
Vol.:(0123456789)1 3

Journal of Comparative Physiology B (2021) 191:85–98 
https://doi.org/10.1007/s00360-020-01320-2

ORIGINAL PAPER

A marine teleost, Opsanus beta, compensates acidosis in hypersaline 
water by H+ excretion or reduced HCO3

− excretion rather 
than HCO3

− uptake

Zongli Yao1,2   · Kevin L. Schauer2 · Ilan M. Ruhr2,4 · Edward M. Mager2,3 · Rachael M. Heuer2 · Martin Grosell1,2

Received: 10 February 2020 / Revised: 10 September 2020 / Accepted: 29 September 2020 / Published online: 17 October 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Increases in ambient salinity demand parallel increases in intestinal base secretion for maintenance of osmoregulatory sta-
tus, which is likely the cause of a transient acidosis following transfer of euryhaline fish from freshwater to seawater. It was 
predicted that transfer of the marine Gulf toadfish (Opsanus beta) from seawater (35 ppt) to hypersaline (60 ppt) seawater 
(HSW) would lead to a transient acidosis that would be compensated by increases in branchial acid excretion to offset the 
acid–base disturbance. Toadfish exposed to HSW showed a significant decrease in blood pH and [HCO3

−] but no increase 
in pCO2, followed by a full recovery after 48–96 h. A similar metabolic acidosis and recovery was found when fish were 
exposed to 60-ppt HCO3

−-free seawater (HEPES-buffered), which may suggest that compensation for intestinal base loss dur-
ing hypersaline treatment is from gill H+ excretion rather than gill HCO3

− uptake. However, we cannot rule out that reduced 
branchial HCO3

− excretion contributed to an increase in net acid excretion. Since colchicine prevents full compensation, 
translocation of H+ and/or HCO3

− transporters between cytosolic compartments and plasma membrane fractions might be 
involved in compensating for the hypersalinity-induced acidosis. Translocation of transporters rather than de novo synthesis 
may represent a faster and less energetically demanding response to rapidly fluctuating and high salinities encountered by 
toadfish in their natural environment.
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Introduction

Marine teleosts are osmoregulators, maintaining extra-
cellular f luids at approximately one-third strength 
(300–350 mOsm) of seawater. As a consequence, they are 
faced with constant diffusive water loss to their concentrated 
seawater environment (Grosell and Taylor 2007). To cope 
with this hypersaline environment, fish must continually 
drink seawater and perform NaCl-coupled water absorption 
in the intestine (Larsen et al. 2014). At the same time, they 
secrete high rates of HCO3

− to form CaCO3 precipitates in 
the intestine, which reduces luminal osmolality, further aid-
ing water absorption (Grosell 2011).

Precipitation of CaCO3 in the Gulf toadfish (O. beta) 
intestine is facilitated by the anion exchanger SLC26a6, 
which excretes two or more molecules of HCO3

− in 
exchange for a single Cl−, across the apical membrane (Genz 
et al. 2008; Grosell 2006, 2011; Kurita et al. 2008). While 
this process is essential for osmoregulation in marine envi-
ronments, the secretion of HCO3

− generates protons that 
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are transported from intestinal cells to the blood (Cooper 
et al. 2010; Genz et al. 2008). Consequently, it seems reason-
able to expect that changes in intestinal base secretion rates, 
as seen during exposure to elevated environmental salinity 
(Genz et al. 2008; Gonzalez 2012; Ruiz-Jarabo et al. 2017), 
would have an impact on whole-animal acid–base balance. 
Indeed, most studies on euryhaline fish transferred from 
freshwater to seawater report a transient acidosis (Maxime 
et al. 1991; Nonnotte and Truchot 1990; Wilkes and Mcma-
hon 1986) that is likely due to the onset of drinking and 
intestinal base secretion (Grosell 2010). Two studies have 
shown no apparent effect on blood acid–base status follow-
ing transfer to seawater (Bath and Eddy, 1979; Milne and 
Randall 1976), while one has shown a transient alkalosis 
(Perry and Hemin 1981). Considering the need for elevated 
intestinal HCO3

− secretion that is generally observed in 
marine teleosts when transferred from seawater to elevated 
salinity (Genz et al. 2008), we tested the response of Gulf 
toadfish transferred from seawater (35 ppt) to hypersaline 
(60 ppt) seawater (HSW), and predicted that they would 
experience a similar acidosis, as described above. Since 
Gulf toadfish readily cope with salinities up to 60 ppt, we 
further predicted that an acidosis induced by a transfer to 
HSW would be transient in nature and ultimately corrected 
by increased net branchial acid excretion, as reported previ-
ously (Genz et al. 2008).

Because the aqueous medium limits respiratory compen-
sation for regulating acid–base status, fish rely mainly on the 
exchange of acid–base equivalents (e.g., H+ and HCO3

−) 
between the gill and the environment (Evans et al. 2005). 
Correction of a metabolic acidosis resulting from elevated 
intestinal base secretion could occur through multiple 
branchial pathways including: (1) uptake of HCO3

− from 
the surrounding medium, as suggested for Gulf toadfish 
(Esbaugh et al. 2012) during CO2 exposure; (2) reduced 
HCO3

− excretion; (3) from regulation of proton transport 
via Na+/H+ exchangers (NHEs) (Catches et al. 2006); or 
(4) by translocation of proton pumps from cytosolic com-
partments to plasma membranes, as seen in elasmobranchs 
(Tresguerres et al. 2006).

It is well established that fish transferred to high salinity 
show elevated branchial Na+/K+-ATPase (NKA) activity to 
maintain Na+ and Cl− excretion and, possibly, acid–base bal-
ance (Guffey et al. 2011). Furthermore, cytosolic carbonic 
anhydrase activity has been reported to increase in the gills 
upon transfer to elevated salinity in Gulf toadfish, pointing 
to increased transfer of acid–base equivalents (Sattin et al. 
2010). The roles of NHEs and vacuolar H+-ATPase (VHA) 
in acid excretion, associated with osmoregulation at elevated 
salinities, are still unclear. Earlier work on Gulf toadfish 
revealed that mRNA expression and protein activity of VHA 
did not change following transfer to elevated salinity (Guffey 
et al. 2011). However, studies on elasmobranchs have shown 

that branchial responses to acid–base balance disturbances 
involve the translocation of the mature VHA protein, rather 
than changes in mRNA or protein expression (Tresguerres 
et al. 2006).

NHEs have been proposed as another important mode 
of controlling acid excretion in seawater fish, where the 
high ambient Na+ concentration of seawater favors Na+ 
entry across the apical membrane, resulting in excretion of 
H+ ions (Claiborne et al. 2002; Liu et al. 2016), as well as 
ammonia excretion (Liu et al. 2013).

Considering the four compensatory pathways involved 
during hypersaline exposure, the present study examined 
if the observed correction of a transient acidosis following 
transfer to elevated salinity was due to HCO3

− uptake or 
H+ excretion. Moreover, given that we observed a lack of 
reliance on ambient HCO3

− for correction of a metabolic 
acidosis, we hypothesized that altered expression of NHEs, 
translocation of VHA, or both play a role in enhanced acid 
excretion during exposure to elevated salinity.

Materials and methods

Experimental animals

Gulf toadfish (O. beta) were obtained from local shrimp fish-
ermen in Biscayne Bay, FL, USA. Animals were separated 
by size, placed in 62-l tanks (8–10/tank), with a continuous 
flow-through of filtered seawater from Biscayne Bay (34–36 
ppt salinity, 22–25 °C). Shelters of polyvinyl chloride tub-
ing were provided to reduce stress and aggression, and fish 
were fed weekly with squid to satiation. Food was withheld 
at least 72 h before experimentation to avoid post-prandial 
acid–base balance disturbances. Fish husbandry and experi-
mental procedures were performed according to an approved 
University of Miami Animal Care Protocol (Institutional 
Animal Care and Use Committee iNo. 13-225).

Cannulation experiments

Toadfish (mass: 80–110 g) were exposed to 0.2 g/l MS-222 
(buffered with 0.3 g/l NaHCO3) in seawater until anesthe-
tized, and gills were irrigated with 0.1 g/l MS-222 (buff-
ered with 0.3 g/l NaHCO3) seawater throughout surgery. A 
caudal incision under the lateral line allowed for insertion 
of a catheter of polyethylene tubing (PE50; Intramedic, Bec-
ton–Dickinson & Co., Sparks, MD, USA) into the caudal 
artery or vein. The catheter was enclosed in a short sleeve of 
larger tubing (PE90) secured to the skin by surgical suture, 
anchoring the catheter. The caudal incision was treated with 
antibiotic (oxytetracycline) before being closed with a sur-
gical suture running stitch. Prior to cannulation, the cath-
eter was filled with heparinized saline (Genz et al. 2008) 
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and sealed. Cannulated animals were placed in individual 
holding tanks (approximately 750 ml) with numerous holes 
(2 cm diameter) and placed in a large bath of aerated, tem-
perature-controlled control seawater.

Blood pH during hypersaline transfer

A total of four experimental groups (Table 1) were subjected 
to blood pH measurements. In addition to controlling fish 
held in normal seawater of 35 ppt (SW), there were three 
treatment groups: those held in hypersaline water of 60 ppt 
(HSW), unbuffered HCO3

−-free hypersaline water of 60 ppt 
(UHSW), and HEPES-buffered HCO3

−-free hypersaline 
water of 60 ppt (BHSW). The HEPES-buffered HCO3

−-free 
seawater treatment was included since the UHSW treatment 
resulted in an unexpected respiratory acidosis. HSW water 
was made by adding sea salt (Instant Ocean; Aquarium Sys-
tems Inc., Mentor, OH, USA) to 35-ppt seawater (SW) to 
a final salinity of 60 ppt. UHSW was made by dissolving 
the following salts in reverse osmosis water (RO water): 
845.3  mmol/l NaCl, 60.9  mmol/l MgSO4, 39.4  mmol/l 
MgCl2, 14.5 mmol/l KCl, 20.4 mmol/l CaCl2, 4.2 mmol/l 
Na-gluconate. BHSW was made from UHSW by adding 
4.2 mmol/l HEPES and the pH was adjusted to 8.04. Toad-
fish experience salinities as high as 60 ppt in their natural 
environment (Kelble et al. 2007). We acknowledge that our 
“HCO3

−-free” media must have contained some HCO3
−. 

However, similar HCO3
−-free artificial seawaters have been 

employed in studies of toadfish compensatory responses 
to elevated CO2. These studies demonstrated that the low 
HCO3

− levels in our “HCO3
−-free” media were sufficiently 

low to reveal dependence of external HCO3
− (Esbaugh et al. 

2012).

Following a post-surgery recovery period of 24 h, water 
in the containers holding the fish was exchanged from SW 
to either SW, HSW, UHSW, or BHSW, according to the 
assigned treatment group. Blood was sampled (~ 380 µl, 
n = 8) via the caudal catheter into a gas-tight heparinized 
Hamilton syringe at 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 
48 h, 72 h, and 96 h, after a daily 50% water replacement. 
Blood pH was analyzed immediately after sampling, using a 
Radiometer pHc4000-8 electrode housed in a custom-made, 
gas-tight chamber. The remaining blood was centrifuged 
for 1 min to separate the red blood cells and plasma. The 
plasma was analyzed for total CO2 and osmolality. Follow-
ing sampling, the red blood cells were resuspended in 200 μl 
heparinized saline and was injected back into the fish via 
the caudal catheter to ensure sustained red blood cell levels.

Colchicine treatment

A fifth experimental series, and corresponding control, 
examined the role of intracellular trafficking of transport 
proteins in compensation for hypersaline-induced meta-
bolic acidosis by injection of colchicine, an inhibitor of 
microtubule polymerization and, consequently, intracellu-
lar translocation. A colchicine stock solution (10 mg/ml) in 
heparinized saline was made just prior to injection. Follow-
ing a post-surgery recovery period of 24 h, fish (n = 8) were 
injected with a bolus dose of 15 mg/kg of colchicine, while 
control fish (n = 8) were injected with an equivalent volume 
of saline at t = 0 through the caudal catheter. The chosen 
colchicine concentration showed inhibition of H+-ATPase 
translocation in the H+-ATPase-rich cell in previous studies 
(Tresguerres et al. 2006). Because colchicine has a half-life 
in plasma of ~ 1 h, the protocol by Gilmour et al. (1998) and 
Tresguerres et al. (2006) of injecting half the initial dose 
every 6 h (at 6 h, 12 h, 18 h, 24 h) was followed. The same 
injections of saline were performed in corresponding con-
trols. Blood was sampled (~ 380 µ) via the caudal catheter 
at 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h from both experi-
mental groups after replacement of SW medium with HSW. 
Sampled blood was treated as outlined above.

mRNA expression and localization of acid–base 
relevant proteins during hypersaline transfer

To analyze the mRNA expression and localization of 
acid–base relevant proteins, a separate experiment was con-
ducted. Toadfish (mass: 20–30 g, n = 8) were acutely trans-
ferred from SW to HSW for 168 h. Gills were sampled at 
0 h, 6 h, 12, 24 h, 96 h, and 168 h after exposure to HSW. 
Toadfish were euthanized by immersion in a solution of 
0.2 g/l MS-222 (buffered with 0.3 g/l NaHCO3) in SW or 
BHSW as appropriate. The gills were perfused with hep-
arinized saline to clear tissues of blood prior to dissection. 

Table 1   Water composition and chemistry of four treatments

SW seawater, HSW 60-ppt hypersaline water, UHSW 60-ppt 
HCO3

−-free hypersaline water, BHSW 60-ppt HEPES-buffered 
HCO3

−free hypersaline water

Chemicals (mM) SW HSW UHSW BHSW

NaCl 422.66 845.31 845.31 845.31
MgSO4 30.43 60.85 60.85 60.85
MgCl2 19.68 39.35 39.35 39.35
KCl 7.24 14.49 14.49 14.49
CaCl2 10.20 20.41 20.41 20.41
NaHCO3 2.10 4.20 0.00 0.00
Na-gluconate 4.20 0.00
HEPES salt 0.00 4.20
pH 7.89 7.80 7.59 7.91
Osmolality (mOsmol/L) 1136 1913 1907 1912
Water temperature (°C) 24.46 24.46 24.46 24.46
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Perfusion methods were performed according to the study 
of Esbaugh et al. (2005) by exposing and cannulating the 
bulbus arteriosus with polyethylene tubing (PE50) and using 
a peristaltic pump to deliver 20 ml of ice-cold heparinized 
0.9% saline (50·I.U./ml sodium heparin), followed by 30 ml 
of non-heparinized saline. Immediately after cannulating 
the bulbus arteriosus, the ventricle was severed to allow 
fluid to drain from the circulatory system. Gill tissues for 
mRNA expression and western blot analyses were immedi-
ately snap-frozen in liquid N2, and stored at − 80 °C until 
analysis. Gill segments for immunohistochemistry analysis 
were fixed in Z-fix (Anatech), a formaldehyde-based fixa-
tive designed to reduce cross-linking for at least 48 h while 
gill segments for transmission electron microscopy were 
fixed in 2% glutaraldehyde buffered with 0.1 mol/l sodium 
cacodylate (pH = 7.4; osmolality of fixative = 351) at 4 °C 
overnight.

Analytical techniques

Molecular biology

Total RNA was isolated from toadfish gill using RNA Stat-
60 Reagent (Tel-test Inc, TX, USA) according to the manu-
facturer’s instructions, with homogenization performed 
using a motor-driven tissue homogenizer. The purity of 
RNAs were determined by measuring 230, 260, and 280-nm 
absorbance on a SpectraMax Plus 384 Microplate Reader 
(Molecular Devices, CA, USA). Only RNAs with an absorb-
ance ratio A260/A280 greater than 1.8 were used in further 
experiments. Prior to cDNA synthesis, a subsample of RNA 
was DNase treated with amplification grade DNase I (Inv-
itrogen, CA, USA; manufacturer specifications) to remove 
potential DNA contamination. Subsequent cDNA synthesis 
was performed using RevertAid MULV reverse transcriptase 
(Fermentas, MD, USA) according to the manufacturer’s 
specifications.

Real-time PCR amplification and detection were per-
formed on an Mx3005P real-time PCR system (Stratagene, 
CA, USA) using the Brilliant SYBR green master mix kit 
(Stratagene) and the primers listed in Table S1. The manu-
facturer’s instructions were followed with the modification 
that the total reaction volume was reduced to 25 μl. Three 
technical replications were conducted for each sample. All 
qRT-PCR reactions were performed as follows: pre-incu-
bation at 95 °C for 10 s, followed by 40 cycles of 95 °C for 
30 s and 60 °C for 30 s. Following each reaction, the PCR 
products were subjected to melting-curve analysis, and rep-
resentative samples were analyzed using electrophoresis to 
verify that only a single product was present. No template-
negative controls were included with each set of reactions. 
The standard curve of each gene was confirmed to be in a 
linear range with the normalizing gene, elongation factor 

1α (EF1α) (r2 > 0.98). The expression level of the gene of 
interest (normalized to EF1α) is given relative to the cor-
responding control group with efficiency correction (Livak 
and Schmittgen 2001). EF1α expression remained constant 
across time. The efficiencies for primer pairs for NHE1, 
NHE2, NHE3, CFTR and EF1α were 96, 95.4, 97.1, 93.9 
and 96.5, respectively. For comparisons among treatments 
(SW and HSW) and time points, the mRNA expression level 
of selected genes was calculated relative to the appropriate 
control group.

Plasma pH, ion concentrations, and osmolality

Blood pH was analyzed using a custom-built gas-tight, ther-
mostatted sleeve equipped with a pH electrode (Radiom-
eter pHc4000-8) attached to a MeterLab portable pH meter 
(Radiometer PHM201). Plasma total CO2 was determined 
using a Corning 965 total CO2 analyzer. Plasma pCO2 and 
bicarbonate in blood plasma for acute transferred, cannulated 
fish were calculated from total CO2 and pH according to the 
Henderson–Hasselbach equation using the appropriate toad-
fish plasma constants. More specifically, the HCO3

− concen-
tration was determined from Eq. (1) (Boutilier et al. 1984), 
while pCO2 was determined from Eq. (2), using a pK1 of 
6.02 (apparent pK1 for ionic strength of teleost plasma at 
20 °C (Boutilier et al. 1984) and pK2 of 9.46 for toadfish 
blood and intestinal fluids (Wilson and Grosell 2003; Wilson 
et al. 2002), αCO2 of 0.038.

Plasma osmolality was analyzed by a Wescor 5520 vapor 
pressure osmometer.

Immunohistochemistry

After fixation in Z-fix for 48 h, an established protocol 
(Ruhr et al. 2014) was modified to prepare the tissues for 
immunofluorescence analysis. Gill tissues were immersed 
in 70% ethanol for 1 week. Tissues were then dehydrated 
in ascending grades of ethanol (3 washes in 95%, followed 
by 3 washes in 100%). Following dehydration, tissues were 
prepared for wax embedding by immersing them in two 
washes of butanol, followed by two washes with Histo-
choice (Amresco). Tissues were finally immersed in four 
washes of paraplast (McCormick Scientific) and embedded. 
Serial sections (4 μm) were cut from the tissues using a 
Leitz microtome (model 1512). Sections were transferred 
and mounted onto poly-l-lysine-coated slides and dried for 
24 h at 37 °C. Slides were then prepared for antibody treat-
ment by immersing them into two washes of Histochoice 
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3
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=
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(Amresco), five washes of decreasing alcohol (100%–50% 
ethanol), and one wash in PBS. Subsequently, slides were 
incubated in 10 mmol/l citric acid solution and placed in a 
microwave for two 5-min incubations for additional antigen 
retrieval. Slides were then immersed in 0.01% Tween-20 in 
PBS, followed by immersion in a 5% skim milk solution, and 
three washes in PBS. The primary antibody was dissolved 
in 0.5% skim milk in PBS, added to each slide, and incu-
bated for 1 h at 37 °C. The primary antibody consisted of 
monoclonal mouse VHA (VHA B1/2) antibody (Santa Cruz 
Biotechnology, Inc., catalog number: sc-271832) which has 
a 96.6% identity to the corresponding toadfish sequence. 
After the 1-h incubation, slides were immersed in three PBS 
washes. The secondary antibodies consisted of Alexa flour 
488-conjugated anti-mouse IgG (Invitrogen). Slides were 
once again incubated in 37 °C for 1 h, followed by three 
successive washes in PBS. Coverslips were placed on the 
slides using histology mounting medium with DAPI (Sigma 
F6057) to stain nuclei. Control slides were treated equally, 
but without primary antibody. Slides were observed with 
an Olympus fluorescence microscope (u-tvo.5xc-2), with 
attached QImaging camera (Retiga EXi, Fast 1394). iVision 
and Fiji software were used to analyze images. To examine 
possible VHA translocation, the slides stained with VHA 
B1/2 were observed with an Olympus confocal laser scan-
ning biological microscope (FV1000).

Transmission electron microscopy

The whole gill arch was excised from the fish and then cut 
into pairs of filaments attached by the septum of the arch. 
The filaments were then post-fixed in a mixture of the glutar-
aldehyde fixative and osmium tetroxide (to make a 1% OsO4 
solution). This was followed by ten rinses in PBS buffer to 
remove the OsO4/glutaraldehyde mixture. Tissue was dehy-
drated through three changes each in a graded series of etha-
nol (20%, 50%, 70%, 95%, 100%), then placed in two rinses 
of propylene oxide (Electron Microscopy Sciences, Hatfield, 
PA, USA) for 5 min each and then embedded in EPON resin 
and 1 µm semi-thin toluidine-stained sections cut to ascer-
tain orientation. Thin sections were then cut with an ultra-
microtome fitted with a diamond knife and stained with lead 
citrate and uranyl acetate. Sections were viewed and images 
taken at selected magnifications in a Philips CM-10 Electron 
Microscope fitted with a Gatan digital camera.

To detect potential changes in the percentage of mito-
chondria-rich cells (MRCs) with apical crypts, the number 
of MRCs and MRCs with apical crypt per lamellae were 
quantified. This was done by analyzing micrographs taken 
at a magnification of 3400X from at least three randomly 
selected lamellae per fish on three fish per treatment. Mean 
MRC surface area was determined by tracing the MRC 
perimeters using a morphometric software program (Fiji). 

Apical width was determined as the longest line along the 
apical surface. Apical depth was determined by drawing and 
measuring a line between the deepest point of apical crypt 
and apical opening edge.

Western blot analysis

Frozen gill samples were weighed, immersed in liquid 
nitrogen, and pulverized in an ice-cold porcelain grinder. 
The resultant powder was resuspended in 1:10 w/v of ice-
cold homogenization buffer [250 mmol/l sucrose, 1 mmol/l 
EDTA, 30 mmol/l Tris, 10 μl/ml Halt™ Protease Inhibitor 
Cocktail (Life Sciences), pH 7.4] and needle sonicated on 
ice for 20 s. The homogenate was then subjected to differen-
tial centrifugation according to the procedure of Tresguerres 
et al. (2006). Briefly, debris was removed by low-speed cen-
trifugation (3000g for 10·min, 4 °C), and a sample of the 
supernatant (whole gill homogenate) was stored at − 80 °C. 
The rest of the sample was then subjected to a medium speed 
centrifugation (20,800g for 60·min, 4 °C), and the pellet was 
resuspended in homogenization buffer and stored at − 80 °C 
as the plasma membrane fraction.

Samples of both the whole gill and gill membrane fractions 
were saved for protein concentration analysis via the bicin-
choninic acid (BCA) method (Pierce, Rockford, IL, USA), 
which was performed in triplicate. The gill samples were then 
diluted with SDS loading buffer to a final concentration of 
1 μg/μl. Twenty µg of total protein per sample was separated 
on a 4–20% polyacrylamide gradient mini-gel (45 min at 
120 V; Bio-Rad Laboratories Inc., Hercules, CA, USA) and 
transferred to a PVDF membrane (45 min at 80 V) using a 
wet transfer cell (Bio-Rad Laboratories). Following block-
ing (protein-free blocking buffer: Thermo 37570), the PVDF 
membranes were incubated with the primary antibody against 
VHA, NKA, or CFTR with gentle agitation at 4 °C overnight. 
The NKA-α antibody was a commercial polyclonal rabbit Na+/
K+-ATPase α antibody (sc-28800, Santa Cruz Biotechnology), 
which showed a sequence identity of 93% to the correspond-
ing toadfish sequence. The affinity-purified H+ pump antibody 
was developed in rabbits against a synthetic peptide based on 
the B subunit of eel V-H+-ATPase (VHA) with sequence 
RKDHADVSNQLYACYA, which showed 100% identity to 
the corresponding toadfish sequence [a gift from Prof. Jona-
than Wilson, (Wilson et al. 2007)]. The CFTR antibody was a 
commercial monoclonal mouse CFTR (R&D Systems, catalog 
number: MAB25031). After three washes of 15 min each with 
TBS-Tween 20 (0.05%), the PVDF membrane was incubated 
with horse-radish peroxidase (HRP)-conjugated secondary 
antibodies (Santa Cruz Biotechnology), at room temperature 
for 60 min. Blots were developed in WesternSure ECL sub-
strate (Li-Cor), visualized via a C-DiGit chemiluminescent 
western blot scanner (Li-Cor, Inc.), and the relevant bands 
were quantified in Image Studio Lite (Li-Cor). Following 
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visualization, protein loading in each lane was quantified by 
staining with Coomassie Brilliant Blue and the relevant bands 
were normalized to a constant loading rate for comparison 
across treatments. The control (SW) and hypersaline (HSW) 
treatments were run on the same gel at the same time to ensure 
complete comparability. The abundance of the selected protein 
was calculated relative to the appropriate control group.

To confirm the specificity of the eel anti-VHA-B anti-
body, identical aliquots of whole gill lysates were run side 
by side on an SDS-PAGE gel. Half of the gel was then 
transferred to a PVDF membrane for western blotting 
using the VHA-B, while the second half was Coomassie 
stained. Upon completion of blotting, a band was cut from 
the Coomassie-stained gel at the molecular weight expected 
for VHA-B. The gel fragment was then submitted to trypsin 
digestion and the resulting peptides were analyzed by liq-
uid chromatography-coupled mass spectrometry (LC–MS). 
Raw data were searched against a recently generated Gulf 
toadfish transcriptome (Schauer et al. 2016) translated into 
all six possible reading frames. The VHA-B was identi-
fied in this analysis with 47% sequence coverage. The eel 
VHA-B antibody cross reacted with a number of other pro-
teins of different molecular weight and was therefore not 
used for immunohistochemistry. Immunohistochemistry of 
VHA was complete using a monoclonal mouse the VHA 
B1/2(sc-271832) antibody, which is very specific according 
to our western blot verification (Fig. S1).

Statistical analysis

Data are presented as absolute mean ± SE. Statistically sig-
nificant difference of blood pH, plasma pCO2, HCO3

− con-
centrations and osmolality post-transfer from the 0 h and 
among treatments at each time point were revealed by a 
two-way ANOVAs, followed by multiple sample compari-
sons using the Holm–Sidak method. Statistically significant 
differences of quantitative analysis of V–H+-ATPase subu-
nit B, CFTR and NKA-α, quantitative analysis of MRCs in 
the lamellae of Gulf toadfish exposed to HSW compared to 
controls (S24 or S96) were revealed by t tests (p ≤ 0.05). All 
t tests are two-tailed unless stated otherwise. Means were 
considered significantly different when p < 0.05. SAS9.3 
(SAS Institute, Cary) was used for statistical analysis. Line 
and bar charts were created using Sigmaplot 11.0 (Systat 
Software, San Jose, CA).

Results

Blood acid–base status during salinity transfer

The blood pH of fish subjected to control SW (35 ppt) 
remained constant throughout the 96-h experiment, but 

transfer to 60-ppt seawater (HSW) induced a biphasic 
metabolic acidosis (Fig. 1a). Initially blood pH signifi-
cantly decreased, which was followed by recovery at 2 h 
after the initiation of HSW exposure; however, from 4 to 
96 h of HSW exposure, blood pH remained significantly 
suppressed (Fig.  1a). In HCO3

−-free, 60-ppt seawater 
(UHSW), the initial acidosis was more pronounced than 
in HSW, whereas it was virtually absent when 60-ppt water 
was buffered by HEPES (BHSW) (Fig. 1a). With exception 
of a lower level at 24 h, plasma [HCO3

−] remained stable 
in control fish throughout the 96-h experiment (Fig. 1c). In 
contrast, plasma [HCO3

−] of fish held in HSW and BHSW 
showed a steady decline for the first 24 h, followed by 
recovery to control levels. Fish held in UHSW displayed 
a gradual increase in plasma [HCO3

−], reaching statistical 
significance by 72-h post-transfer (Fig. 1c). Plasma pCO2 
remained constant in control fish, but showed slight, yet 
significant, reductions in HSW and BHSW during the first 
24 h following transfer (Fig. 1b). In contrast, fish in UHSW 
showed elevated plasma pCO2 at 30 min post-transfer and 
throughout most of the remaining 96-h exposure. The 
plasma osmolality of all fish exposed to any of the 60-ppt 
treatments increased from 24 to 96 h post-transfer, while 
the control fish osmolality remained constant (Fig. 1d). 
The survival rates of toadfish during control, HSW, UHSW 
and BHSW transfer were 100%.

mRNA expression of acid–base 
and osmoregulation‑relevant proteins

The mRNA expression of NHE1, NHE2, NHE3, and 
CFTR remained unchanged in the gills of toadfish during 
7-d exposure to HSW (Table 2).

VHA, CFTR, and NKA abundance

Western blot analysis for VHA-B, CFTR, and NKA-α 
revealed distinct bands of ~ 48, ~ 135, and ~ 113  kDa, 
respectively. Chemical-fluorescence analysis (Fig. 2) on 
the whole gill homogenates (Fig. 2b) and isolated cyto-
solic fraction (Fig. 2c) showed no significant difference 
in VHA-B and CFTR abundance between treatments. 
However, in the isolated gill membrane fraction (Fig. 2a), 
a significant increase in VHA-B and NKA-α abundance 
in HSW treatment was found. Membrane VHA-B abun-
dances in HSW treatments were sixfold (p < 0.05) and 
ninefold higher than control by 24- and 96-h post-transfer, 
respectively. NKA-α abundance in the membrane fraction 
increased by 1.7-fold after 96 h. NKA-α abundance in the 
whole-gill homogenates was also significantly higher in 
HSW treatments than control.
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Fig. 1   Blood pH (a), pCO2 (b) HCO3
− concentrations (c) and osmo-

lality (d) of Gulf toadfish acutely transferred from seawater (SW) to 
hypersaline water (60-ppt HSW, 60-ppt HCO3

−-free UHSW, 60-ppt 
HEPES-buffered HCO3

−-free BHSW) and sampled at 0-, 0.25-, 
0.5-, 1-, 2-, 4-, 8-, 24-, 48-, 72-, and 96-h post-transfer. Values are 
mean ± SE (N ≥ 6). Statistically significant difference between the 
pre-treatment (*0-h) and subsequent time points within the same 

treatment are represented with a *. Significant differences between 
treatments compared to control SW at each time point are represented 
with a “+”. These differences were revealed by a two-way ANOVA 
tests, followed by multiple comparisons with Holm–Sidak method 
(p ≤ 0.05). For statistical comparisons of all individual data points, 
please see table S2

Table 2   Relative mRNA expression of Na+–H+-exchanger 1, 2, 3 (NHE1, NHE2, NHE3) and CFTR in gill of Gulf toadfish acutely transferred 
from seawater (SW) to 60-ppt hypersaline water (HSW) and sampled at 0, 6-, 12-, 24-, 96- and 168-h post-transfer

Values are mean ± SE (n ≥ 5)

Time (h) 0 6 12 24 96 168

NHE1 1.00 ± 0.17 0.99 ± 0.18 0.98 ± 0.17 0.99 ± 0.17 0.94 ± 0.11 1.00 ± 0.14
NHE2 0.99 ± 0.24 0.90 ± 0.15 0.84 ± 0.09 1.27 ± 0.45 1.38 ± 0.58 0.99 ± 0.10
NHE3 1.00 ± 0.24 0.99 ± 0.31 0.87 ± 0.13 1.18 ± 0.38 1.15 ± 0.30 1.00 ± 0.11
CFTR 1.00 ± 0.11 1.03 ± 0.14 1.12 ± 0.24 1.05 ± 0.20 1.00 ± 0.12 1.00 ± 0.13
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Transmission electron microscopic observations

In both SW and HSW, MRCs (characterized by a rich popu-
lation of mitochondria and extensive tubular system in the 
cytoplasm) were found distributed along the lamellae. The 
apical crypts of MRCs in HSW were more clearly defined 
than in SW (Fig. 3). Although not quantified, there appears 
to be an enhanced tubular network in the cytoplasm in 
hypersaline treatment (Fig. 3e, f). Although no differences 
of the number of MRCs were found, the fraction of cells 
with apical crypts were significantly higher in HSW than 
SW (Fig. 4a). In addition, the width and depths of the apical 
crypts were greater in HSW than in SW fish (Fig. 4b).

Immunocytochemistry of VHA on lamellae

Western blot verification for VHA-B1/2 (Santa Cruz, 
sc-271832) revealed a single specific band of ~ 54 kD (Fig. 
S1). VHA localization in Gulf toadfish gills was observed by 
single staining. In lamellae, intense VHA immunoreactiv-
ity was detected in what appears to be MRCs (as shown in 
transmission electron microscopic photos) in both SW and 
HSW (Fig. 5).

Colchicine treatment

Following treatment with colchicine, blood pH (Fig. 6a) 
decreased more (p = 0.0355, two-way ANOVA analysis for 
pH between HSW and HSW-Col) than in controls during the 
first 2 h after transfer to HSW with an apparent increase of 
plasma pCO2 (Fig. 6b) and no apparent difference in plasma 
HCO3

− (Fig. 6c) between the two groups.

Discussion

Fish compensate for elevated salinity and a transient aci-
dosis by a variety of mechanisms that include one or more 
of four possible pathways, such as uptake or excretion of 
HCO3

−, regulation of proton transport via Na+/H+ exchang-
ers or translocation of proton pumps. The present study 
reveals a metabolic acidosis, defined by reduced pH in the 
absence of a rise in pCO2, and an apparent compensatory 
branchial acid excretion in Gulf toadfish following transfer 
to elevated salinity. Increased net branchial acid excretion 
was inferred from blood pH differences among treatment 
groups. Although we cannot rule out a role for reduced 
HCO3

− excretion, increased abundance of VHA in branchial 

Fig. 2   Quantitative protein analysis of V-H+-ATPase subunit B, 
CFTR, and NKA-α in gills from fish exposed to control seawater 
(SW; S24: 24-h exposure, S96: 96-h exposure) or 60-ppt hypersa-
line water (HSW; H24: 24-h exposure, H96: 96-h exposure) fish 
(N = 5 per treatment). a Membrane fraction, b whole gill homogen-
ates, c cytoplasm fraction. Representative immunoblots are shown 
above each panel. Statistically significant difference from corre-

sponding control group (S24 or S96) were revealed by a pairwise t 
tests (p ≤ 0.05) and indicated by asterisks (*). The affinity-purified 
H+-pump antibody was developed in rabbits against a synthetic 
peptide based on the B subunit of eel V-H+-ATPase (VHA) with 
sequence RKDHADVSNQLYACYA, a highly conserved sequence 
among V-H+-ATPases (a gift from Prof. Jonathan Wilson, Wilfred 
Laurier University)
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Fig. 3   Representative transmis-
sion electron micrographs of 
gill lamellar epithelia of Gulf 
toadfish, acutely transferred to 
control seawater (SW; 35 ppt; a, 
c, e) and hypersaline seawater 
(HSW; 60 ppt; b, d, f), for 96 h. 
Solid arrows indicate emer-
gent mitochondria-rich cells 
(MRCs); asterisks (*) indicate 
apical crypts; an open arrow 
marks an example of tubular 
network

Fig. 4   Quantitative analysis of mitochondria-rich cells (MRCs) in 
the lamellae of Gulf toadfish exposed to control seawater (35 ppt) 
or hypersaline water (60 ppt), for 96 h (S96: 96-h exposure to con-

trol seawater; H96: 96-h exposure to 60 ppt). Statistically significant 
difference from corresponding control groups (S24 or S96) were 
revealed by pairwise t tests (p ≤ 0.05) and indicated by asterisks (*)



94	 Journal of Comparative Physiology B (2021) 191:85–98

1 3

cell membrane fractions may suggest H+ excretion as com-
pensation for the metabolic acidosis, which is achieved in 
part by VHA translocation to facilitate acid excretion. The 
suggestion of a role for translocation of H+ transporters in 
compensation for metabolic acidosis following exposure to 
elevated salinity is supported by observations of reduced pH 
compensation following treatment with colchicine. Although 
we cannot rule out that NHEs and anion exchangers play a 
role in correcting the metabolic acidosis following exposure 
to elevated salinity, we provide evidence here that the proton 
pump may contribute to acid excretion.

Acidosis and compensation during hypersaline 
treatment

As expected, a transient metabolic acidosis was found when 
Gulf toadfish were acutely exposed to the 60-ppt, hypersa-
line seawater (HSW). This acidosis likely stems from the 
elevated intestinal secretion of HCO3

− seen at higher salini-
ties, and a delayed compensation by the gill that eventually 
increases net acid excretion in Gulf toadfish (Genz et al. 
2008). The significance of osmoregulatory acid loading from 
the intestinal cells to the blood has also been illustrated in 

European flounder (Cooper et al. 2010). The experiments 
carried out in the present study tested whether this com-
pensatory response was mediated by uptake of ambient 
HCO3

− across the gill. Initial experiments with UHSW 
revealed not only a more pronounced acidosis, but also an 
increase in both plasma [HCO3

−] and blood pCO2, suggest-
ing that unbuffered seawater may interfere with CO2 excre-
tion across the gill. It is possible that the boundary layer at 
the gills of fish held in UHSW was more acidic, slowing 
the conversion of molecular CO2 to HCO3

−, thus result-
ing in a less favorable partial pressure gradients for CO2 
excretion. Consequently, experiments were repeated with 
BHSW (HEPES-buffered) that revealed only minor distur-
bances of toadfish blood pH, as well as a transient drop in 
plasma [HCO3

−] that was similar to what was observed in 
fish transferred to HSW. Based on these observations, we 
conclude that toadfish respond to the metabolic acid load 
associated with an increased osmoregulatory demand by 
either excreting acid or reducing HCO3

− excretion rather 
than absorbing HCO3

−. HCO3
− uptake from 60-ppt water 

which contained 4.2 mM HCO3
− as compared to 3–3.5 mM 

in the blood plasma would be possible considering mildly 
blood-side positive transepithelial potential of toadfish 

Fig. 5   Fluorescence images of 
VHA (green) immunoreactivity 
in gill lamella of Gulf toadfish 
exposed to control seawater 
(SW; 35 ppt) (a) for 24 h and 
(c) for 96 h, and to hypersa-
line water (HSW; 60 ppt) (b) 
for 24 h and (d) for 96 h; the 
images were overlaid with cor-
responding phase contrast. Scale 
bars, 10 μm. VHA antibody 
for Immunohistochemistry was 
monoclonal mouse VHA (VHA 
B1/2) antibody (SANTA CRUZ 
BIOTECHNOLOGY, INC., 
catalog number: sc-271832). 
The blue fluorescence is nuclear 
staining
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(Wood and Grosell 2008). Further, the presence of sev-
eral anion exchangers (Esbaugh et al. 2012), of which at 
least one is electrogenic (Grosell et al. 2009b), and the 
electrogenic NBC1 (Taylor et al. 2010) in the toadfish gill 
tissue, combined with high substrate promiscuity of many 
anion exchangers (Mount and Romero, 2004) means that 
the possibility of transepithelial HCO3

− uptake cannot be 
excluded. However, although HCO3

− uptake may be pos-
sible, it does not appear to play a role in adjusting the meta-
bolic acidosis observed in the present study. While several 
branchial acid excretion pathways are known (Brauner et al. 
2019; Perry and Gilmour 2006), much less is known about 
HCO3

− transport across gills of marine fish. Respiratory aci-
dosis have in some cases been associated with upregulation 

of presumably basolateral AE1 isoforms (Tseng et al. 2013) 
as well as upregulation of basolateral SCL4a4 (NBC1) iso-
forms (Deigweiher et al. 2008; Tseng et al. 2013), but these 
responses are not consistent across species (Brauner et al. 
2019). To our knowledge, even less is known about apical 
events that may contribute to HCO3

− uptake. The conclu-
sion of the present study, concerning a metabolic acidosis, 
distinguishes itself from an earlier study on Gulf toadfish, 
which suggested uptake of ambient HCO3

− to compensate 
for a respiratory acidosis, induced by elevated ambient pCO2 
(Esbaugh et al. 2012). These divergent acid–base regulatory 
responses to a metabolic and a respiratory acidosis might 
suggest that Gulf toadfish are capable of sensing both extra-
cellular pH and pCO2. It is well established that teleost fish 

Fig. 6   Blood pH (a), plasma pCO2 (b), and HCO3
− concentration 

(c) of Gulf toadfish acutely transferred from seawater (SW) to 60-ppt 
(HSW) or colchicine-treated 60-ppt hypersaline water (HSW-COL), 
sampled at 0-, 0.25-, 0.5-, 1-, 2-, 4-, 8-, and 24-h post-transfer. Val-
ues are mean ± SE (N ≥ 6). Statistically significant difference from 

the 0 h (*) and among treatments at each time point (“+”shows the 
significant different from HSW) were revealed by two-way ANOVA 
tests, followed by multiple comparisons with Holm–Sidak method 
(p ≤ 0.05). For statistical comparisons of all individual data points. 
Please see Table S3
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are capable of sensing pCO2 via branchial neuroepithelial 
cells (NECs) and that elevated pCO2 results in depressed 
intracellular pH (pHi) and inhibition of K+ channels that 
leads to membrane depolarization and a rise in intracellular 
Ca2+ in these cells (Abdallah et al. 2015; Qin et al. 2010). 
Since several categories of K+ channels are likely present 
in NECs, and some appear to respond to extracellular pH 
rather than pHi [reviewed in (Perry and Tzaneva 2016)], it 
is possible that NECs are also sensors of extracellular pH 
and mediate the response to metabolic acidosis observed in 
the present study. However, this is speculative and remains 
to be studied.

Having established that Gulf toadfish do not rely on 
HCO3

− uptake for compensation of a metabolic acidosis, 
we examined the possible roles of the VHA and NHEs. Our 
results revealed no significant changes in mRNA expres-
sion of NHEs, during a detailed time course following a 7-d 
transfer to hypersaline water. Although we cannot eliminate 
the possibility that NHE protein levels and their subcellular 
distribution changed during HSW acclimation, the lack of 
mRNA expression changes may suggest that NHEs are not 
major contributors to the observed compensatory response 
to the metabolic acidosis. Likewise, earlier studies of Gulf 
toadfish ruled out a role for transcriptional regulation of 
branchial VHA (whole gill, the membrane and cytoplasm 
were mixed), as well as whole gill homogenate VHA activ-
ity, as responsible for observed increases in branchial acid 
excretion following transfer to elevated salinity (Guffey et al. 
2011).

VHA translocation might play an important role 
in the process of proton excretion

We found some evidence that translocation of VHA may 
play a role in the compensation for a metabolic acidosis 
that is induced by transfer to elevated salinity. The observed 
increase of VHA abundance in the gill membrane fraction 
indicates translocation of VHA during hypersaline treat-
ment as a possible mechanism for increased acid secretion. 
This interpretation is further supported by our experiments 
on intact animals, during which application of colchicine, 
a microtubular network disrupter, resulted in a more pro-
nounced acidosis following transfer from 35- to 60-ppt 
seawater. However, no clear evidence for translocation was 
observed by immunohistochemistry (Fig. 5) and, further, we 
have no evidence for translocation to the apical rather than 
the basolateral membrane, since the membrane isolation 
technique used does not distinguish between the two. How-
ever, VHA appears highly abundant in MRCs and it seems 
feasible that smaller changes in subcellular distribution, as 
indicated by the higher VHA abundance in the gill mem-
brane fraction, may go undetected by immunohistochemistry.

In studies on elasmobranchs, VHA translocation from 
the cytoplasm to the basolateral membrane acts to enhance 
HCO3

− secretion to combat induced alkalosis (Roa et al. 
2014). Thus, there appears to be agreement between the 
present study on Gulf toadfish and the earlier studies on 
elasmobranchs with respect to a role for VHA transloca-
tion in acid–base balance regulation. However, Gulf toadfish 
subjected to a metabolic acidosis experience an apparent 
increased acid excretion, which would require the translo-
cation of VHA to be to the apical region, whereas elasmo-
branchs show translocation to the basolateral membrane 
for acid retention during an alkalosis. We are unaware of 
reports of apical translocation of VHA but note that several 
freshwater fish and amphibians as well as marine fish and 
invertebrates show apical VHA localization in ion transport-
ing epithelia (Grosell et al. 2009a, b; Guffey et al. 2011; Ip 
et al. 2018; Jensen et al. 1997; Larsen et al. 1992; Lin and 
Randall 1991; Lin et al. 2006).

Morphological changes of the chloride cell might 
promote the relocation of proton pumps

Deeper apical crypts and enhanced tubular network (Evans 
et al. 2005) in MRCs of 60-ppt-exposed fish may promote 
the relocation of transporters. Although no differences in 
the number of MRCs were found, the fraction of cells with 
apical crypts was significantly higher in HSW than SW 
(Fig. 4a) and these crypts were wider and deeper (Fig. 4b). 
It is unknown if these morphological changes observed 
after transfer to 60 ppt serve CFTR’s function to accom-
modate the need for additional Cl− excretion, function of 
acid–base transporters (and possible translocation to main-
tain acid–base balance), or both.

Conclusion

The present study reveals that metabolic acidosis, induced 
by exposure to elevated ambient salinity, is not compen-
sated by HCO3

− uptake. Inhibition of this compensation 
by colchicine, and increased abundance of VHA in mem-
brane fractions of gill cells, may suggest a role for VHA 
translocation in enhanced H+ excretion, although apical 
translocation has yet to be demonstrated. Earlier work by 
our group has shown that branchial mRNA expression of 
cytosolic carbonic anhydrase (CAc) (Sattin et al. 2010) and 
Na+–K+-ATPase (NKA) (Guffey et al. 2011) is upregulated 
by elevated salinity. Increased CAc likely catalyzes the con-
version of CO2 to H+ and HCO3

− to aid in acid–base regu-
lation, whereas NKA is upregulated to support additional 
ion excretion. A transient metabolic acidosis was seen in 
the present and three earlier studies (Maxime et al. 1991; 
Nonnotte and Truchot 1990; Wilkes and McMahon 1986), 



97Journal of Comparative Physiology B (2021) 191:85–98	

1 3

of fish transferred to higher salinities. Translocation of a 
transporter, as suggested by the current study, rather than de 
novo synthesis may represent a faster and less energetically 
demanding response to rapidly fluctuating and high salinities 
as encountered by Gulf toadfish in their natural environ-
ment (Kelble et al. 2007). Finally, differential compensa-
tory strategies to cope with the salinity-induced metabolic 
acidosis (lack of HCO3

− uptake) in the present study and a 
CO2-induced respiratory acidosis (HCO3

− uptake) in previ-
ous work (Esbaugh et al. 2012) in the same species illustrate 
that regulatory strategies vary depending on environmental 
variables. Future studies ought to include attempts to isolate 
apical membranes of marine teleost fish gills for detection of 
VHA presence and activity. This study adds to the growing 
literature of how a model marine teleost copes with pertur-
bations to acid–base balance.
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