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ABSTRACT

Freshwater fishes generally increase ammonia excretion in acidic
waters. The new model of ammonia transport in freshwater
fish involves an association between the Rhesus (Rh) protein
Rhcg-b, the Na1/H1 exchanger (NHE), and a suite of other
membrane transporters. We tested the hypothesis that Rhcg-b
and NHE3 together play a critical role in branchial ammonia
excretion in common carp (Cyprinus carpio) chronically ex-
posed to a low-pH environment. Carp were exposed to three
sequential environmental treatments—control pH 7.6 water
(24 h), pH 4.0 water (72 h), and recovery pH 7.6 water (24 h)—
or in a separate series were simply exposed to either control
(72 h) or pH 4.0 (72 h) water. Branchial ammonia excretion
was increased by ∼2.5-fold in the acid compared with the con-
trol period, despite the absence of an increase in the plasma-
to-water partial pressure NH3 gradient. Alanine aminotrans-
ferase activity was higher in the gills of fish exposed to pH 4
versus control water, suggesting that ammonia may be gen-
erated in gill tissue. Gill Rhcg-b and NHE3b messenger RNA
levels were significantly elevated in acid-treated relative to
control fish, but at the protein level Rhcg-b decreased (30%)
and NHE3b increased (2-fold) in response to water of pH 4.0.

Using immunofluorescence microscopy, NHE3b and Rhcg-b
were found to be colocalized to ionocytes along the inter-
lamellar space of the filament of control fish. After 72 h of acid
exposure, Rhcg-b staining almost disappeared from this re-
gion, and NHE3b was more prominent along the lamellae.
We propose that ammoniagenesis within the gill tissue itself
is responsible for the higher rates of branchial ammonia ex-
cretion during chronic metabolic acidosis. Unexpectedly, gill
Rhcg-b does not appear to be important in gill ammonia trans-
port in low-pH water, but the strong induction of NHE3b sug-
gests that some NH4

1 may be eliminated directly in exchange
for Na1. These findings contrast with previous studies in larval
zebrafish (Danio rerio) and medaka (Oryzias latipes), under-
lining the importance of species comparisons.

Keywords: Rhesus glycoproteins, H1-ATPase, Na1/H1 ex-
changer 3 (NHE3), Rhcg-b, metabolic acidosis.

Introduction

Freshwater fishes are highly sensitive to environmental acidi-
fication: they may suffer acid-base disturbances, ion losses,
mucus overproduction, gill damage, and hematological and
fluid volume perturbations (e.g., Fromm 1980; McWilliams
et al. 1980; McDonald and Wood 1981; Fugelli and Vislie
1982; Milligan and Wood 1982; Audet et al. 1988; Wood 1989;
reviewed by Kwong et al. 2014). To help correct the low
internal pH, plasma HCO3

2 levels are thought to be regulated
through the release of variable amounts of H1 to the envi-
ronment via H1-ATPase and/or the Na1/H1 exchange (re-
viewed by Marshall and Grosell 2006; Gilmour and Perry
2009). The excretion of NH4

1, either directly or via coupled
NH3 and H1 excretion, also removes nonvolatile acid equiv-
alents from the fish. Indeed, branchial and/or renal ammonia
excretion rates are greatly elevated in response to chronic
exposure to low environmental pH and metabolic acidosis in
fishes (McDonald and Wood 1981; Ultsch et al. 1981; Mc-
Donald 1983; King and Goldstein 1983a, 1983b; Audet et al.
1988; Wood et al. 1999; see also Wood 1989; Gilmour 2012).
Ammonia excretion across the gills is facilitated by Rhesus

(Rh) glycoproteins, first reported by Nakada et al. (2007). In
freshwater teleosts, a Na1/NH4

1 exchange complex involving
several transporters (Rhcg, v-type H1-ATPase, Na1/H1 ex-
changer [NHE], Na1 channel, carbonic anhydrase [CA]) is
thought to operate like a metabolon (Ito et al. 2013; reviewed
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by Wright and Wood 2009, 2012). Ammonia diffuses down
the NH3 partial pressure gradient through Rhbg in the baso-
lateral membrane and Rhcg in the apical membrane of the
gill epithelium. Protons are translocated via either the v-type
H1-ATPase or the NHE2/NHE3 in exchange for Na1. The H1

gradient is thought to both facilitate NH3 diffusion from the
blood to the water and provide the driving force for Na1 entry
via NHE or the putative Na1 channel (see Wright and Wood
2012; Dymowska et al. 2014). Evidence for a link between NH3

diffusion and Na1 uptake and/or H1 excretion is strong, es-
pecially in larval fish in low-Na1 or low-pH environments
(reviewed by Kwong et al. 2014). Through use of morpholino
technology, researchers have demonstrated that NH3 diffu-
sion through apical Rhcg-b is facilitated by the H1 pump
(Danio rerio [Shih et al. 2008]) or linked to Na1 uptake via
NHE3 (Oryzias latipes [Wu et al. 2010], D. rerio [Kumai and
Perry 2011; Shih et al. 2012]). Moreover, Ito et al. (2013, 2014)
recently provided evidence for a CA/NHE3/Rhcg-b transport
metabolon in H1 pump-rich ionocytes in adult D. rerio gills
and supplied evidence indicating that NHE3 can function as a
Na1/NH4

1 exchanger. Thus, at least in zebrafish, a strong case
can be made that under acidic conditions NH3 diffusion is
linked to H1 excretion and Na1 uptake (Kwong et al. 2014).
Are these linked processes that facilitate acid-base and ion reg-
ulationuniversal in freshwater fishes? To our knowledge, there
have been few studies examining the mechanisms of branchial
ammonia excretion in acid-stressed adult freshwater teleosts
since the discovery of Rh proteins in fish gills several years
ago. However, a recent study of Rio Negro tetras in their na-
tive acidic environment (pH 4.5) concluded that ammonia ex-
cretion did not depend on Na1 uptake, and therefore the me-
tabolon mechanism may not be universal (Wood et al. 2014).
In the present study, we tested the hypothesis that Rhcg-b

and NHE3 together play a critical role in branchial ammonia
excretion in common carp (C. carpio) during chronic acid ex-
posure. The hypothesis predicts that increased branchial am-
monia excretion during chronic exposure to low water pH will
be associated with evidence of increased Rhcg-b and NHE3
expression at the messenger RNA (mRNA) and protein level.
For this study, carp were surgically implanted with urinary
or caudal arterial cannulae, recovered overnight, exposed to
water of pH 4.0 for 72 h, and then recovered in neutral water
(pH 7.6) for 24 h. A second group of carp (uncannulated) were
exposed to 3 d of either control or acidic water. We collected
water samples to measure gill ammonia excretion rates and
gill tissue samples to measure mRNA and protein expression
of multiple transporters and activities of ammoniagenic en-
zymes. In addition, we studied the gill localization of Rhcg-b,
NHE3b, and Na1/K1-ATPase (NKA) proteins using indirect
immunofluorescence (IF) microscopy.

Material and Methods

Experimental Animals

Common carp (Cyprinus carpio; 97.1 5 5.6 g) were obtained
from Estação Aquicola de Vila do Conde, Vila do Conde,

Portugal. The fish weremaintained for 2wk in a 2,000-L tank of
dechlorinated Porto city tapwater (137C; pH 7.6; 0.5 mmol L21

Na1; hardness, 50 mg/L CaCO3) with biological filtration. Fish
were fed commercial trout pellet feed daily (A. Coelho e
Castro, Estela, Portugal). Experimental fish were moved in
batches of 12 fish to 200-L static tanks 3 d before the start of
the acid trial. Water temperature was gradually increased to
207C over 72 h. Previous studies of trout have shown that the
degree of metabolic acidosis during acid exposure is propor-
tional to the hardness and ionic strength of the water (Wood
1989). Therefore, the ion concentration of the water was in-
creased by the addition of 1 mmol L21 NaHCO3 and 0.75 mmol
L21 CaCl2. Fish were not fed for 3 d before experimentation
or during the following experimental period to diminish the
impact of feeding on nitrogen excretion.
The animals used in this study were treated in accordance

with the Portuguese Animals and Welfare Law (Decreto-Lei
197/96), approved by the Portuguese Parliament in 1996, and
with European directive 2010/63/UE, approved by the Euro-
pean Parliament in 2010. Institutional animal approval by the
Interdisciplinary Center of Marine and Environmental Re-
search and General Veterinary Direction was granted for this
study.
Three series of experiments were performed. In series 1 and

2, fish were fitted with either chronic indwelling urinary
bladder (Kakuta et al. 1986; series 1) or caudal arterial (Wood
et al. 1997; series 2) catheters in an anaesthetic bath of a
1∶5,000 dilution of MS-222 (Pharmag, Fordingbridge, United
Kingdom) using a stock solution that had been manually
titrated with NaOH to the appropriate pH, while fish in series 3
were not cannulated. Urinary cannulae were necessary to sep-
arate branchial from renal ammonia excretion. Before the start
of the experiment, the catheterized carp were left to recover for
at least 24 h in individual flowthrough (207C) flux boxes
(1.75 L) in a 170-L recirculating system fitted with a 10-L UV
filter system (V2 Vectron Nano; TMC, Iberia, Lisbon, Por-
tugal). During this time, the patency of urinary and blood cath-
eters was determined. Water in the recirculating system was
changed daily.

Experimental Protocol

For series 1, fish with urinary cannulae were held in water of
pH 7.6 (control) for 24 h, followed by 3 d of exposure to acidic
water (pH 4.0), and then returned to pH 7.6 for 24 h (re-
covery). Previous studies of C. carpio demonstrated that 3 d of
exposure to water of pH 4 resulted in substantial metabolic
acidosis without affecting survival (Ultsch et al. 1981). Be-
tween hours 22 and 24 of the first 24-h control period (ap-
proximately 10:00–12:00), the flux boxes were sealed, and
initial (0 h) and final (2 h) water samples were collected for the
determination of ammonia flux rates. Water samples were
stored (2207C) until later analysis (≤3 wk). At the start of the
acidic period, boxes were returned to flowthrough, and water
pH of the whole 170-L system was quickly lowered to pH 4.0
with the addition of 1 N HCl (∼200 mL) and vigorous aer-
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ation. Water was held at pH 4 over the 3-d acidic period with
the addition of 0.1 N HCl controlled by a pH stat system
(PHM84 pH meter, ABU80 autoburette, TTT80 titrator; Ra-
diometer, Copenhagen, Denmark). Twice daily during the
acidic period, flux boxes were sealed, and initial (0 h) and final
(2 h) water samples were collected (10:00–12:00, 17:00–19:00)
as described above. Following the 72-h acidic period, tank
water pH was quickly returned to control pH through re-
placement with fresh water. For the 24-h recovery period,
water samples were collected twice on the same schedule as
described above for the acidic period.
In series 2, fish with caudal arterial cannulae were held in

neutral water (pH 7.6) for 24 h before exposure to acidic water
(pH 4.0) for 3 d and then a recovery period for 24 h (pH 7.6),
as described above for series 1. Blood samples (0.35 mL) were
obtained 12 h into the initial control period using syringes that
were prerinsed with 1,000 IU of lithium heparin; then at 12,
36, and 60 h into the 3-d low-water-pH period; and finally
at 12 h after the return to neutral water (the final recovery
period). Whole-blood pH was measured, the rest of the blood
sample was centrifuged (5 min, 12,000 g; MiniSpin Plus; Ep-
pendorf, Hamburg, Germany), and plasma samples were stored
(2807C) for later determination of total ammonia. While plasma
ammonia content and pH are reported in a companion article
(Wright et al. 2014), here we used these values to calculate the
partial pressure of NH3 (PNH3; see below).
In series 3, the fish that were not cannulated were held for

3 d in either neutral water (pH 7.6; control) or acidic water
(pH 4.0) in 125-L tanks (207C). At the end of the experiment,
fish were terminally anesthetized (1∶2,500 MS222). In one group
of fish, the gills were perfused with approximately 60 mL of
lithium-heparinized Cortland saline (Wolf 1963) to remove
red blood cells that might interfere with the interpretation
of gene or protein expression data. Saline was perfused into
the ventral aorta first and then via the anterior end of the dorsal
aorta for maximum clearance; gill samples were obtained only
from areas that were completely white. Gills were dissected,
flash-frozen, and stored for gene, protein, and enzymatic activ-
ity analysis. However, because perfusion altered the morphol-
ogy of the gills, another group of fish was exposed to neutral
or acidic water as described above but were not perfused with
saline before tissue collection to ensure that the tissue struc-
ture remained patent (np 6). Tissue was immersion fixed in
3% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4)
for indirect IF microscopy.

Analytical Techniques

Total water ammonia was measured by a micromodification
of the salicylate-hypochlorite assay (Verdouw et al. 1978), and
plasma ammonia was measured enzymatically as described
by Wright et al. (2014). Activities of nitrogen-handling en-
zymes (glutaminase, glutamine synthetase, glutamate dehy-
drogenase [GDH], alanine aminotransferase) were determined
after frozen samples were homogenized in four volumes of
ice-cold buffer, as described elsewhere (Wood et al. 1999). Na1/

K1-ATPase and vacuolar-type H1-ATPase activities were mea-
sured exactly as described by Wilson et al. (2007). Ouabain
(1 mmol L21; Sigma-Aldrich, St. Louis, MO) and bafilomycin
A1 (10 mmol L21; LC Laboratories, Woburn, MA), respec-
tively, were used as specific inhibitors.
For gene expression measurements, total RNA was ex-

tracted from gill samples using Trizol (Invitrogen Canada, Bur-
lington,Ontario), as described elsewhere (Essex-Fraser et al. 2005;
Wright et al. 2014). In brief, total RNA (1 mg) was treated with
deoxyribonuclease I (Sigma-Aldrich) to eliminate potential
genomic DNA contamination. The reaction mixture was re-
verse transcribed using the enzyme Superscript II RNase H
reverse transcriptase (Invitrogen) and primer (AP primer;
Sigma-Aldrich). Control samples were run by substituting
RNase-free water for the enzyme (non–reverse transcribed
RNA control).
Real-time polymerase chain reaction (PCR) was performed

on complimentary DNA (cDNA) synthesized from gill tissue
from control and acid-treated fish using the ABI Prism 7000
sequence detection system (Applied Biosystems, Foster City,
CA). Primer sequences were published by Sinha et al. (2013),
with the exception of NHE3 (Bradshaw et al. 2012; see also
Wright et al. 2014). Each PCR contained a 5-mL template,
12.5 mL of Sybr Green mix (Qiagen, Mississauga, Ontario),
and 1 mL each of forward and reverse primers (10 mmol L21) in
a total volume of 20 mL. The following conditions were used:
2 min at 507C, 15 min at 957C, followed by 40 cycles of 15 s at
947C, 30 s at 607C, and 30 s at 727C. Standard curves were
prepared for each set of primers using serial dilutions of
cDNA samples from carp gill tissues to correct for variabil-
ity in amplification efficiency between different cDNAs. Sam-
ples were normalized to the expression level of the control gene
b-actin to account for differences in cDNA loading and en-
zyme efficiency. However, in preliminary tests we found that
both b-actin and elongation factor 1a expression levels were
stable across treatments. Samples were assayed in triplicate.
Non–reverse transcribed RNA and water-only controls were
used to make sure that contamination with genomic DNA or
other reagents did not occur.
Changes in protein expression were determined by Western

blotting (Wilson et al. 2007). In brief, tissues were homoge-
nized in sucrose-EDTA-imidazole buffer (150 mmol L21 su-
crose/10mmol L21 EDTA/50mmol L21 imidazole; pH 7.5) with
a Precellys 24 homogenizer (Bertin, Montigny-le-Bretonneux,
France), centrifuged, diluted in Laemmli sample buffer
(Laemmli 1970), and separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Proteins were transferred
to Hybond-P ECL membranes (GE Healthcare Life Sciences,
Carnaxide, Portugal) and probed overnight with the following
antibodies: rabbit anti–zebrafish Rhesus glycoprotein c1 poly-
clonal (zfRhcg1 [pRhcg-b] Ab740, diluted 1∶500; Nakada
et al. 2007), rabbit anti–Na1/K1-ATPase a subunit affinity
purified polyclonal (aR1, 1∶5,000; Wilson et al. 2007), anti–
human CA2 polyclonal (1∶5,000; Abcam, Cambridge, United
Kingdom; e.g., Tang and Lee 2007), rabbit anti–H1-ATPase
B subunit affinity purified polyclonal (B2, 1∶1,000; Wilson
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et al. 2007), rabbit anti–sodium/proton exchanger 3 (NHE3b,
1∶500; Hiroi and McCormick 2012), mouse anti–heat shock
protein 70 (hsp70) monoclonal (clone BRM-22, 1∶10,000;
Sigma-Aldrich; e.g., Methling et al. 2010; Garcia-Santos et al.
2011), and mouse anti–a tubulin monoclonal (clone 12G10,
1∶500; used as a reference protein; Developmental Hybridoma
Bank, University of Iowa, Iowa City, under contract N01-HD-
7-3263 from the National Institute of Child Health and Hu-
man Development; e.g., Wilson et al. 2007). After probing
with the corresponding horseradish peroxidase–conjugated
secondary antibody (goat anti-mouse or anti-rabbit), the sig-
nal was detected by enhanced chemiluminescence (Immobi-
lon Millipore, Billerica, MA) using an imager (LAS4000mini;
FujiFilm, Tokyo, Japan), and bands were quantified using
Multi-Gauge software (ver. 3.1; FujiFilm). Antibody cross-
reactivity was identified by band molecular mass estimation.
Negative controls were performed when possible using the
antigen. The antibodies used have also been validated in other
teleost species (see above).
To determine localization of gill transporters, IF micros-

copy was performed (Wilson et al. 2007). In brief, 5-mm
paraffin sections were dewaxed and rehydrated antigen re-
trieval was performed (0.05% citraconic anhydride [pH 7.3]
for 30 min at 1007C), blocked and probed with the anti-
bodies used for Western blotting either alone or in appropriate
pairs with either an anti–NKA a subunit rabbit polyclonal
(aR1) or mouse monoclonal (a5) antibody. The secondary
antibodies used were goat anti–rabbit Alexa Fluor 488 and
goat anti–mouse Alexa Fluor 568 conjugates (Life Technol-
ogies, Porto, Portugal). Nuclei were counterstained with 4′,6‐
diamidino‐2‐phenylindole (DAPI). Appropriate negative and null
controls were performed (Wright et al. 2014).
An additional set of sections were serial probed with rab-

bit1 rabbit1mouse antibodies (Negoescu et al. 1994; Brouns

et al. 2002). All of the following incubations were performed at
37ºC for 1 h, and sections were rinsed three times for 5 min in
0.05% Tween-20–PBS between each incubation. Section prep-
aration and antigen retrieval were performed as described above.
Sections were next incubated with the first rabbit primary anti-
body (NKA aR1), followed by an incubation with a goat anti–
rabbit F(ab)Alexa Fluor 647 secondary antibody, and then blocked
with excess unconjugated goat anti–rabbit immunoglobulin G F
(ab) fragment. Following incubation with the second rabbit pri-
maryantibody (NHE3borRhcg-b) incombinationwith themouse
monoclonal a5 antibody, sections were finally incubated with a
goat anti–rabbit Alexa Fluor 488 and anti–mouse DyLight 594
(Jackson Immunoresearch Labs, West Grove, PA). Nuclei were
counterstained with DAPI, and cover slips were mounted. All IF
conclusions drawn were based on qualitatively consistent results
from all six preparations.

Calculations and Statistics

Net fluxes of ammonia (Jamm) across the gills were calculated
as

Jamm p
(Cf 2 Ci)V

tW
,

where Ci and Cf are the initial and final concentrations of water
ammonia in micromoles per liter, respectively; V is the volume
of the flux box in liters; t is the elapsed time in hours; and W is
the fish mass in kilograms.
Plasma PNH3 was calculated by the Henderson-Hasselbalch

equation using pK values and NH3 solubility values from
Cameron and Heisler (1983) and plasma total ammonia and
pHa data reported in Wright et al. (2014). The plasma-to-
water PNH3 gradient was calculated by subtracting individual

Figure 1. Branchial ammonia excretion rates. Shown are branchial ammonia excretion rates in common carp (Cyprinus carpio) exposed to
neutral (pH 7.6) control water, followed by acidic water (pH 4) up to and including 72 h, and then a recovery period where fish were returned
to control water for 24 h. The horizontal dotted line indicates the control value across time. Data are means 5 SE (n p 12–18). Asterisks
indicate a significant difference (P ! 0.05) from the control value (repeated-measures one-way ANOVA, Holm-Sidak post hoc test), and
daggers indicate a significant difference (P ! 0.05) from the final acid value at 72 h (repeated-measures one-way ANOVA, Holm-Sidak post
hoc test).
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plasma PNH3 values from the corresponding mean water PNH3

(control, 21.135 1.65 mTorr; acid 1 [8–24 h], 0.015 0.00 mTorr;
acid 2 [32–48 h], 0.01 5 0.00 mTorr; acid 3 [56–72 h], 0.01 5
0.00 mTorr; recovery, 25.76 5 1.54 mTorr; n p 12)
Protein and mRNA expression were normalized to the con-

trol level (p1.0) to discern the fold changes in response to
the acidic treatment (see Wright et al. 2014).
Data were presented as means 5 SE (n). Time series data

were analyzed with a repeated-measures one-way ANOVA
followed by the Holm-Sidak post hoc test. Single comparisons
of mean values for treatments (i.e., control vs. acid exposed)
were analyzed with the paired Student’s two-tailed t-test. For
analysis of mRNA and protein expression and enzyme ac-
tivities, the unpaired Student’s two-tailed t-test was used.
Significance was accepted if P ! 0.05.

Results

Gill ammonia excretion rates significantly increased by ∼2.7-
fold after 24 h of acid exposure relative to initial control rates
(fig. 1). Ammonia excretion remained significantly elevated by
more than 2-fold throughout the 3-d acidic period but re-
turned to rates similar to the control period when fish were
transferred back to neutral recovery water (fig. 1). Plasma
PNH3 was significantly lower 36 and 60 h into the acid-
exposure period relative to the control period and recovered
quickly on return to neutral water (fig. 2). There was no sig-
nificant difference in the plasma-to-water PNH3 gradient over
time in treated fish (table 1).
In acid-exposed fish, gill Rhcg-b and NHE3b mRNA levels

were significantly elevated by 2.4–4.8-fold over control levels,
respectively, whereas urea transporter (UT) expression de-
clined by ∼5-fold (fig. 3). Rhcg-a, Rhbg, H1-ATPase, and NKA
mRNA expression levels did not change significantly. For the

latter two, these mRNA results were in accordance with
similarly unchanged protein and enzyme activity levels (ta-
bles 2, 3).
The Rhcg-b protein expression level was significantly lower

(230%) in fish exposed to acid compared with that in control
fish (fig. 4). NHE3b protein levels were 2-fold higher in gills
of fish exposed to pH 4 water relative to those in neutral wa-
ter (fig. 4). There were no significant differences in protein
levels of other transporters: Rhbg, NHE3, H1-ATPase B, and
Na1/K1-ATPase a subunit (table 2).
Gill NKA, H1-ATPase, glutamine synthetase, GDH, and

glutaminase activities were unaffected by the treatment, but
alanine aminotransferase activity was significantly higher by
1.8-fold in acid-exposed fish relative to control fish (table 3).
Sections of carp gills were immunoreactive for NKA using

both the mouse (a5) and rabbit (aR1) antibodies (figs. 5, 7) in
discrete cells in a cytosolic pattern consistent with staining of
the (basolateral) tubular system of mitochondrion-rich cells
(MRCs). However, there were additional aR1-stained cells
that were not detected with the a5 antibody (figs. 5d, 5d′, 7a,

Figure 2. Blood plasma NH3 levels. Shown are partial pressures of NH3 in plasma of common carp (Cyprinus carpio) exposed to neutral (pH
7.6) control water, followed by acidic water (pH 4) up to and including 72 h, and then a recovery period where fish were returned to control
water for 24 h. PNH3 was calculated from plasma total ammonia concentrations and blood pH data presented in Wright et al. (2014) from the
same individual fish as used in this study. The horizontal dotted line indicates the control value across time. Data are means5 SE (np 6–10).
Statistical evaluation was as described in the figure 1 legend.

Table 1: Plasma-to-water partial pressure of NH3 (PNH3)
gradient

Time (h) PNH3 gradient (mTorr)

Control 12 116.86 5 9.35
Acid 12 102.21 5 7.75
Acid 36 94.51 5 15.29
Acid 60 73.31 5 9.98
Recovery 24 100.66 5 8.82

Note. Data are means 5 SE (n p 6–10). There were no significant dif-
ferences from the control value.
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7a′, 7b, 7b′). This discrepancy in staining pattern between
the two NKA antibodies is explained by the fact that the a5
antibody cross-reacts with NKA Atp1a1 isoforms, whereas
aR1 cross-reacts with NKA isoforms Atp1a1, -2, and -3. In
acid-exposed fish, exclusive NKA aR1–staining cells were
more prolific in the lamellae (fig. 5h, 5h′). Under control
conditions, NHE3b labeling (green) occurred apically in cells
in the interlamellar space (ILS) of the filament in NKA aR1–
but not NKA a5–immunoreactive cells (figs. 6, 7). In acidic
conditions, there appeared to be much more NHE3b stain-
ing in lamellae than the ILS (green; figs. 6d, 6e, 6f ′′, 7b′′).
In control carp, Rhcg-b (green) stained apically and dif-
fusely along the lamellae, in contrast with intense apical focal
staining in the ILS separate from NKA a5–positive cells (red;
fig. 8a′′). Double labeling with Rhcg-b and NHE3b revealed
colocalization to the same ILS cells (fig. 8c–8c′′′′). These cells
were identified as being NKA aR1 but not NKA a5 immu-
noreactive (data not shown). With acid exposure, there was a
marked disappearance of Rhcg-b staining in the ILS, with only
lamellar staining still apparent (fig. 8b–8b′′).

Discussion

Overview

The data do not support our hypothesis that branchial Rhcg-b
and NHE3 together play critical roles in ammonia excretion
during chronic metabolic acidosis in freshwater Cyprinus
carpio. First, the sustained increase in ammonia excretion
across the gills over 72 h was not associated with an increase
in Rhcg-b protein expression despite an increase in Rhcg-b
mRNA levels. Indeed, Rhcg-b protein concentration declined
significantly. However, NHE3b protein levels increased sig-
nificantly, as did NHE3 mRNA expression. Second, although
Rhcg-b and NHE3b were colocalized in the gill ILS on the
filaments of control fish, these cells were no longer apparent in
fish exposed to acid. Branchial Rhcg-b staining was diffuse

throughout the lamellar epithelium, whereas strong NHE3b
staining was localized to a smaller number of MRCs in the
lamellar epithelium. These findings directly contrast with the
proposed combined role of Rhcg-b and NHE3b in facilitat-
ing NH4

1 efflux and Na1 influx during acid stress in larval
zebrafish (Kumai and Perry 2011; reviewed by Kwong et al.
2014) and medaka (Wu et al. 2010; Lin et al. 2012). Thus, in

Figure 3. Gill messenger RNA (mRNA) levels. Shown are relative mRNA concentrations of Rhesus glycoproteins (Rhcg-a, Rhcg-b, Rhbg, Na1/
H1 exchanger [NHE], H1-ATPase [HATP], Na1/K1-ATPase [NKA], and the urea transporter [UT]) in common carp (Cyprinus carpio) in
control fish and fish exposed to acidic water (pH 4) for 72 h (series 3). Data are means 5 SE (n p 9–10). Asterisks indicate significant
differences from control values at P ! 0.05.

Table 2: Relative protein levels of gill membrane transporters

Protein, treatment Relative band density

Rhbg:
Control 1.00 5 .16 (10)
Acid .99 5 .10 (10)

NHE3:
Control 1.00 5 .20 (10)
Acid 1.21 5 .32 (10)

H1-ATPase B:
Control 1.00 5 .17 (10)
Acid .96 5 .16 (10)

Na1/K1-ATPase a subunit:
Control 1.00 5 .10 (5)
Acid 1.08 5 .11 (5)

CA:
Control 1.00 5 .17 (10)
Acid 1.14 5 .19 (10)

hsp70:
Control 1.00 5 .10 (10)
Acid 1.13 5 .09 (10)

Tubulin:
Control 1.00 5 .15 (5)
Acid .97 5 .14 (5)

Note. Data are mean densitometry values 5 SE (n). CA p carbonic an-
hydrase; hsp p heat shock protein; NHE p Na1/H1 exchanger.
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carp under chronic acidic conditions, the Rhcg-b-NHE3b part
of the putative metabolon (Wright and Wood 2009, 2012)
does not appear to play a primary role in branchial ammonia
excretion. We found that there was a significant increase in the
activity of the ammoniagenic enzyme, alanine aminotrans-

ferase, in gill tissue in the present study, suggesting that part of
the increase in branchial ammonia output may have origi-
nated in the gill itself. We propose that alanine is taken up by
gill cells and through transamination/deamination/oxidation
reactions, NH4

1 andHCO3
2 are generated. NH3may exit across

the apical membrane down the gill cell-to-water partial pres-
sure (PNH3) gradient, and/or NH4

1may substitute for H1 in the
NHE3 in exchange for Na1 uptake (fig. 8; discussed below) and
the HCO3

2 could be returned to the blood by the basolateral
anion exchanger (AE1; Lee et al. 2011; Hsu et al. 2014).

Gill Ammoniagenesis and Ammonia Excretion

Gill ammonia excretion was substantially elevated over the 3-d
period but rapidly recovered after returning to neutral water.
The rate of branchial ammonia excretion in part depends on
the PNH3 gradient from blood plasma to water and gill am-
monia permeability. Under acidic conditions in this study,
there was no change in the PNH3 gradient because the large
decrease in water PNH3 during the acid-exposure period was
counterbalanced by the significant decrease in plasma PNH3.
Increased gill ammoniagenesis, however, may have enhanced
the gill intracellular-to-water PNH3 gradient. Alanine amino-
transferase catalyzes the transfer of the amino group from
alanine to a-ketoglutarate, forming pyruvate and glutamate.
Glutamate can then be deaminated by GDH to form ammo-
nia, which would elevate the branchial gill ammonia con-
centration and potentially enhance the NH3 partial pressure
gradient (fig. 9). Interestingly, under control conditions ala-
nine was taken up by the gills of intact C. carpio at a rate
higher than that of 20 other amino acids (Ogata and Murai

Figure 4. Gill protein levels. Shown are relative protein levels of the Rhesus glycoprotein Rhcg-b and the Na1/H1 exchanger NHE3b (A) and
representative Western blots in common carp (Cyprinus carpio) in control fish (labeled C) and fish exposed to acidic water (pH 4) for 72 h (labeledA;
series 3; B). Data are means 5 SE (n p 9–10). Asterisks indicate a significant difference from the control value at P ! 0.05.

Table 3: Enzyme activities in gill

Enzyme, treatment Activity (mmol min21 g21)

Na1/K1-ATPase:
Control 2.01 5 .31 (5)
Acid 2.27 5 .21 (5)

H1-ATPase:
Control .95 5 .09 (5)
Acid .96 5 .20 (5)

Glutamine synthetase:
Control .90 5 .07 (5)
Acid .95 5 .19 (10)

Glutamate dehydrogenase:
Control .93 5 .10 (5)
Acid 1.30 5 .29 (10)

Alanine aminotransferase:
Control .18 5 .02 (5)
Acid .33 5 .03 (10)*

Glutaminase:
Control .29 5 .07 (5)
Acid .20 5 .06 (10)

Note. Data are mean activity values 5 SE (n).
*Significantly different from control (P ! 0.05) as determined by two-tailed

t-test.
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1988). Although Pequin (1962) argued that gill ammoniagen-
esis in carp was unlikely to contribute substantially to branchial
ammonia excretion under control conditions, to our knowledge
this has not been revisited in carp exposed to low environmen-
tal pH. Moreover, gill ammonia synthesis may contribute as much
as 40% to total branchial excretion in some fish (Goldstein et al.
1964).
Evidence for elevated gill ammoniagenic enzymes in response

to acidic water treatment has been reported before. In the acid-
hardy Osorezan dace (Tribolodon hakonensis), GDH mRNA lev-
els increased in multiple tissues, including the gills, in response
to water pH 3.5–3.7 for 7 d (Hirata et al. 2003). The authors
suggested that full oxidation of glutamine, glutamate, and a-
ketoglutarate generates NH4

1 for excretion and HCO3
2 for re-

tention, a mechanism that parallels the ammoniagenic response

in the mammalian kidney. We did not observe any changes in
gill GDH activity, but this does not eliminate the possibility
that the relatively high constitutive levels of GDH were suffi-
cient to accommodate increased flux of glutamate through this
pathway (fig. 9). In addition, gill GDH activities in the present
study were severalfold higher relative to reported activities in
rainbow trout gills even accounting for differences in water tem-
perature (Walton and Cowey 1977).
Gill ammonia permeability depends on both transcellular and

paracelluar pathways. Ammonia efflux via paracellular routes
may increase in acid stress if low pH water causes pathologi-
cal changes to the gills (Goss et al. 1995). However, after 3 d of
exposure to pH 4 water, there were no histological signs of gill
tissue damage (figs. 5, 6). On the other hand, transcellular NH3

permeability may have decreased because of the reduction in

Figure 5. Localization of gill ion transporters. Shown is immunofluorescent localization of the Na1/K1-ATPase a subunit using mouse
monoclonal antibody a5 (red; a, e) and rabbit polyclonal antibody aR1 (green; b, f ) in the gills of common carp (Cyprinus carpio) acclimated
to control (a–d ) or acidic (pH 4; e–h) conditions. Higher magnification images are provided in a′–h′. Scale bar p 50 mm (a–h) or 10 mm (a′–h′).
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Rhcg-b protein concentration and the disappearance of Rhcg-b
staining from the ILS region along the filament (fig. 8). Weak
Rhcg-b lamellar staining persisted in acid-stressed fish, but over-
all it appears that a lesser amount of Rhcg-b protein was present
in gill tissue, as reflected in the 30% decrease observed by im-
munoblotting. It is possible that the majority of the ammonia
exits the gill as NH4

1 in exchange for Na1 via NHE3b in carp ex-
posed to acidic water (fig. 9). The strong induction of NHE3b
at the mRNA and protein level suggests that NHE3b could
be important in eliminating H1 and possibly NH4

1. De Vooys
(1968) reported that ammonia excretion was not directly coupled
to Na1 uptake in C. carpio because exposure to distilled water
(low Na1) increased rather than decreased Jamm. However, the
lack of Ca21 in distilled water may have weakened the inter-
cellular junctions (Cuthbert and Maetz 1972; McWilliams 1983;
Hunn 1985; Freda et al. 1991) and enhanced NH4

1 paracellu-

lar permeability in the de Vooys (1968) study. In the present
study, it is most likely that elevated gill Jamm in acid-stressed fish
was associated with the generation of ammonia within the gill
cells, and therefore paracellular NH4

1 diffusion probably plays
a smaller role.
Acid exposure quite dramatically depressed gill UT mRNA

levels. In our companion study, kidney UT mRNA expression
was also significantly lower in C. carpio under acidic condi-
tions (Wright et al. 2014). It is possible that these changes are
associated with the decrease in plasma PNH3 in response to
acid, which in turn may have resulted in a decrease in plasma
urea levels, but this is unknown. Although urea production
and excretion generally increase in teleosts in response to
alkaline waters (reviewed by Wood 1993), there has been lim-
ited research on the influence of acid-base disturbances on urea
transport mechanisms.

Figure 6. Localization of gill ion transporters. Shown is double-immunofluorescent localization of Na1/K1-ATPase a subunit (a5, red; a, c, c′′,
d, f, f ′) with Na1/H1 exchanger 3b (green; a, c′, c′′, d, f ′, f ′′) in gill sections of carp acclimated to control (a–c) or acidic (d–f ) conditions.
Merged images with 4′,6‐diamidino‐2‐phenylindole nuclear staining and differential interference contrast overlay are shown in c and f. Higher
magnification regions are shown in c–c′′ and f– f ′′. Scale bar p 50 mm (c, f ) or 25 mm (a, b, d, e).
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Acid-Base and Ion Homeostasis

Elevated ammonia excretion as either NH4
1 or NH3 plus H1

removes acid equivalents from the body and promotes recovery
from a systemic acidosis. The marked increase in branchial am-
monia excretion, sustained throughout the 72-h acidic period,
would have helped to decrease the severity of the observed
metabolic acidosis (i.e., decreased pHa, plasma [HCO3

2]; Wright
et al. 2014). In other fishes, renal ammoniagenesis and greatly
elevated urinary ammonia excretion (as NH4

1) significantly con-
tribute to the acid-base compensatory response to low pH wa-
ter (McDonald and Wood 1981; King and Goldstein 1983a,
1983b; Wood et al. 1999). In contrast, in our companion study
of C. carpio exposed to the same pH 4.0 regime as in the present
study, we found no significant renal ammonia excretion re-
sponse, largely because of the large decrease in urine flow rate
(Wright et al. 2014). In the same species, Ultsch et al. (1981) re-
ported a 2-fold increase in whole-body ammonia excretion
rates over 3 d of exposure to pH 4.0 water. On the basis of our
results, this increased release of ammonia to the environment
in the Ultsch et al. (1981) study was therefore probably the re-
sult of branchial, not renal, processes. Cyprinus carpio exposed
to pH 4.0 water had a substantial loss of plasma Na1 and, to
a lesser extent, Cl2 and Ca21 (Wright et al. 2014). Increased
branchial ammonia excretion in response to environmental acid-
ification could be also a strategy to raise water pH at the apical
surface to protect pH-sensitive ion transporters. If a portion
of branchial ammonia excretion was in the form of NH3, then
NH3 would consume H1s and cause a local elevation in pH.
Alkalinization of the apical surface, in turn, would reduce the
competition of H1 with Na1 in Na1 uptake transporters or re-
strict the titration of negative charges in ion channels (Audet
et al. 1988). The role that apical gill Rhcg-b plays in facilitating
gill NH3 diffusion in acid-stressed C. carpio is unclear because,
although it appears to be present in cells along the lamellae,
the overall level of expression was diminished. Regardless, am-

monia generation and subsequent oxidation of a-ketoglutarate
in gill cells may return HCO3

2 to the plasma, to ameliorate the
systemic metabolic acidosis (Hirata et al. 2003; Wright et al.
2014).

Tissue Localization of Gill Transporters

Gill ionocytes in carp have not been characterized previously,
to our knowledge. Using different NKA antibodies and IF mi-
croscopy, we found two types of NKA-positive cells predomi-
nantly localized to cells in the ILS along the filament in carp
under neutral water pH conditions. In freshwater teleosts, at
least two types of gill MRCs have been identified (Galvez et al.
2002; reviewed by Edwards and Marshall 2013), and NHE3
immunoreactivity is associated with PNA1 MRCs in trout,
Oncorhynchus mykiss (Ivanis et al. 2008). In the present study,
gill MRCs in the ILS that stained positive with the NKA a5
antibody were not the same cells that contained both Rhcg-b and
NHE3b proteins. Colocalization of NHE3 and Rhcg-b (pRhcg1)
mRNA or protein has been shown in MRCs of larval medaka
(Wu et al. 2010; Hsu et al. 2014) and in renal distal tubule cells
of adult Kryptolebias marmoratus (Cooper et al. 2013). More-
over, H1-ATPase rich (HR) MRCs in zebrafish gills are thought
to contain apical NHE, Rhcg-b, and H1-ATPase (reviewed by
Kwong et al. 2014). These zebrafish HR cells and medaka
embryonic skin NHE cells also stain positive for basolateral
anion exchanger (AE1; fig. 9; Lee et al. 2011; Hsu et al. 2014).
Although there may be differences in Rhcg-b-positive MRC
subtypes among freshwater fishes, the proposed acid-trapping
metabolon to promote NH3 excretion and Na1 uptake is com-
mon to all that have been studied to date (Shih et al. 2008; Wu
et al. 2010; Kumai and Perry 2011; Lin et al. 2012; Ito et al. 2013;
Hsu et al. 2014). In the case of the common carp in water of pH
7.6, the subtype of MRCs containing both Rhcg-b and NHE3
may be responsible for linking the facilitated transport of NH3

via Rhcg-b to Na1 uptake via NHE3b (fig. 9). In this regard,

Figure 7. Localization of gill ion transporters. Shown is triple-immunofluorescent localization of Na1/K1-ATPase a subunit using aR1 (green; a, b)
and a5 (red; a′,b′) antibodies with Na1/H1 exchanger 3b (magenta; a′′, b′′) in gill sections of carp acclimated to control (a) or acidic (b) conditions.
Corresponding images with 4′,6‐diamidino‐2‐phenylindole nuclear staining (a′′′, b′′′) and differential interference contrast (a′′′′, b′′′′) are shown.
Arrowheads indicate some apical Na1/H1 exchanger 3b localization. Scale bar p 25 mm.
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Figure 8. Localization of gill ion transporters. Shown is Rhcg-b-like (green; a, b) immunolocalization in the gills of carp acclimated to neutral (a, c) or
acidic (b) water conditions. Rhcg-b is double labeled with Na1/K1-ATPase (NKA; a5 red) and merged with 4′,6‐diamidino‐2‐phenylindole (DAPI)
nuclear staining (a′′, b′′), and the corresponding differential interference contrast (DIC) overlay is shown (a′, b′). In a separate section (c–c′′′′), the
colocalization of Na1/H1 exchanger 3b (green; c) and Rhcg-b-like (magenta; c′) proteins in gill sections of common carp acclimated to control water
conditions is demonstrated using immunofluorescence microscopy. The merged image (c′′′′) is also overlaid with NKA(a5 red; c′′) andDAPI (blue)
nuclear staining, and the corresponding DIC image (c′′′) is shown. Scale barp 50 mm.



Sinha et al. (2013) recently reported that excretion of ammo-
nia against the gradient during high environmental exposure in
C. carpio was correlated with increased Na1 uptake and in-
creased mRNA expression of Rhcg-a but not Rhcg-b in the gills.
When carp were chronically exposed to acidic water, MRCs,

especially NKA aR1–positive cells, were more prevalent in
the lamellae relative to the filament. Indeed, NHE3b- and Rhcg-
b-positive ionocytes disappeared from the ILS in acid-exposed
carp. Furthermore, NHE3b staining was focussed in cells along
the lamellae, probably in a subtype of MRCs. Several studies
have reported an increase in NHE3 mRNA expression and/or
NHE3-positive cell complex density in acid-stressed larval or
adult fish (Edwards et al. 2001; Hirata et al. 2003; Furukawa
et al. 2011; Lin et al. 2012), but not in all species (Yan et al.
2007); however, our study is the first to show a redistribution
of NHE3b staining in the gills of fish exposed to acidic water.
Interestingly, Rhcg-b staining was not limited to these lamellar
NHE3b-positive cells, as was also the case in control fish ILS
ionocytes. These findings imply an uncoupling of NH3 diffu-
sion via Rhcg-b from Na1 uptake and apical acidification by the
NHE3b protein, in contrast to evidence for a coupled function of
NHE3 and Rhcg-b in medaka and zebrafish larvae in acidic
environments (Wu et al. 2010; Kumai and Perry 2011; Lin et al.
2012). In larval medaka (Lin et al. 2012) and zebrafish (Kumai
and Perry 2011) as well as in the gills of adult zebrafish (Yan et al.
2007), both NHE3 and H1-ATPase are thought to contribute
to Na1 uptake in acidic environments, but to variable extents.
Unfortunately, we have no information on the expression or lo-
calization of branchial H1-ATPase in common carp, but its

protein expression by immunoblotting and enzyme activity lev-
els did not change.
In our experiments, the NaCl concentration (1.5 mmol L21) in

the water was somewhat higher than that in other studies ad-
dressing acid responses in freshwater fish (e.g., 0.5 mmol L21 Na1;
Wu et al. 2010; Lin et al. 2012), although it was closer to that of
the naturally acidic Lake Osorezan (0.9 mmol L21 Na1; Hirata
et al. 2003). At higher water Na1 levels, Parks et al. (2008) pro-
posed that NHE3 would play a larger role in H1 excretion in ex-
change for Na1 at low environmental pH. Reports of increased
NHE3 mRNA levels and/or NHE3-positive cell number in the
gills or larval skin of acid-exposed fish at lower water Na1 con-
centrations than those used in the present study (Hirata et al.
2003; Lin et al. 2012), however, implies a role for NHE3 over a
range of environmental conditions. Moreover, when acidic fresh-
water (pH 4.0) was supplemented with Na1 (up to 50 mmol L21)
in a study of Mozambique tilapia (Oreochromis mossambicus),
there was a decrease in gill NHE3 mRNA but no change in the
density or size of gill NHE3-positive cells (Furkawa et al. 2011).
The flux of NH3 and H1 through the Rhcg-b-NHE3b metabo-
lon is likely dependent onmultiple factors, including internal and
external Na1, H1, NH4

1, and NH3 gradients as well as species-
specific characteristics.

Conclusions

On the basis of our results, we propose that ammonia synthesis
in branchial cells is largely responsible for the sustained eleva-
tion of ammonia excretion rates across the gill in common carp

Figure 9. Model of gill ammonia metabolism and transport. Shown is a schematic of mitochondrial-rich cells (MRCs) in the gills of control
Cyprinus carpio (A) and those under acid exposure (B). Rhesus proteins (Rhcg-b, Rhbg), H1-ATPase (HATP), Na1/H1 exchanger 3 (NHE3),
Na1/K1-ATPase (NKA), and the Cl2/HCO3

2 cotransporter (AE1) are shown. In zebrafish and medaka, NHE3- and Rhcg-b-positive MRCs have
apical HATP and basolateral AE1 (Nakada et al. 2007; Lee et al. 2011; Hsu et al. 2014). The amino acid catabolic pathway has been simplified.
Alanine aminotransferase (AAT) catalyzes the conversion of alanine to glutamate. Glutamate is converted to a-ketoglutarate and NH4

1 in a
reversible reaction catalyzed by glutamate dehydrogenase. a-Ketoglutarate dehydrogenase catalyzes the conversion of a-ketoglutarate to succinate
andHCO3

2. Placement of H1-ATPase on the apical membrane is speculation based on other studies of freshwater gills and skin (reviewed by Kwong
et al. 2014). For more details, see “Discussion.”
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(C. carpio) exposed to chronic and severe environmental acid
treatment. Full oxidation of amino acids in the gills would gen-
erate NH4

1 to be eliminated and HCO3
2 to be reabsorbed to

compensate for the metabolic acidosis. Although we are uncer-
tain about how NH4

1 is exiting the apical gill membrane, the
reduction in Rhcg-b protein levels and disappearance of the
NHE3- and Rhcg-b-positive MRC subtype in the filament of
acid-exposed fish calls into question the role of gill Rh ammo-
nia transporters in facilitating ammonia excretion under these
conditions. The increase in gill NHE3b mRNA and protein con-
centrations as well as the appearance of NHE3b-positive cells in
the lamellae suggests that Na1/H1 exchange in acid-exposed fish
is critically important. It is also possible that NH4

1 is directly
substituting for H1 in the NHE3b transporter (fig. 9), as has
been recently demonstrated by Ito et al. (2014), but this idea
requires additional experimental validation in carp. Interest-
ingly, in mammalian renal proximal tubules where amino acids
are catabolized to form ammonia during metabolic acidosis,
there is no evidence for Rh glycoprotein expression, and NHE3
is thought to facilitate Na1/NH4

1 exchange (reviewed byWeiner
and Verlander 2011). Overall, our results contrast with other
piscine studies in the literature (especially studies of larval fish)
and suggest that a universal mechanism for ammonia transport
under variable environmental conditions in fish probably does
not exist. Rather, a number of highly conserved membrane trans-
porters (e.g., Rhcg-b, NHE3) form an evolutionary toolkit on
which selective pressures have acted to tailor mechanisms to
meet species-specific and developmental stage-specific environ-
mental challenges.
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