in rabbit; 60); and colon,
kidney, and skeletal muscle (in humans; 39). The dogfish
antibody recognized a protein of "70 kDa in the Western blots
that was slightly smaller in size to that reported in rat, mouse,

Fig. 7. Colocalization of NHE2 (541-AP; brown) with Na!-K! ATPase
(purple; A) and H!-ATPase (brown) with Na!-K!-ATPase (purple; B). Cells
along the base of the lamellae showed mild labeling for both NHE and
Na!-K! ATPase (!). Cells predominantly immunopositive for Na!-K!-
ATPase on the lamellae also had some NHE expression (*). Some large ovoid
cells on the lamellae also stained for NHE with little or no Na!-K!-ATPase
(arrows). There was little overlap between cells staining for H!-ATPase and
Na!-K!-ATPase. Many of the lamellar H!-ATPase-expressing cells were also
ovoid (arrows). Scale bars are 50 (m.

Fig. 6. Western blots of dogfish tissues probed with anti-NHE2 antibodies
(540-AP). A "70- to 72-kDa signal was detected in gill, stomach, heart, and
rectal gland. Longer exposure times also showed a weaker signal in brain.
Total protein ("70 (g) was loaded in each lane. Plasma containing antibody
540 also revealed bands of "70 kDa, but immunolabeling was not detected in
controls made with preimmune serum or lacking primary antibody (data not
shown). Standards indicate 100, 75, and 50 kDa. H, heart; B, brain.
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or expressed in PS-120 cells (range from *90 to 75 kDa; see
Refs. 4, 52, and 59). A putative teleost NHE2 (measured with
a species-specific antibody) was "85 kDa (6). An antibody
against rabbit NHE2 used on immunoblots of dogfish gill
proteins recognized a protein at "80 kDa (56). It should be
noted that the final 87 amino acids of the rabbit NHE2
sequence used to make this polyclonal antibody (59) share 22
identical and 14 similar residues distributed over the length of
a 135-residue region of the 3$ end in the dogfish sequence
described in the present study. Thus it is unclear whether these
earlier immunological results show cross reactivity with the
same protein that we have identified as NHE2 here.

Gill cells both along the lamellae and within the interlamel-
lar region were labeled by the antisense mRNA probe for the

dogfish NHE2 (Fig. 4). The darkest staining for cells express-
ing NHE2 mRNA was predominantly in large ovoid cells on
the lamellae. Immunodetection with dogfish specific antibodies
(Fig. 5) revealed a similar pattern with a strong reaction in the
ovoid lamellar cells and a lighter staining in columnar- or
squamous-shaped cells at the base of and between the lamellae.
In these cells, and one of three animals tested with the anti-
NHE2 immune serum, the immunolocalization of the NHE2
was along the apical edge or more diffuse in the cytoplasm
(Fig. 5). The two different cell morphologies apparent in the
dark- and light-staining cells are suggestive of two distinct cell
types with differential NHE2 expression. Lending credence to
this suggestion are the localizations of H!-ATPase and Na!-
K!-ATPase in relation to the NHE2 (Figs. 7 and 8). The
H!-ATPase appears throughout the cell with strong staining
along the basolateral margins. Serial gill sections stained with
the NHE2 and H!-ATPase antibodies indicate that the two

Fig. 9. Real-time quantitative PCR analysis (A) of NHE2 and H!-ATPase
mRNA expression in dogfish 2 h after an infused acid load (1 or 2 mmol/kg
given over a 1-h period via the dorsal aorta). Relative expression is normalized
to the level of ribosomal protein L8 mRNA, and control values are set to a
relative expression level of 1.0. No significant change was noted in the mRNA
levels of either NHE or H!-ATPase message. Doubling the acid load in a
second group of fish (2& group) induced a higher level of NHE2 expression,
but the change was not significant. B: plasma pH change before and following
the infusion. *Significant change in plasma pH (n % 5 for control and 1&
acid-infused groups, n % 3 for 2& acid group; means ) SE). Gills for RT-PCR
shown in A were collected immediately following the hour 3 blood pH
measurement.

Fig. 8. Representative 10-(m serial sections from dogfish gill, labeled for
Na!-K!-ATPase (A), NHE2 with 541-AP (B), and H!-ATPase (C). Nos.
indicate corresponding lamellae. Cells immunolabeled with Na!-K!-ATPase
often exhibited mild staining for NHE2 but not H!-ATPase (!). In contrast,
another population of cells in the lamellae stained for both NHE2 and
H!-ATPase but not Na!-K!-ATPase (arrows). Staining with DAB (B) and
vasoactive intestinal peptide (A and C). Scale bars are 50 (m.
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proteins are often colocalized in the ovoid lamellar cells. In
contrast, H!-ATPase and Na!-K!-ATPase do not appear in
the same cells. In the Na!-K!-ATPase-expressing cells, the
labeling is basolateral with NHE2 sometimes colocalized in
apical or cytoplasmic regions of these cells (Fig. 8, A vs. B).

Piermarini et al. (48) showed that gill cells in the Atlantic
stingray that reacted strongly for antibodies against basolateral
H!-ATPase also exhibited apical immunolabeling with anti-
bodies for pendrin Cl#/HCO3

# exchanger. They postulated that
these were base-excreting cells analogous to the B type inter-
calated cells of mammalian renal tubule. The dogfish also
exhibits the same distribution of pendrin in H!-ATPase cells
(25). Tresguerres and coworkers (56–58) have shown that
these cells in dogfish respond to metabolic alkalosis by trans-
locating intracellular H!-ATPase to the basolateral margins
and postulated that this drives proton reabsorption (and pre-
sumably HCO3

# excretion). They also found an increase in
NHE2 protein expression via Western blots following acid
infusion, but immunolocalization was not successful (56).
Edwards (21) reported colocalization of NHE2 and Na!-K!-
ATPase in the gills of three elasmobranch species. Both of
these studies utilized the heterologous antibody against rabbit
NHE2 (with the caveats noted above). The present results
demonstrate the colocalization of NHE2 and Na!-K!-ATPase
in some branchial cells, and a novel location for NHE2 in the
putative base-excreting (H!-ATPase-expressing) cells. It is
likely that the NHE2 found with Na!-K!-ATPase is involved
with apical Na! uptake and H! excretion to the environment in
a fashion similar to proximal tubular mammalian NHE2 and
perhaps as a complement to apical NHE3 (see below). We
speculate that the predominant expression of NHE2 in the
H!-ATPase-rich cells may also assist with regulation of pHi

and basolateral H! reabsorption in parallel to H!-ATPase
pumping (driving apical base excretion) in a fashion analogous
to NHE4 in the mammalian nephron (9, 45) and pancreas (49).
Basolateral NHE2 is also thought to regulate pHi in acid-
secreting parietal cells of mammalian gastric mucosa (50). It
remains to be seen if the cytoplasmic NHE2 expression in these
cells shifts to a more basolateral orientation during the post-
prandial period in parallel to the movement of H!-ATPase.
(58, 67).

Acid infusions induced the expected metabolic acidosis and
recovery (20), but significant changes in mRNA for NHE2 and
H!-ATPase were not detected. Gill samples were collected 2 h
postinfusion, at a time when peak acid excretion following
infusion is beginning (53). If NHE2, located in two different
cell types (as above), is involved in responses to both acidosis
and alkalosis, it is feasible that net NHE2 mRNA levels would
show little change, since the message is upregulated in one cell
type but downregulated in the other in response to acidosis.
Posttranslational mechanisms such as changes to membrane
cycling of NHE2 (7) or protein phosphorylation (38) could be
responsible for short-term adjustments. For example, mamma-
lian NHE2 expressed in NHE-deficient PS-120 cells has a
plasma membrane half-life of "3 h (8). Gens et al. (29)
showed that fusion protein constructs of rat NHE2 expressed in
PS-120 cells are responsive to decreased pHi, since more NHE
is shuttled to the membrane following cell acidification. Thus
cycling of NHE2 between membrane and intracellular com-
partments in the dogfish following systemic acidosis would
allow adjustments at the protein level in the time course

measured here. It remains to be seen if increased NHE2 mRNA
transcription (and subsequent de novo protein expression) may
occur in longer-term acid (or alkaline) exposure. It is also
likely that apically expressed branchial NHE3, which is colo-
calized in Na!-K!-ATPase cells (10), plays an important role
in the overall adjustments to acid challenge. Both isoforms
function in Na! uptake in the mouse colon (30), and NHE2
could act as a “backup” during acidosis as observed in the
proximal tubule of NHE3-deficient mice (3).

Perspectives and Significance

NHE2 is thought to have first appeared in fishes (5), and we
have shown here that the dogfish expresses an NHE2 that is
similar to mammalian homologs. Chondrichthyan fishes are
thought to have evolved "450 million years ago (40), so this
ortholog appears to have been well conserved through the
vertebrate lineage. The protein may play a role in acid and/or
base transfers across the dogfish gill and is found in multiple
branchial cell types. NHE2 is also present in other dogfish
tissues such as the stomach, intestine, and rectal gland, imply-
ing osmoregulatory roles for this transporter as well.
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