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Abstract

Fishes have evolved complex and multi-step physiological mechanisms to drive ion homeostasis in challenging
environments. Induction of stress that disturbs ion homeostasis in fishes evokes recovery response for their survival. Nitric
Oxide (NO) as gasotransmitter modulates many physiological mechanisms including ion transport in osmoregulatory
epithelia in teleosts. However, little is known about the role of NO in the transport of H* ions that creates proton gradient
with the help of H*-dependent ATPases like H*-ATPase and H*/K*-ATPase, particularly in hepatic and cardiac tissues of
bony fish. We, thus, quantified H*-ATPase and H*/K*-ATPase in these tissues after in vivo treatments of NO donor, Sodium
Nitro-Prusside (SNP) or NOS inhibitor, L-NAME, in both non-stressed and immersion-stressed air-breathing fish, Anabas
testudineus Bloch. We found that elevated NO availability by SNP treatment lowered H*-ATPase-driven H* transport in both
hepatic and cardiac tissues of immersion-stressed fish. In contrast, NO depletion by L-NAME treatment elevated H*-ATPase
activity in these tissues of stressed fish, pointing to a direct role of H*-ATPase in NO-mediated proton gradient regulation
during stress condition. H*/K*-ATPase that drives H* transport against K* reduced its activity in cardiac tissue by SNP and
L-NAME treatments. But L-NAME treatment in stressed fish imposed a higher H* transport in cardiac tissue of these fish.
Overall, the data indicate that NO has a vital role in the regulation of H*-ATPase-driven proton gradient in both cardiac and
hepatic tissues of immersion-stressed fish.
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1. Introduction

Teleost fishes have evolved complex and multi-step
physiological mechanisms to drive ion homeostasis in
challenging environments. Fishes are excellent models
to understand the mechanisms related to stress as they
are exposed to constant stress conditions in their natural
habitats. Fishes respond to stressful conditions by evoking
an array of stress-sensitive pathways, which include
the release of stress hormones like catecholamines and
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corticosteroids". This is followed by the metabolic changes
and osmoregulatory disturbances in order to maintain
homeostatic state'~. Maintenance of ionic homeostasis
is a complex process during stress, which mainly relies
on active and passive transporters®. In teleosts, the heart
and liver appear as the main targets of stress due to their
involvement in maintaining whole body energetics. Heart
is considered as one of the major targets of stressors in
teleosts. It has been reported that post-stress cortisol
production correlates with the myocardial remodeling at
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least in salmanoid fishes'. In addition, heart is a major
producer of Nitric Oxide (NO) and also a major target of
its actions.

The gasotransmitter, NO, has regulatory role in
physiological processes in teleosts including ion transport,
osmoregulation and metabolic regulation'>?. The cardiac
physiologyof NO has been widely assessed in teleosts and
data concomitant to the NO system with cardiac system
have been accumulating?2. Studies have suggested that
presence of two NOS isoforms (nNOS and iNOS) within
the myocardium of fish and the constitutively expressed
nNOS are present in myocytes, endothelial cells, and
neurons in the myocardium®. Evidence is also available
for the expression of iNOS in myocytes, small vessel
endothelium, vascular smooth muscle cells and immune
cells that influence the heart. A canonical eNOS seems
to be absent in teleosts®, nevertheless, various studies
reported the eNOS-like immunoreactivity in the heart
of several teleost species?>2%, Still, the occurrence of the
NO endothelial system in fish has been questioned by
many authors. It has also been suggested that NO does not
have a main role in the vasodilatory control of arteries in
fish*®. Somehow, NO generated from nitric oxide synthase
isoforms bound to cellular membranes may regulate the
function of key membrane-associated enzymes. NO
has been shown to affect ionic transport across various
transmembrane transporters in different tissues of
teleosts***. However, the role of NO in ion transporter
function in fish cardiac tissue is poorly studied.

Vacuolar H*-ATPases form an important class of ATP-
driven proton pumps that are present in the intracellular
and plasma membranes of eukaryotic cells and play
diverse roles in both normal and abnormal cellular
processes®. The electrochemical H* gradient created by
H*-ATPases is mainly involved in acid-base transport,
and contribute to the overall body homeostasis®. The
regulatory role of these transporters on acid-base balance
is well explained in osmoregulatory tissues of teleosts””.
H*/K*ATPase is a P-type transporter which is responsible
for ATP-dependent exchange of H* for K* across plasma
membranes'. This transporter is expressed at highly in
mammalian gastric parietal cells, where it functions
primarily as a proton pump transporting H* in exchange
for K* into the secretory canaliculi'2. Several studies
have pointed to a role for the H*/K*ATPase in a variety
of other cells including colonic enterocytes and renal
tubular cells”. The presence of non-gastric HKA has
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been reported in different tissues of teleosts including air-
breathing fish'*'7.

Liver plays an important role in stress acclimation and
recently it has been reported that major stress hormone
cortisol can mediate rapid and non-genomic action
in hepatocytes of teleosts™. NO is also an important
mediator of liver physiology and has differential effects
on the liver depending on its source®. In liver biology,
eNOS and iNOS are major role players, whereas the
role of nNOS is little known. Endothelial NOS is mainly
expressed in Liver Sinusoidal Endothelial Cells (LSECs)
and endothelial cells of the hepatic artery, portal vein,
central vein, and lymphatic vessels®. In contrast, iNOS
is induced in various liver cells, including LSECs,
hepatocytes, Kupffer cells (liver resident macrophages),
Hepatic Stellate Cells (HSCs), smooth muscle cells,
cholangiocyte and other immune cells***. Constitutively
generated NO maintains the hepatic microcirculation
and endothelial integrity, while inducible NO synthase-
governed NO production can be either beneficial or
detrimental. Given the importance of NO as a signaling
molecule for ion transport, examination of the role of
NO in the liver would be interesting. In the present
study, we examined the modulatory role of NO in proton
transporter function during immersion-induced stress
in the climbing perch, Anabas testudineus Bloch. The
purpose of this study was to investigate how donor of
NO, Sodium Nitro-Prusside (SNP) and NOS antagonist,
L-NAME, modulate H*-dependent ATPases such as
H*-ATPase and H*/K*ATPase in hepatic and cardiac
tissues of the air-breathing fish kept at non-stressed or
immersion-stressed condition.

2. Materials and Methods

2.1 Collection of Model Fish and
Acclimation

Adult healthy climbing perch of both sexes (Anabas
testudineus Bloch), that belongs to order Perciformes
and family Anabantidae, weighing about 35-45 g were,
collected from near water bodies and reared in large
cement tanks. They were acclimated to laboratory
conditions for two months in well water kept at 28+1°C
under natural photoperiod (12L/12D). Fish were fed
with commercial fish feed daily (1% body weight) and
were in the pre-spawning period (March-April). Prior
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to experiment, fish were kept in 60 L glass aquaria for
three weeks, and food was withdrawn for 24 hr prior to
sampling to ensure optimum experimental conditions.
The requirements of Institutional Bioethics committee
were fulfilled while rearing and experiment the fish and
no mortality was recorded during the experiment.

2.2 Experimental Design

Four sets of in vivo experiments were conducted. Two
experiments tested the dose-responsive in vivo effects
of NO donor, SNP and NOS inhibitor, L-NAME in non-
stressed fish. The other two sets of experiments were
conducted to quantify the action of selected dose of
SNP and L-NAME in immersion-stressed fish groups.
Intraperitonial injections were given to control and
treated fish groups and all the fish groups were handled
the same manner. Immersion was selected as the mode
of induction of stress. Strict care was taken to minimize
stress during injection and handling. All fish were
sampled concurrently after 30 min injection.

2.2.1 Dose-Dependent in Vivo Effects of SNP
and L-NAME

In each experiment, twenty-four laboratory acclimated
freshwater climbing perch were assigned as four groups of
six each and kept in separate glass tanks (60x30x30cm).
The first group, which served as the control, was
administered intraperitoneal (ip) injections of 0.65%
saline. The second, third and fourth groups were injected
with varied doses of SNP (2.5, 5 and 10 pg g"') (Sigma
Aldrich) or L-NAME (25, 50 and 100 ng g*) (Sigma
Aldrich) intraperitoneally and kept for 30 min. The
different doses of SNP/ L-NAME that were administered
were dissolved in 100pL per fish in 0.65% saline and all
the treatments were injected between 9.00 and 11.00 a.m.

2.2.2 Effects of in Vivo SNP in Non-Stressed
and Stressed Fish

Test groups of non-stressed (N=6) and stressed (N=6)
climbing perch were injected intraperitonially with the
selected dose of SNP (5ug g')/ L-NAME (100ng g*)
which was dissolved in 0.65% saline. Control groups of
non-stressed (N=6) and stressed (N=6) fish were injected
with 0.65% saline only. The control and test groups of
stressed fish were subjected to immersion stress after
injection, which was accomplished by keeping iron nets
just below the surface water for 30 min.
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2.3 Sampling and evaluation

Thirty minutes after the injection, fish in each group
were netted together and anesthetized in a 0.1%
2-phenoxyethanol solution (SRL, Mumbai) and blood
was drawn from the caudal vessels in all experiments.
The fish in each group were then sacrificed by spinal
transection and liver and heart tissues were excised, kept
in ice cold SEI (Sucrose-EDTA-Imidazole) buffer (0.05M;
pH 7.1) and stored at -80°C until analysis.

2.3.1 Preparation of Membrane Fraction

Membrane fraction (H, fraction) was isolated from
heart and liver tissues following the method of Peter et
al®. Briefly, 10% tissue homogenates were prepared in
0.25M SEI buffer and the homogenate was subjected to
differential centrifugation at 700xg for 10 min(4°C) to
separate the cell debris and nuclei and the supernatant was
collected as homogenization-zero fraction (H fraction).

2.3.2 Determination of Vacuolar H*-ATPase-
Specific Activity

The baflilomycin-sensitive V-H*ATPase activity was
measured as described earlier®. The samples in duplicate
containing (1.0 pg protein) were added to a 96-well
microplate containing 100 mM NaCl, 30 mM imidazole
(pH 7.4), 0.1 mM EDTA and 5 mM MgCl,. Baffilomycin
A (32 nM) was used as an inhibitor and the reaction was
initiated by the addition of 0.3mM ATP and incubated
at 37°C for 15 min. The reaction was terminated by
adding 8.6% TCA and the liberated inorganic phosphate
was measured against phosphate standard at 700 nm in
microplate Reader (Synergy HT Biotek). The activity is
expressed in uMoles Pi liberated per hr for mg protein.

2.3.3 Determination of SCH28080-Sensitive H*/
K*-ATPase Activity

SCH28080-sensitive ~ H'/K*-ATPase activity =~ were
measured as described earlier’. 0.1 mM SCH28080,
(2-methyl-8-(phenylmethoxy) imidazo [1,2-a] pyridine-
3-acetonitrile) was used as inhibitor whereas 0.13 mM
KCl was used as promoter to measure H*/K*-ATPase
activity. Saponin-treated samples in duplicates (1.0 mg
protein) were added to a 96-well microplate containing
the above reaction mixture and the reaction was initiated
by the addition of 0.3 mM ATP and incubated at 37°C
for15 min. The reaction was terminated by adding 8.6%
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TCA and the inorganic phosphate content was measured
in Synergy HT Biotek Microplate Reader. The change in
absorbance at 700 nm between promoter and inhibitor
assays was calculated using regression analysis and the
rate of transport activity of H*/K*-ATPase is expressed in
uMoles Pi liberated per hr for mg protein.

2.4 Statistical Analysis

Before statistical analysis, data were checked for normal
distribution and variance homogeneity. The values were
represented as mean + SEM and the statistical difference
among groups was tested by means of one-way analysis
of variance (ANOVA) followed by SNK comparison test.
Significance between the groups was analyzed with the
help of GraphPad software (Instat-3, San Diego) and the
level of significance was accepted if p< 0.05.

3. Result

3.1 Effect of SNP and L-NAME on
Bafilomycin-Sensitive Vacuolar H*-
ATPase Activity in Liver and Heart of
Non-Stressed and Immersion-Stressed
Fish

Our data suggested that SNP at the two lower

concentrations (2.5 and 5 pg g"') decreased the vacuolar

H*-ATPase activity in the heart (Figure 1A), while its

activity increased after treatment with 10 pg g'of SNP

(Figure 1A). However, in liver the activity showed a

significant increase after the different concentrations of

SNP (2.5, 5 and 10 pg g') (Figure 1A). In stressed fish,
selected concentration of SNP (5ug g') decreased the

Table 1.

H*-ATPase-specific activity in both liver and heart of
climbing perch (Figure 1B&C).

NOS inhibitor, L-NAME, did not alter the
V-H*ATPase activity in heart and liver of climbing perch
at the given concentrations (25, 50 and 100 ngg™) (Figure
1A). Interestingly, the selected concentration of L-NAME
(100ngg™) caused increase of its activity in both liver and
heart of Anabas during immersion-stress (Figure 1B&C).

3.2 Effect of SNP and L-NAME on
SCH28080-Sensitive H'/K*-ATPase
Activity in Liver and Heart of Non-
Stressed and Immersion-Stressed Fish

In heart, the H*/K'-ATPase activity decreased after
treatment with different concentrations of SNP (2.5, 5 and
10 ug g') (Figure 2A). Similar pattern of response was
observed in liver of climbing perch after treatment with
the lower concentration of SNP (2.5 and 5 ug g''), while
the higher concentration (10 pg g') increased its activity
(Figure 2A). On the contrary, the H*/K*-ATPase activity
remained unaltered after treatment with the selected dose
of SNP (5 pg g"') in heart of stressed fish (Figure 2C),
but a significant rise in its activity occurred in liver of
immersion-stressed fish at this dose (Figure 2B).

A significant increase in the H*/K*-ATPase -specific
activity was observed after treatment with the higher
dose of L-NAME (100 ng g*) in heart, whereas it showed
a reverse pattern in heart at lower dose (25 ng g*) (Figure
2A). L-NAME did not alter the H'/K*-ATPase activity
in liver of climbing perch at given concentrations (25,
50 and 100 ng g') (Figure 2A). In the stressed fish, the
selected dose of L-NAME (100 ng g") further increased
the H*/K*-ATPase-specific activity in heart (Figure 2C).

Table showing the activity pattern of V-H*ATPase and H*/K*-ATPase in hepatic (L) and cardiac (C)

tissues of SNP-treated and L-NAME treated Anabas testudineus in non-stressed (NS fish) and immersion-stressed

(IMR fish) state.

Transporter . NS fish IMR fish
. . Tissue
Activity SNP L-NAME SNP L-NAME
V-H*ATPase H T l T
¢ d T
H*/K*-ATPase H l
¢ d 4 1T
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Vacuolar H-ATPase Activity
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Figure 1. Dose-responsive action of sodium nitroprusside (SNP; 2.5, 5 and 10 pg g') and N°-Nitro- L- Arginine methyl
ester(L-NAME; 25, 50 and 100 ng g') treatment for 30 min on bafilomycin-sensitive Vacuolar H*-ATPase activity in the hepatic
and cardiac tissues of Anabas testudineus (A). The activity pattern of V-H*-ATPase in the hepatic tissue is presented in “(B)”
and in cardiac tissue is presented in “(C)”. These activities were obtained from non-stressed and immersion-stressed fish after
SNP treatment (5 pg g"') and L-NAME treatment (100 ng g'). Each bar is mean + SE for 6 fish. In figure 1A, significant levels
are represented as*” (p<0.05), “**” (p<0.01) and “***” (p<0.001) when compared with control fish (0 pg g*). The significance
levels of Figure 1B and C are represented as “a” when compared between control and SNP-treated (SNP)/ L-NAME-treated
(L-NAME) fish and “b” represents significance between immersed control fish (IMR) and SNP-treated stressed (SNP*IMR)/
L-NAME-treated stressed (L-NAME*IMR) fish.
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H*/KT-ATPase Activity
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Figure 2. Dose-responsive action of sodium nitroprusside (SNP; 2.5, 5 and 10 pg g') and N“-Nitro- L- Arginine methyl
ester(L-NAME; 25, 50 and 100 ng g') treatment for 30 min on SCH28080-sensitive H*/K*-ATPase activity in the hepatic and
cardiac tissues of Anabas testudineus. (A). The activity pattern of H*/K*-ATPase in the hepatic tissue is presented in “(B)” and
in cardiac tissue is presented in “(C)”. These activities were obtained from non-stressed and immersion-stressed fish after SNP
treatment (5 pug g') and L-NAME treatment (100 ng g'). Each bar is mean + SE for 6 fish. In figure 2A, the significant levels
are represented as “*” (p<0.05), “**” (p<0.01) and “***” (p<0.001) when compared with control fish (0 pg g"). The significance
levels of figure 2B and C are represented as “a” when compared between control and SNP-treated (SNP)/L-NAME-treated
(L-NAME) fish and “b” represents significance between immersed control fish (IMR) and SNP-treated stressed (SNP*IMR)/
L-NAME-treated stressed (L-NAME*IMR) fish.
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However, the activity in liver was not responding to
L-NAME treatment after immersion-stress (Figure 2B).

4. Discussion

Homeostatic regulation of ionic gradients across
plasma membranes and the membranes of intracellular
organelles is critical for most functions in cells*. Intrinsic
membrane-active transporters like ATPases are of special
interest in maintaining ionic homeostasis. Vacuolar
H*-ATPases localized in the plasma membrane mediate
proton extrusion from the cell and has a critical role in
the membrane transport system of protons in regulation
of pH of intracellular and extracellular fluid, and thus
play an important role in maintaining physiological
homeostasis>* . Evidences suggest that intracellular pH
could affect the contractile function of the heart, metabolic
reactions, ion exchange and calcium homeostasis in
higher vertebrates*. In cardiac and hepatic tissues, the
maintenance of proton gradient are critical and the
active proton transporters such as H*-ATPase and H*/
K*-ATPase drive the proton homeostasis in these tissues.

The role of NO in blood vessel dilation and various
cardiac functions has been well defined. But its integrated
role in maintaining proton gradient in this tissue is
ambiguous. The data of this study demonstrate that
exogenous donor of NO, SNPcan inhibit the bafilomycin-
sensitive H*-ATPase activity in cardiac tissue of fish at
their non-stressed state. NO has been reported to mediate
stimulation of the activities of active transporters like
Na'K*-ATPase in the cardiovascular regions of higher
vertebrates™*. NO derivative, peroxynitrite has been
shown to inhibit this transporter activity in various tissues
after treatment with NO donors®. Previously it has been
reported that SNP treatment decreased the activity of
H*-ATPase in the gills, kidney and intestine of non-stressed
Anabas™. In addition, it has been reported that elevated
levels of endogenous NO can inhibit the H*- ATPase activity
in kidney of Wistar rats®.. In contrast, the SNP treatment in
immersion-stressed fish increased the H*-ATPase activity
in cardiac tissue. The total nitrite/nitrate level in heart tissue
during immersion stress has been shown lowered after SNP
treatment in Anabas®. This clearly shows a regulatory role
of NO in H*-ATPase-driven proton gradient regulation in
cardiac tissue of Anabas at basal condition.

In contrast, in metabolic tissue like hepatic tissue,
SNP treatment increased the bafilomycin-sensitive
H*-ATPase activity in non-stressed fish. Nitric oxide and
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its derivatives are known to change the membrane fluidity
in the liver tissue*? and the alteration in membrane fluidity
can activate the membrane H*-ATPase*. Treatment of
SNP in immersion-stressed fish decreases its activity in
hepatic tissue which clearly indicates a regulatory role for
NO in H*-ATPase modulation in this tissue in stressed
condition as well. Interestingly, treatment with NOS-
inhibitor, L-NAME, did not modulate the activity of
H*-ATPase in cardiac and hepatic tissues of non-stressed
fish, where its activity showed reversal in immersion-
stressed fish, pointing to a recovery role of NO in proton
homeostasis in these fish.

The SCH28080-sensitive K*-dependent H*-extrusion
ATPases respond to SNP in both hepatic and cardiac
tissues which points to the existence of the functional H*/
K*-ATPase in these cells. The decreased activity of HKA
after SNP treatment in hepatic and cardiac tissues of
non-stressed fish clearly implies a regulatory role of NO
in these tissues. In excitable tissue like cardiac tissue the
HKA activity showed a significant decline after L-NAME
treatment in non-stressed condition. Similar observation
has been found in rat colon after L-NAME treatment™.
This suggests an important role of NO in HKA activity
that maintains proton gradient particularly acid/base
balance in these fish. Hypoxia stress has been shown to
induce a reduction in K* efflux and depolarization due to
the inhibition of K* channels®>*. The decreased activity
of HKA in the cardiac tissue of stressed fish may be due
to a reduced K* efflux, as heart is known to be the major
target of hypoxia in teleosts””. However in hepatic and
cardiac tissues, the activity remained unaltered after SNP
treatment in stressed condition. But in immersed fish,
L-NAME-treatment increased its activity which indicates
that NO depletion favors higher proton gradient which is
typical to a stressed condition. This further points to the
role of basal levels of NO on H* and K* efflux which are
essential for maintaining H* or K* homeostasis in this
tissue.

The inhibition of endogenous NO by L-NAME in
immersion-stressed fish activates H* transport driven
by H*-ATPase both in hepatic and cardiac tissues. This
observation supports the view that NO and its derivatives
are essential for regulating proton gradient in these
tissues. In addition, the higher availability of endogenous
NO by SNP treatment in stressed fish lowers H*-ATPase-
driven H* transport in both hepatic and cardiac tissues of
stressed fish, pointing to a major action of NO in lowering
H*-ATPase driven proton-gradient. This further indicates
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that NO could play a recovery role in minimizing the
H*-ATPase-induced higher proton-gradient, a typical
stress-induced ion status in stressed fish. Overall, these
indications of modified response of proton transporters to
NO in stressed condition reveal that NO has an essential
role in H* transport function in cardiac and hepatic tissues
of climbing perch.
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