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a  b  s  t  r  a  c  t

We  evaluate  the  effects  of total ammonia  nitrogen-N  (TAN)  exposure  for 72 h  on  (Na+,K+)- and  V(H+)-
ATPase  activities  and  on their  subunit  expressions  in  gills  of  the  diadromous  freshwater  shrimp
Macrobrachium  amazonicum.  Specific  (Na+,K+)-  and  V(H+)-ATPase  activities  increased  roughly  1.5-  to  2-
fold,  respectively,  after  exposure  to 2.0 mmol  L−1 TAN.  Quantitative  RT-PCR  analyses  revealed  a 2.5-fold
increase  in  V(H+)-ATPase  B  subunit  mRNA  expression  while  (Na+,K+)-ATPase  �-subunit  expression  was
unchanged.  Immunohistochemical  analyses  of the gill  lamellae  located  the  (Na+,K+)-ATPase  throughout
the  intralamellar  septal  cells,  independently  of  TAN  concentration,  while  the  V(H+)-ATPase  was  located
in  both  the  apical  pillar  cell  flanges  and  pillar  cell  bodies.  Systemic  stress  parameters  like  total  hemocyte
count  decreased  by 30%  after  exposure  to  2.0 mmol  L−1 TAN, accompanied  by  increased  activities  of  the
oxidative  stress  enzymes  superoxide  dismutase,  glutathione  reductase  and  glucose-6-phosphate  dehy-
drogenase  in  the  gills. The  stress  responses  of M.  amazonicum  to  elevated  TAN  include  increases  in  gill

+ + +
ene expression
xidative enzymes
acrobrachium amazonicum

(Na ,K )-  and  V(H )-ATPase  activities  that  are  accompanied  by  changes  in  oxidative  stress  enzyme  activ-
ities,  immune  system  effects and  an increase  in gill V(H+)-ATPase  gene  expression.  These  findings  likely
underpin  physiological  effects  in a crustacean  like  M. amazonicum  that  exploits  multiple  ecosystems  dur-
ing its  life  cycle,  as well  as  under  culture  conditions  that  may  significantly  impact  shrimp  production  by
the  aquaculture  industry.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ammonia, nitrate and nitrite are essential, life-sustaining,
itrogen-containing compounds used by many aquatic microor-
anisms. When ionized, such substances constitute the most
ommon forms of dissolved inorganic nitrogen available to aquatic
cosystems. However, in excess, these ions affect the abundance,
istribution and physiological responses of aquatic organisms,

ncluding decapod crustaceans. This is an issue that looms large

hen considering increasing global anthropic activities that aug-
ent nitrogen availability (Romano and Zeng, 2013; Camargo and
lonso, 2006).

∗ Corresponding author at: Departamento de Química—Faculdade de Filosofia,
iências e Letras de Ribeirão Preto/Universidade de São Paulo. Avenida Bandeirantes
900. 14040-901 Ribeirão Preto, SP. Brazil.

E-mail address: fdaleone@ffclrp.usp.br (F.A. Leone).

ttp://dx.doi.org/10.1016/j.aquatox.2015.10.021
166-445X/© 2015 Elsevier B.V. All rights reserved.
In aquatic environments, ammonia exists as NH4
+ and NH3,

the latter being the more toxic form since it diffuses easily across
plasma membranes and into the blood or hemolymph (Weihrauch
et al., 2004a). The NH4

+:NH3 ratio is strongly pH-dependent and
ammonia toxicity increases at higher pH since NH3 prevails over
NH4

+ (Armstrong et al., 1978). While salinity and temperature
exert a lesser effect on NH4

+:NH3 ratios, ammonia toxicity is
greatly influenced by these two  important ambient parameters
(Romano and Zeng, 2010; Lin and Chen, 2001). Like most aquatic
animals, crustaceans are mainly ammoniotelic, and their nitroge-
nous metabolic end products are excreted principally in the form
of ammonia; urea is a minor N-excretion product, accounting for
≈20% of total N-excretion (Weihrauch et al., 1999). The main sites
of ammonia excretion in crustaceans are organs often involved in

osmoregulatory ion transport such as the gills, pleiopods, and other
well ventilated or perfused appendages (Romano and Zeng, 2013;
O’Donnell, 1997). Although ammonia excretion in aquatic inverte-
brates has been considered a strictly passive process (Kormanik and

dx.doi.org/10.1016/j.aquatox.2015.10.021
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
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ameron, 1981), recent evidence shows that ammonia is excreted
ctively and, when necessary, against an inwardly directed gradient
n marine, brackish and freshwater crustaceans (Weihrauch et al.,
004a). While exposure to ammonia affects ontogenesis, growth,
as exchange, acid-base balance and immunological responses,
omprehensive reviews on the toxic effects of ammonia, their phys-
ological consequences and adaptive mechanisms in the Crustacea
re few (Romano and Zeng, 2013).

The (Na+,K+)-ATPase, a transport enzyme located basolaterally
n epithelial cells, is a major effector of ammonia excretion in
quatic invertebrates (Weihrauch et al., 2009). This enzyme is the
ost prominent member of the P-type vertebrate ATPase family

Toyoshima et al., 2013; Chourasia and Sastry, 2012; Poulsen et al.,
010) and transports three Na+ out of and two  K+ into the cell
ytoplasm for each molecule of ATP hydrolyzed. Compared to the
ertebrate enzyme, the structure of the crustacean gill (Na+,K+)-
TPase is poorly known. However, like other (Na+,K+)-ATPases,

t consists of an �-subunit of 95–104 kDa Mr (Leone et al., 2015;
ucena et al., 2012), a �-subunit of 38–40 kDa Mr (Peterson and
okin, 1981) and the FXYD peptide (Silva et al., 2012). Like the ver-

ebrate enzyme, the crustacean (Na+,K+)-ATPase also exhibits high-
nd low-affinity ATP binding sites (Lucena et al., 2012; Santos et al.,
007; Gonç alves et al., 2006; Masui et al., 2002). Relative to the
aximum hydrolysis rate, the contribution of these two  ATP bind-

ng sites is similar for both Na+ and K+ ions (Masui et al., 2002);
owever, there is a specific K+ concentration at which the high
ffinity binding sites for ATP appear (Masui et al., 2008). Acclima-
ion of a marine crab to low salinity causes the disappearance of the
igh affinity ATP binding sites (Masui et al., 2009). In crustaceans,
he substitution of K+ by NH4

+ sustains ATP hydrolysis (Leone et al.,
014; Towle and Holleland, 1987) as seen in the vertebrate enzyme
Skou and Esmann, 1992). However, synergistic stimulation of gill
Na+,K+)-ATPase activity by both K+ and NH4

+, a phenomenon seen
n crustaceans alone, increases reaction rate by up to 1.5-fold (Leone
t al., 2014; Franç a et al., 2013; Garç on et al., 2009; Masui et al.,
009; Gonç alves et al., 2006).

Membrane-associated V(H+)-ATPase also plays an important
ole in gill ammonia excretion by means of an exocytic mechanism
hat involves the protonation of NH3 to NH4

+ via acidification of
ntracellular vesicles (Henry et al., 2012; Weihrauch et al., 2004a,
002). In freshwater shrimps, the V(H+)-ATPase is located in the
pical region of the gill pillar cells (Lucena et al., 2015), while in
rabs it may  be found in cytoplasmic vesicles (Weihrauch et al.,
001). A novel, Rhesus-like ammonia transporter may  translocate
ytoplasmic NH3 into intracellular vesicles; however, detailed char-
cteristics of this transporter are as yet unavailable (Henry et al.,
012; Weihrauch et al., 2009, 2004a). An apically-located cation/H+

xchanger is another transporter likely involved in crustacean
mmonia excretion (Henry et al., 2012). Trans- and/or paracellular
iffusion of ammonia across the gill epithelium cannot be excluded
Henry et al., 2012; Weihrauch et al., 2009, 2004a).

Aquatic crustaceans lack an adaptive immune system and rely
olely on various innate immune responses for protection against
athogens (Muta and Iwanaga, 1996). One important immunologi-
al response is hemocyte production by specialized hematopoietic
issue (Ellis et al., 2011; Johansson et al., 2000). Oxidative stress
ccurs in organisms when the production of reactive oxygen
pecies (ROS) exceeds their rate of detoxification by antioxidant
efense systems like antioxidant enzymes, leading to increased
xidative damage to different cellular targets (Kopecka-Pilarczyk
nd Correia, 2009; Almeida et al., 2007). While innate anti-oxidant
echanisms such as ROS scavenger enzymes remove ROS result-
ng from the immune response, elevated ambient ammonia levels
educe resistance to oxidative stress (Wang and Chen, 2005; Liu
nd Chen, 2004) and can impair oxygen consumption (Chen and
in, 1992).
ology 170 (2016) 13–23

The Amazon river shrimp Macrobrachium amazonicum pertains
to the family Palaemonidae, and occurs in tropical and subtropical
regions of South America (Holthuis, 1952). This diadromous shrimp
is primarily a freshwater species (Magalhães, 1985) that migrates to
brackish water for spawning and is dependent on brackish water
for larval development (McNamara et al., 1983). However, some
populations have diversified into hololimnetic continental habitats
like rivers, lakes and other inland water bodies (Hayd and Anger,
2013; Charmantier and Anger, 2011). Adult M.  amazonicum is a
strong hyperosmotic regulator in fresh water, including excellent
chloride regulatory capability (Augusto et al., 2007). Considering
that freshwater shrimp culture is a fast growing, global aquacul-
ture activity, M. amazonicum is also cultivated in northern Brazil on
a commercial scale (Marques and Moraes-Valenti, 2012). Given the
presence of elevated ammonia titers, particularly under commer-
cial aquaculture conditions, we  propose the use of M.  amazonicum
as a convenient model in which to evaluate systemic, cellular and
molecular responses to exposure in vivo to elevated ammonia con-
centrations.

In this study, we investigate ammonia toxicity in M.  ama-
zonicum, focusing particularly on gill (Na+,K+)- and V(H+)-ATPase
activities, localization and mRNA expression, and on selected
oxidative stress enzymes and total hemocyte count. Our find-
ings suggest that the stress responses of M.  amazonicum to
elevated ammonia are not limited to a simple increase in (Na+,K+)-
and V(H+)-ATPase activities, but are accompanied by changes in
oxidative stress enzyme activities, immune system effects and
alterations in V(H+)-ATPase gene expression.

2. Materials and methods

2.1. Material

All solutions were prepared using Millipore MilliQ ultra-
pure, apyrogenic water. Tris, ATP ditris salt, pyruvate kinase
(PK), phosphoenolpyruvate (PEP), NADH, imidazole, N-(2-
hydroxyethyl)piperazine-N19-ethanesulfonic acid (HEPES), lactate
dehydrogenase (LDH), ouabain, 4′,6-diamidino-2-phenylindole
dyhydrochloride (DAPI), sodium orthovanadate, EDTA, 1-chloro-
2,4-dinitrobenzene, nicotinamide adenine dinucleotide phosphate
(NADPH), glucose-6-phosphate (G6P), glutathione dissulfite
(GSSG), bafilomycin A1 and diethyl pyrocarbonate (DEPC) were
purchased from the Sigma Chemical Company (Saint Louis, USA).
Dimethyl sulfoxide (DMSO) and triethanolamine were from
Merck (Darmstadt, Germany). The protease inhibitor cocktail
(1 mmol  L−1 benzamidine, 5 �mol  L−1 antipain, 5 �mol  L−1

leupeptin, 1 �mol  L−1 pepstatin A and 5 �mol  L−1 phenyl-
methane-sulfonyl-fluoride) was from Calbiochem (Darmstadt,
Germany). Mouse monoclonal IgG �-5 antibody raised against
chicken (Na+,K+)-ATPase �-subunit, and mouse monoclonal
IgG1 antibody (#224-256-2) raised against the c-subunit of Dic-
tyostelium discoideum V(H+)-ATPase were purchased from the
Development Studies Hybridoma Bank (Iowa, USA). Alexa-fluor
488 conjugated donkey anti-mouse IgG was from Invitrogen
(Carlsbad, USA). Optimal Cutting Temperature Compound was
from Sakura Tissue-Tek (Torrance, USA); Fluoromount-G and p-
formaldehyde were purchased from Electron Microscopy Sciences
(Hatfield, USA).

Crystalline suspensions of LDH and PK (200 �L) were cen-
trifuged at 20,000 × g for 15 min  at 4 ◦C in an Eppendorf 5810
refrigerated centrifuge (Hamburg, Germany) to remove ammo-

nium sulfate. The pellet was  resuspended in 500 �L of 50 mmol L−1

HEPES buffer, pH 7.5, transferred to a YM-10 Microcon filter and
washed five times at 14,000 × g for 15 min  at 4 ◦C in the same buffer
until complete removal of ammonium ions (tested with the Nessler
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eagent). Finally, the pellet was resuspended to the original vol-
me. Ammonium sulfate-depleted PK and LDH suspensions were
sed within two days. Stock solutions of ATP, bafilomycin A1 and
odium orthovanadate were prepared according to Lucena et al.
2015). When necessary, enzyme solutions were concentrated on
M-10 Amicon Microcon filters.

.2. Shrimps

Amazon river shrimps, M.  amazonicum, were produced at the
quaculture Center, UNESP, Jaboticabal, São Paulo, Brazil from
roodstock collected in fresh water at Furo das Marinhas near Santa
árbara do Pará (1◦ 13′ 25” S; 48◦ 17′ 40” W),  northeastern Pará
tate, Brazil, in 2001 (Araujo and Valenti, 2007). Adult male shrimps
f about 12.5 cm length and ≈13 g wet weight were collected from
reshwater ponds and held briefly in carboys containing 32 L aer-
ted pond water during transport.

Shrimps were used in stage C of the intermolt cycle (Peebles,
977). Before ammonia exposure, the shrimps were maintained
or four days in aerated distilled water, at 28 ± 3 ◦C under a natural
hotoperiod (12 h: 12 h light:dark) and were fed once a day with
hrimp tails.

.3. Exposure of shrimps to ammonia

Groups of five shrimps each (N = 5/group, ≈3.3 g total wet  gill
ass/group) were transferred to three different tanks holding 60 L

f distilled water containing different total ammonia-N (TAN) con-
entrations, for 72 h. The TAN concentrations used were 0 (control),
.9 mmol  L−1 and 2.0 mmol  L−1 total ammonia-N. The tanks were
eld at 28 ± 3 ◦C using air conditioning, under a natural photope-
iod (12 h: 12 h light:dark). The shrimps were fed once a day with
hrimp tails. pH was monitored daily and was maintained at 7.2.
otal ammonia-N levels were checked every 24 h and, when nec-
ssary, adjusted to each initial concentration. TAN concentration
as tested using the ninhydrin reagent (Moore and Stein, 1954).

AN solutions were prepared by dissolving ammonium sulfate in
erated distilled water at the required concentrations. A general
quation for bases (Eq. (1)) was used to calculate total ammonia-N
oncentration (Albert, 1973).

NH3] =
[
NH3 + NH+

4

]

1 + 10(pKa−pH)
(1)

.4. Sample preparation for microsomal (Na+,K+)-ATPase and
(H+)-ATPase activities

A microsomal fraction was prepared from the gills of each
roup of shrimps exposed for 72 h to each TAN concentration (con-
rol = 0 mmol  L−1, 0.9 mmol  L−1 or 2.0 mmol  L−1 total ammonia-N).
he 5 shrimps in each group were anesthetized by chilling in
rushed ice before gill dissection. After removal of the branchioste-
ites, all 7 gill pairs were rapidly dissected from each of the 5
hrimps, pooled (70 gills; total wet mass ≈3.3 g), diced and homog-
nized in a Potter homogenizer (600 rpm) in 20 mmol  L−1 imidazole
uffer, pH 6.8, containing 6 mmol  L−1 EDTA, 250 mmol  L−1 sucrose
nd a protease inhibitor cocktail (20 mL  buffer/g wet tissue). After
entrifuging the crude extract at 20,000 × g for 35 min  at 4 ◦C,
he supernatant was placed on crushed ice and the pellet was
e-suspended in an equal volume of imidazole homogenization
uffer. After further centrifugation as above, the two supernatants
ere gently pooled and centrifuged at 100,000 × g and the micro-
omal pellet was homogenized in 20 mmol  L−1 imidazole buffer,
H 6.8, containing 6 mmol  L−1 EDTA and 250 mmol  L−1 sucrose
15 mL  buffer/g wet tissue). Finally, 0.5-mL aliquots were rapidly
rozen in liquid nitrogen and stored at −20 ◦C. No appreciable loss
ology 170 (2016) 13–23 15

of either V(H+)-ATPase or (Na+,K+)-ATPase activity was seen after
two-month’s storage. When required, aliquots were thawed, placed
on crushed ice and used immediately.

2.5. Sample preparation for analysis of oxidative stress enzyme
activities

Approximately 100 mg  of fresh gill tissue was dissected from
a single gill randomly chosen from each shrimp (N = 5) exposed
for 72 h to each TAN concentration. The tissue was homogenized
in 20 mmol  L−1 Tris–HCl (pH 7.5) buffer (1: 4 w/v) containing
0.5 mol  L−1 sucrose, 0.15 mol  L−1 KCl, 1 mmol  L−1 EDTA, 1 mmol L−1

DTT, and 0.1 mmol  L−1 phenyl-methane-sulfonyl-fluoride, and cen-
trifuged at 9000 × g for 20 min  at 4 ◦C. The supernatant obtained
was centrifuged at 50,000 × g for 60 min  at 4 ◦C, and the activities of
superoxide dismutase (SOD), glutathione S-transferase (GST), glu-
tathione reductase (GR) and glucose-6-phosphate dehydrogenase
(G6PDH) were analyzed in the cytosolic fraction.

2.6. Measurement of gill microsomal (Na+,K+)-ATPase activity

Total ATPase activity was  assayed at 25 ◦C using a PK/LDH
coupling system in which ATP hydrolysis was coupled to NADH
oxidation according to Leone et al. (2014). The oxidation of NADH
was monitored at 340 nm (�340 nm, pH7.5 = 6200 mol−1 L cm−1) in a
Hitachi U-3000 spectrophotometer equipped with thermostatted
cell holders. Standard conditions were 50 mmol L−1 HEPES buffer,
pH 7.5, 2 mmol  L−1 ATP, containing 5 mmol L−1 MgCl2, 20 mmol  L−1

NaCl, 20 mmol  L−1 KCl, 0.14 mmol  L−1 NADH, 2 mmol L−1 PEP, 82 �g
PK (49 U) and 110 �g LDH (94 U) in a final volume of 1 mL.  ATP
hydrolysis was also estimated using 3 mmol  L−1 ouabain to assess
ouabain-insensitive activity. The difference in measured activ-
ity in the absence (total ATPase activity) or presence of ouabain
(ouabain-insensitive activity) was  considered to represent the
(Na+,K+)-ATPase activity. ATPase activity was  also assayed after
10 min  pre-incubation at 25 ◦C with alamethicin (1 mg/mg  protein)
as a control for leaky and/or disrupted vesicles. Controls with-
out added enzyme were included in each experiment to quantify
the non-enzymatic hydrolysis of substrate. Initial velocities were
constant for at least for 15 min  provided that less than 5% of the
total NADH was  oxidized. The reaction rate was  estimated in trip-
licate using identical aliquots from each homogenate. For each
microsomal preparation, assay linearity was checked using samples
containing from 5 to 50 �g protein, and total microsomal protein
added to the cuvette was within the linear range of the assay. Nei-
ther NADH, PEP, LDH nor PK was rate limiting over the initial course
of the assay and no activity was  measurable in the absence of NADH.
The data provided for each ATP saturation curve are the mean val-
ues obtained for microsomal fractions prepared from two replicate
TAN exposure experiments. For each ATP concentration, reaction
rates were estimated using duplicate aliquots repeated three times
for each replicate microsomal preparation. One enzyme unit (U) is
defined as the amount of enzyme hydrolyzing 1.0 nmol of ATP per
minute at 25 ◦C, and specific activity is given as nmol Pi min−1 mg
protein−1.

2.7. Measurement of gill microsomal V(H+)-ATPase activity

V(H+)-ATPase activity was assayed at 25 ◦C using a PK/LDH
coupling system in which ATP hydrolysis was coupled to NADH oxi-
dation according to Lucena et al. (2015). NADH oxidation was mon-
itored at 340 nm(�340 nm, pH 7.5 = 6200 mol  L−1 cm−1) in a Hitachi

U-3000 spectrophotometer equipped with thermostatted cell
holders. Standard assay conditions for estimation of total micro-
somal P-ATPase activity were 50 mmol L−1 HEPES buffer, pH 7.5,
containing 2 mmol  L−1 ATP, 5 mmol  L−1 MgCl2, 20 mmol L−1 KCl,
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Table 1
Specific oligonucleotide primers employed to quantify expression of the (Na+,K+)-ATPase �-subunit, V(H+)-ATPase B-subunit and ribosomal protein L10 genes in homogenates
of  Macrobrachium amazonicum gills. Primers were designed based on partial cDNA sequences obtained by Faleiros et al. (2010) and deposited with GenBank [RPL10, GU366065,
(Na+,K+)-ATPase GQ329698, V(H+)-ATPase GQ329699].

Primer Nucleotide sequence (5′-3′) Amplicon (bp)

(Na+ ,K+)-ATPase
Specific sense primer NaK Pal F TGCGAGATTCCCTTCAATTC 108
Specific antisense primer NaK Pal R TCTCTCTGGAGCTCCCTTCA
V(H+)-ATPase
Specific sense primer V Pal F ACGATCCCACAATTGAACGT 143
Specific antisense primer V Pal R AGCAGATACCTCTCGCAAAG

ACCAATTCTTACAC 85
AGATTGCAGACAGG
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Fig. 1. Effect of ATP on microsomal (Na+,K+)-ATPase activity in the gills of M.
amazonicum after 72-h exposure in vivo to different total ammonia-N (TAN) con-
centrations.
(Na+,K+)-ATPase activity was assayed continuously at 25 ◦C, in 50 mmol L−1 HEPES
buffer, pH 7.5, as described in Section 2, and the reaction was started by the addition
of  32 �g protein. The data provided are mean values obtained from duplicate assays
Ribosomal protein L10 (endogenous control)
Specific sense primer RPL10 Pal F ATGGGCTG
Specific sense primer RPL10 Pal R GTGCTGAT

0 �mol  L−1 orthovanadate, 0.14 mmol  L−1 NADH, 2.0 mmol  L−1

EP, 82 �g PK (49 U) and 110 �g LDH (94 U) in a final volume
f 1.0 mL.  Microsomal V(H+)-ATPase activity was estimated by
rstly measuring total ATPase activity with 50 �mol  L−1 ortho-
anadate (orthovanadate-insensitive ATPase activity) and then
ith 50 �mol  L−1 orthovanadate plus 4 �mol  L−1 bafilomycin A1

bafilomycin-insensitive ATPase activity). The difference in activ-
ties measured with (bafilomycin-insensitive ATPase activity) and

ithout bafilomycin A1 (orthovanadate-insensitive ATPase activ-
ty) was considered to represent V(H+)-ATPase activity. The data
rovided in each ATP saturation curve are the mean values obtained
or microsomal fractions prepared from two replicate TAN expo-
ure experiments. For each ATP concentration, reaction rates were
stimated using duplicate aliquots repeated three times for each
eplicate microsomal preparation. One enzyme unit (U) is defined
s the amount of enzyme hydrolyzing 1.0 nmol of ATP per minute at
5 ◦C, and specific activity is given as nmol Pi min−1 mg  protein−1.

.8. Assays of oxidative enzyme activities

Superoxide dismutase (SOD) activity was evaluated accord-
ng to McCord and Fridovich (1969), based on the inhibition of
ytochrome c reduction at 550 nm elicited by the superoxide anion
oupled to the xanthine/xanthine oxidase system. One SOD unit is
efined as the amount of enzyme that provides 50% inhibition of
ytochrome c reduction at 25 ◦C. Glutathione S-transferase (GST)
ctivity was estimated by measuring the increase in absorbance
t 340 nm (�340 nm, pH6.5 = 9600 mol−1 L cm−1), incubating reduced
lutathione (GSH) and 1-chloro-2, 4-dinitrobenzene (Keen et al.,
976). Glutathione reductase (GR) activity was estimated according
o Carlberg and Mannervick (1985), based on the oxidation of glu-
athione disulfide by NADPH (�340 nm, pH7.5= 6220 mol−1 L cm−1),
t pH 7.5 and 30 ◦C. Glucose-6-phosphate dehydrogenase (G6PDH)
ctivity was estimated by measuring the increase in absorbance at
40 nm (�340 nm, pH7.4 = 6220 mol−1 L cm−1), incubating NADP and
lucose-6-phosphate according to Glock and Mc  (1953). Enzyme
ctivity is given as micromoles NADPH min−1 mg  protein−1.

.9. Immunolocalization of the gill (Na+,K+)-ATPase and
(H+)-ATPase

Fourth, right side gills were dissected and incubated in a
xative solution containing 2% p-formaldehyde in a phosphate
uffered saline (PBS, Na2HPO4 10 mmol  L−1, KH2PO4 2 mmol  L−1,
aCl 137 mmol  L−1, KCl 2.7 mmol  L−1, 290 mOsm kg−1 H2O), pH
.4, for 1 h, then embedded in Optimal Cutting Temperature Com-
ound. 10-�m thick cryosections were taken transversely to the gill
amellae long-axes at −25 ◦C using a Microm HM 505E Cryostatic
icrotome (Walldorf, Germany) and collected on gelatin coated

lides (Bloom 225). Cryosections were preincubated for 20 min
ith 100 mmol  L−1 glycine in PBS and then for 10 min  in blocking
of  three microsomal fractions from each of two replicate TAN exposure experiments
(70 gills/TAN concentration). Inset: ouabain-insensitive ATPase activity. Control 0
TAN  (�); 0.9 mmol  L−1 TAN (�) and 2.0 mmol  L−1 TAN (�).

solution containing 1% bovine serum albumin and 0.1% gelatin in
PBS. (Na+,K+)-ATPase �-subunit and V(H+)-ATPase c-subunit were
immunolocalized according to Franç a et al. (2013) and Lucena et al.
(2015), respectively. To locate nuclei, sections were stained for
20 min  with DAPI, diluted 1:200 in PBS. Sections were mounted
in Fluoromount-G slide-mounting medium on Knittel Starfrost
slides with cover slips (Bielefeld, Germany). They were observed
and photographed using an Olympus BX-50 fluorescence micro-
scope (Olympus America Inc., Melville, NY, USA) equipped with a
SPOT RT3 25.4 2 Mb  Slider camera (SPOTTM Imaging Solutions Inc.,
Sterling Heights, USA) employing differential interference contrast
microscopy and excitation/emission wavelengths of 358/461 nm
(DAPI) and 495/519 nm (Alexa-fluor 488).

2.10. Total hemocyte count

A hemolymph sample of 300 �L was drawn from the base of the
third pereiopod from each of the five individual shrimps (N = 5) in
each TAN concentration using a 25-gauge needle and 1-mL sterile
syringe containing 300 �L of anticoagulant solution (10 mmol  L−1

Tris–HCl (pH 7.4), 100 mmol  L−1 trisodium citrate, 10 mmol L−1

EDTA, 82 mmol  L−1 glucose, 20 mmol  L−1 sodium chloride, osmolal-
−1
ity 420 mOsm kg ). The total number of hemocytes in the diluted

hemolymph from each sample was  estimated three times using a
hemocytometer and compound microscope (Nikon Eclipse TS100,
Nikon USA, Melville, NY).
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Table  2
Kinetic parameters for the stimulation by ATP of (Na+, K+)-ATPase and V(H+)-ATPase activities in gill microsomal fractions from Macrobrachium amazonicum after exposure
for  72 h to elevated total ammonia nitrogen (TAN). Data are the mean ± SEM of 2 separate and independent assays (N–= 2) for each TAN concentration. Kinetic parameters
were  estimated using duplicate aliquots repeated three times for each microsomal preparation.

(Na+,K+)-ATPase V(H+)-ATPase

TAN (mmol  L−1) V (U mg−1) K0.5 or KM (mmol L−1) nH V (U mg−1) K0.5 or KM (mmol L−1) nH

1.8 42.7 ± 1.3 2.3 ± 0.07 1.1
1.4 54.4 ± 1.6 2.7 ± 0.08 1.1
1.2 62.3 ± 1.8 2.8 ± 0.08 0.8
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Fig. 2. Effect of ATP on microsomal V(H+)-ATPase activity in gills of M.  amazonicum
after 72-h exposure in vivo to different total ammonia-N (TAN) concentrations.
V(H+)-ATPase activity was assayed continuously at 25 ◦C, in 50 mmol L−1 HEPES
buffer, pH 7.5, and the reaction was started by the addition of 32 �g protein. The
data provided are mean values obtained from duplicate assays of three microso-
mal  fractions from each of two replicate TAN exposure experiments (70 gills/TAN
concentration). Inset: bafilomycin-insensitive ATPase activity. Control 0 TAN (�);
0 145.5 ± 7.2 0.07 ± 0.002 

0.9  168.1 ± 8.4 0.06 ± 0.001 

2.0  316.9 ± 15.8 0.08 ± 0.002 

Before exposure to the different TAN concentrations, five
hrimps maintained for four days in aerated distilled water were
hosen randomly and hemolymph was collected for total hemo-
yte count (THC). This mean value was considered to be the initial
emocyte count (time = 0). Subsequently, the remaining shrimps
ere divided into three groups of five animals each and exposed to
ifferent TAN concentrations for 72 h as described above.

.11. Quantitative gene expression in gill homogenates

Total RNA was extracted from a single gill from each of five
ifferent shrimps (N = 5) at each TAN concentration, under RNAse-
ree conditions, using Trizol reagent (Thermo Fisher Scientific,
ife Technologies, Carlsbad, USA) according to the manufacturer’s
nstructions. Total RNA was resuspended with ultrapure DEPC-
reated water, quantified using a Qubit 2.0 fluorometer (Thermo
isher Scientific, Life Technologies) and stored at −80 ◦C. Reverse
ranscription was performed using 1 �g DNAse I-treated total RNA
mploying SuperScript III Reverse Transcriptase (Life Technolo-
ies) following the manufacturer’s instructions. PCR assays were
erformed in a Veriti® 96-Well Thermal Cycler (Thermo Fisher Sci-
ntific, Applied Biosystems).

Quantitative PCR assays were performed employing a 7500
eal Time PCR System (Thermo Fisher Scientific, Applied Biosys-
ems) using Power SYBR® Green PCR Master Mix  (Thermo Fisher
cientific, Life Technologies) according to the manufacturer’s
nstructions. The thermocycling procedure consisted of an initial
tep at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s each,
nd a final step at 60 ◦C for 1 min. The RPL10 gene that encodes for
ibosomal protein L10 was used as an endogenous control against
hich the expression values for the (Na+,K+)-ATPase �-subunit

nd V(H+)-ATPase B-subunit were normalized. Specific primers for
uantifying expression of the RPL10, (Na+,K+)-ATPase �-subunit
nd V(H+)-ATPase B-subunit genes (Table 1) were designed based
n partial cDNA sequences originally obtained by Faleiros et al.
2010), and deposited with GenBank (RPL10 accession number
U366065, (Na+,K+)-ATPase accession number GQ329698, and
(H+)-ATPase accession number GQ329699).

Quantitative PCR assays were repeated three times for each
f the five gill preparations at each TAN concentration. For rela-
ive quantification of target gene expression, the comparative CT

ethod was used (Pfaffl, 2001), employing the CT values for the
hree replicate samples. Sample �CT values were obtained by sub-
racting the target gene CT values for each individual gill sample
rom its respective CT value for RPL10 expression in the same sam-
le. Relative transcript quantities were then calculated using the
ean �CT value from the five individual gill replicates for the

ontrol exposure (0 mmol  L−1 total ammonia-N) as the calibrat-
ng value. The amount of target gene expression, normalized to
he endogenous reference gene (RPL10) and relative to the cali-

rator value (control), is given by the formula 2–��CT (Livak and
chmittgen, 2001). Values for (Na+,K+)-ATPase expression have
een calibrated against the control value for V(H+)-ATPase expres-
ion.
0.9 mmol  L−1 TAN (�) and 2.0 mmol L−1 TAN (�).

2.12. Protein measurement

Total protein concentrations in samples for microsomal and
oxidative stress enzymes were estimated according to Read and
Northcote (1981) and Bradford (1976), respectively, using bovine
serum albumin as the standard.

2.13. Estimation of kinetic parameters

The kinetic parameters for VM (maximum velocity), K0.5 (appar-
ent dissociation constant), KM (Michaelis–Menten constant) and
the nH (Hill coefficient) values for ATP hydrolysis were calculated
using SigrafW software (Leone et al., 2005). The kinetic parame-
ters given in the tables are calculated values and represent the
mean ± SEM derived from two (N = 2) independent microsomal
preparations. SigrafW is freely available from http://portal.ffclrp.
usp.br/sites/fdaleone/downloads

2.14. Statistical analyses

Relative mRNA expressions, total hemolymph hemocyte counts,
and oxidative enzyme activities were analyzed using a one-way
analysis of variance (main factor, total ammonia-N concentra-
tion). The Student–Newman–Keuls multiple means procedure was

then used to locate different groups. Effects and differences were
considered significant at P ≤ 0.05. Results are expressed as the
mean ± SEM.

http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
http://portal.ffclrp.usp.br/sites/fdaleone/downloads
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Fig. 3. Immunolocalization of (Na+, K+)-ATPase and V(H+)-ATPase in gills of M. amazonicum after 72-h exposure in vivo to different total ammonia-N (TAN) concentrations.
Immunolocalization was  performed using cryosections of gill number four, employing primary antibodies against the (Na+,K+)-ATPase �-subunit (mouse monoclonal IgG �-5)
and  V(H+)-ATPase c-subunit (mouse IgG1), respectively. The fluorescent signal was revealed using a secondary antibody (goat anti-mouse IgG) conjugated with Alexa-Fluor
488  fluorophore (495/519 nm). A–C—Immunofluorescence labeling showing distribution of the (Na+,K+)-ATPase �-subunit predominantly in the intralamellar septum of
t  flang
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he  gill lamellae. D and E—Localization of the V(H+)-ATPase c-subunit in the apical
arrows) with a faint signal in the junctional region between the pillar and intrala
AN); C and F (2.0 mmol  L−1 TAN). Nuclei were stained with DAPI (blue). Scale bars

. Results

.1. Gill (Na+,K+)-ATPase activity

Under saturating K+ (10 mmol  L−1), Na+ (50 mmol L−1) and
g2+ (5 mmol  L−1) concentrations, ATP hydrolysis (Fig. 1) fol-

owed a single saturation curve over the range of 10−6 mol  L−1

o 2 × 10−3 mol  L−1 ATP, independently of TAN concentra-
ion. At 0.9 mmol  L−1 TAN, ATP was hydrolyzed at a max-
mum rate of VM = 168.1 ± 8.4 nmol Pi min−1 mg−1 with
0.5 = 0.06 ± 0.001 mmol  L−1 (nH = 1.4, Table 2). At 2.0 mmol  L−1

AN there was a noticeable increase in ATP hydrolysis with
 maximum rate of VM = 316.9 ± 15.8 nmol Pi min−1 mg−1

nd K0.5 = 0.08 ± 0.002 mmol  L−1 (nH = 1.2, Table 2). Compared
o control shrimps (VM = 145.5 ± 7.2 nmol Pi min−1 mg−1,
0.5 = 0.07 ± 0.002 mmol  L−1 and nH = 1.8, Table 2), increasing TAN
oncentration increased VM but did not affect K0.5. Ouabain-
nsensitive ATPase activity increased from ≈50 nmol Pi min−1 mg−1

or controls to ≈105 nmol Pi min−1 mg−1 at 2.0 mmol  L−1 TAN, over
he same ATP concentration range (inset to Fig. 1).

.2. Gill V(H+)-ATPase activity

Under saturating K+ (10 mmol  L−1) and Mg2+ (2 mmol  L−1)
oncentrations, and in the presence of 50 �mol  L−1 orthovana-
ate, ATP hydrolysis (Fig. 2) showed a well-defined saturation
urve over the range of 10−6 mol  L−1 to 2 × 10−3 mol L−1 ATP,

ndependently of TAN concentration. In shrimps exposed
o 0.9 mmol  L−1 or 2.0 mmol  L−1 TAN, maximum hydrol-
sis rates were VM = 54.4 ± 1.6 nmol Pi min−1 mg−1 with
M = 2.7 ± 0.08 mmol  L−1 and VM = 62.3 ± 1.8 nmol Pi min−1 mg−1
es (arrows) of the pillar cells. F—V(H+)-ATPase distribution in the pillar cell bodies
r septal cells (asterisk). A and D (control, 0 mmol L−1 TAN); B and E (0.9 mmol L−1

m.

with KM = 2.8 ± 0.08 mmol  L−1, respectively (Table 2). Indepen-
dently of TAN concentration, the gill V(H+)-ATPase hydrolyzed ATP
obeying Michaelis–Menten kinetics. Compared to control shrimps
(VM= 42.7 ± 1.3 nmol Pi min−1 mg−1 with KM = 2.3 ± 0.07 mmol L−1,
Table 2), exposure of shrimps to different TAN concentrations
increased VM but did not affect K0.5, a finding more evident at
2.0 mmol L−1 TAN. The bafilomycin-insensitive ATPase activi-
ties were 18.8 nmol Pi min−1 mg−1, 14.0 nmol Pi min−1 mg−1 and
15.9 nmol Pi min−1 mg−1 for the control shrimps, and 0.9 mmol  L−1

and 2.0 mmol L−1 TAN concentrations, respectively (inset to Fig. 2).

3.3. Immunolocalization of gill (Na+,K+)-ATPase and
V(H+)-ATPase

Immunofluorescence labeling of the (Na+,K+)-ATPase in shrimps
exposed to different TAN concentrations for 72 h demonstrates that
this enzyme is distributed exclusively throughout the intralamel-
lar septum in the gill lamellae (Fig. 3A–C). There are no notable
differences in signal intensity with increasing TAN concentration.
The V(H+)-ATPase is located predominantly in the apical region of
the gill pillar cells (Figs. 3D and E). However, in 2.0 mmol L−1 TAN
(Fig. 3F), the fluorescent signal becomes dispersed throughout the
entire pillar cell bodies and at their junction with the intralamellar
septal cells.

3.4. Quantitative expression of gill (Na+,K+)-ATPase and
V(H+)-ATPase mRNA
(Na+,K+)-ATPase �-subunit mRNA expression in the gills of
shrimps exposed to increasing TAN concentrations for 72 h was
unaffected (P = 0.745) (Fig. 4). However, V(H+)-ATPase B-subunit
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Fig. 4. Effect of exposure to different total ammonia-N (TAN) concentrations for 72 h
in vivo on relative expression of gill (Na+, K+)-ATPase and V(H+)-ATPase subunits in
M.  amazonicum.
Relative expression of mRNA for the (Na+, K+)-ATPase �-subunit (black bars) and the
V(H+)-ATPase B-subunit (white bars) in gill homogenates. All ATPase expressions
have been normalized to that of ribosomal protein L10 mRNA in the same samples
and  are calibrated against the value for V(H+)-ATPase expression in the control group
(0  mM L−1 TAN). Data are the mean ± SEM (N = 5) and were analyzed using a one-way
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Fig. 5. Effect of exposure to different total ammonia-N (TAN) concentrations for
72  h in vivo on total hemocyte count (THC) in the hemolymph of M.  amazonicum.
Total hemolymph hemocyte counts at time =0 (4 days before TAN exposure, white
bar), and after 72-h exposure to ammonia (black bars). Data are the mean ± SEM
(N = 5). *P < 0.05 compared to THC in control shrimps exposed to 0 mmol  L−1 TAN
NOVA followed by the Student–Newman–Keuls procedure to locate significantly
ifferent means. *P < 0.001 compared to V(H+)-ATPase expression in control shrimps
0  mmol  L−1 TAN) and 0.9 mmol  L−1 TAN.

RNA expression increased ≈2.5-fold in shrimps exposed to
.0 mmol  L−1 TAN (P < 0.001) compared to those at 0.9 mmol  L−1

AN in which expression is similar to control shrimps (P = 0.581).
elative rates of �-subunit: B-subunit transcription decline from
4-fold in the control to 1.5-fold in 2.0 mmol  L−1 TAN, owing to the

ncrease in V(H+)-ATPase mRNA transcription.

.5. Total hemocyte count

Total hemocyte count (THC) in shrimps at time = 0 (before
AN exposure) was 8.7 × 106 hemocytes mL−1 (Fig. 5). THC in
hrimps exposed for 72 h to 0.9 mmol  L−1 TAN (8.4 × 106 hemo-
ytes mL−1) was similar (P = 0.632) to controls (0 mmol  L−1 TAN,
.8 × 106 hemocytes mL−1). However, exposure to 2.0 mmol  L−1

AN resulted in a 30% decrease in THC (5.3 × 106 hemocytes mL−1;
 < 0.05) compared to control shrimps.

.6. Gill oxidative enzyme activities

After 72-h exposure to increasing TAN concentrations, super-
xide dismutase activity increased significantly (P = 0.006) from
2000 U mg−1 (control shrimps) to ≈3500 U mg−1 at 2.0 mmol  L−1

AN (Fig. 6A). Glutathione reductase activity (Fig. 6B) was 1.5-
old greater in shrimps exposed to 2.0 mmol  L−1 TAN (≈6 U mg−1;

 = 0.015) compared to control shrimps (≈4 U mg−1) while glucose-
-phosphate dehydrogenase activity (Fig. 6C) increased 1.5-fold
≈2.2 U mg−1; P = 0.018) in shrimps exposed to 2.0 mmol L−1 TAN
ompared to control shrimps (≈1.5 U mg−1). TAN exposure had no
ffect (P = 0.534) on gill glutathione S-transferase activity (Fig. 6D).

. Discussion

.1. Gill (Na+,K+)- and V(H+)-ATPase activities and mRNA

xpression

The 2-fold-increase (VM = 316.9 ± 15.8 nmol Pi min−1 mg−1) in
ill (Na+, K+)-ATPase activity seen in M.  amazonicum when exposed
(ANOVA, SNK).

to elevated TAN likely resulted from the activation of a physio-
logical mechanism to reduce excess ammonia. The minor changes
in enzyme affinity for ATP (K0.5 = 0.08 ± 0.002 mmol  L−1) compared
to controls (K0.5 = 0.07 ± 0.002 mmol  L−1) suggests that even at
elevated TAN concentrations, a single enzyme species is respon-
sible for ATP hydrolysis rather than isoenzymes. Interestingly,
fresh-caught animals show a maximum (Na+,K+)-ATPase activity
of 169.9 ± 0.7 nmol Pi min−1 mg−1 and K0.5 = 1.0 ± 0.2 mmol L−1

(Leone et al., 2014). Exposure to elevated TAN resulted in a 2-
fold more active enzyme showing a 12-fold increase ATP affinity.
Ammonia exposure of Penaeus chinensis, Macrobrachium nippo-
nense and Portunus pelagicus also increases gill (Na+,K+)-ATPase
activity (Chen and Nan, 1992; Wang et al., 2003; Romano and
Zeng, 2010). Despite the 2-fold increase in (Na+,K+)-ATPase specific
activity, �-subunit mRNA expression remained unchanged. This
suggests that ammonia exposure caused an increase in the max-
imum rate of (Na+,K+)-ATPase activity and an increase in enzyme
affinity for ATP. In contrast, gill (Na+,K+)-ATPase mRNA expression
is down-regulated in Metacarcinus magister after 14-days ammonia
exposure (Martin et al., 2011). Given that (Na+,K+)-ATPase activ-
ity can be stimulated by protein kinases A and C or by interaction
with the regulatory �-subunit (Lucu and Flik, 1999; Therien and
Blostein, 2000; Silva et al., 2012), the involvement of these regula-
tors in the response to ammonia exposure cannot be excluded. We
have already shown increased (Na+,K+)-ATPase activity in response
to elevated ammonia in vivo in other decapod crustaceans includ-
ing Macrobrachium olfersi (34%; Furriel et al., 2004), M.  amazonicum
(50%; Leone et al., 2014), Macrobrachium rosenbergii (22%; Franç a
et al., 2013), Callinectes ornatus (50%; Garç on et al., 2007), Call-
inectes danae (90%; Masui et al., 2002) and Clibanarius vitattus
(50%; Gonç alves et al., 2006). These findings corroborate our previ-
ous data showing additional, Mg2+-inhibitable, gill (Na+,K+)-ATPase
activity in C. danae where NH4

+ extrusion is underpinned by a
second NH4

+-binding site that appears when the pump is fully
saturated with K+ (Masui et al., 2002, 2005).

Ambient ammonia in the aquatic environment is usually low

owing to bacterial nitrification of ammonia to nitrate and nitrite
(Weihrauch et al., 1999). Indeed, ambient NH4

+ rarely exceeds
5 �M in unpolluted, oxygenated seawater (Koroleff, 1983) while
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Fig. 6. Effect of exposure in vivo for 72 h to different total ammonia-N (TAN) concentrations on activity of gill antioxidant enzymes in M.  amazonicum.
The  activities of superoxide dismutase (SOD), glutathione S-transferase (GST), glutathione reductase (GR) and glucose-6-phosphate dehydrogenase (G6PDH) were assayed
u PDH; 
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sing  a gill microsomal preparation from M. amazonicum. (A), SOD; (B) GR; (C), G6
ontrol (0 mmol  L−1) and shrimps exposed to 0.9 mmol  L−1 ammonia (ANOVA, SNK)

emolymph concentrations of approximately 100 �M are known
rom various brachyuran species adapted to different salinities
Weihrauch et al., 1999). However, when submitted to acute or
hronic ammonia stress, hemolymph ammonia concentrations
ay  increase up to 1.5 mM depending on salinity, ammonia

oncentration and exposure duration (Romano and Zeng, 2013).
mmonia can be removed from the hemolymph by passive dif-

usion (Weihrauch et al., 2004a). However, when the ambient
mmonia concentration exceeds that of hemolymph, it is excreted
gainst a concentration gradient, maintaining cell function and
ody fluid ammonia levels within a tolerable range (Weihrauch
t al., 2004a). Working models accounting for the effective detox-
fication or excretion of ammonia, including the active excretion
f NH4

+ driven by the gill (Na+,K+)- and V(H+)-ATPases, have been
eveloped (Weihrauch et al., 2004a, 2002).

Gill V(H+)-ATPase activity increased ≈1.5-fold in M.  amazon-
cum after 72 h exposure to high TAN levels. This alteration in
nzyme activity likely results from increased mRNA translation
ince V(H+)-ATPase B subunit mRNA expression increased ≈2.5-
old, suggesting the direct involvement of the V(H+)-ATPase in
mmonia excretion. This finding corroborates the up-regulation of
he V(H+)-ATPase B subunit seen in the marine crab M. magister
fter short-term ammonia exposure (Martin et al., 2011). As a con-
equence of increased V(H+)-ATPase expression, NH3 protonation
o NH4

+ is favored, apparently underpinning increased NH4
+ excre-

ion driven by the V(H+)-ATPase. In contrast, mRNA expression of
Na+,K+)- and V(H+)-ATPases and other transporters involved in gill
mmonia excretion are down-regulated after long term exposure
o ammonia. This effect is interpreted as a failure of the gill tissue
o excrete ammonia (Martin et al., 2011). While gill V(H+)-ATPase

inetics have been characterized in several crustaceans (Faleiros
t al., 2010; Firmino et al., 2011; Weihrauch et al., 2004b; Onken
nd Putzenlechner, 1995; Morris, 2001; Lucena et al., 2015), stud-
es relating V(H+)-ATPase activity and ammonia exposure are few
(D) GST. Data are the mean ± SEM (N = 5). *P < 0.05 compared to enzyme activity in

(Weihrauch et al., 2002, 2004b; Martin et al., 2011; this study)
owing to the prevailing focus on gill osmoregulatory mechanisms.
Correlation between ammonia exposure and V(H+)-ATPase mRNA
expression is still controversial. In the crab Neohelice granulata,
V(H+)-ATPase mRNA expression is considered a consequence of
V(H+)-ATPase participation in ammonium excretion by the gills
and not a response to altered salinity (Weihrauch et al., 2002,
2004a). Increased V(H+)-ATPase activity might generate a favor-
able pH gradient across the apical membrane, promoting ammonia
excretion by an ammonia trapping mechanism where ammonia
transport is mediated via a Rhesus-like transporter (Weihrauch
et al., 2009).

4.2. Immunolocalization of gill (Na+,K+)-ATPase and
V(H+)-ATPase

The (Na+,K+)-ATPase is located predominantly within the gill
intralamellar septal cells in M. olfersi, M. rosenbergii and M.  ama-
zonicum (McNamara and Torres, 1999; Franç a et al., 2013; Leone
et al., 2014). Our findings show that exposure to high TAN does not
affect enzyme distribution in the gill lamellae of M.  amazonicum.
The V(H+)-ATPase is located predominantly in the apical flanges
of the gill pillar cells at all TAN concentrations used here in adult
M. amazonicum, and in the pillar cells in early and late juveniles
(Boudour-Boucheker et al., 2013). However, in shrimps exposed to
2.0 mmol L−1 TAN, the V(H+)-ATPase also was  encountered in the
pillar cell bodies, suggesting that increased ammonium concentra-
tions may  redirect part of the newly synthesized enzyme to the
cytoplasm, optimizing the vesicular conversion of NH3 to NH4

+.

In weakly osmoregulating marine crabs like Scylla paramamosain,
Macrophtalmus abbreviatus, Macrophtalmus banzai (Tsai and Lin,
2007) and Carcinus maenas (Weihrauch et al., 2001) the gill iono-
cytes also exhibit a cytosolic V(H+)-ATPase distribution.
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.3. Total hemocyte count

The significant decrease in hemolymph hemocyte count of
30% after 72-h ammonia exposure to 2.0 mmol  L−1 TAN confirms
ndings for various crustaceans exposed to high ammonia con-
entrations (Jiang et al., 2004; Hong et al., 2007; Verghese et al.,
007; Rodríguez-Ramos et al., 2008; Yue et al., 2010). However, our
ata contrast with those for juvenile P. pelagicus in which hemo-
yte count increases after ammonia exposure (Romano and Zeng,
010), and for Litopenaeus vannamei (Liu and Chen, 2004), in which
emocyte counts remain unchanged. Shrimp resistance to toxic
ompounds and/or pathogens is strongly influenced by immune
tatus. The circulating hemocyte is the main defense cell of decapod
rustaceans, and plays an important role in regulating exoskele-
on hardening, wound repair, carbohydrate metabolism, transport
nd storage of proteins and amino acids, hemolymph coagulation
nd confinement of pathogens by clot formation, phagocytosis,
nd encapsulation (Ratcliffe et al., 1985; Romano and Zeng, 2013).
lthough total hemocyte count decreases in crustaceans exposed to
tress conditions, circulating hemocytes are also affected by extrin-
ic factors such as temperature, oxygen levels and pH (Le Moullac
nd Haffner, 2000; Cheng and Chen, 2002). Besides changes in the
ill structure and physiology (Rebelo et al., 2000; Romano and
eng, 2007), exposure to high ammonia titers can induce alterations
n cellular and humoral components of the crustacean immune
ystem (Le Moullac and Haffner, 2000; Liu and Chen, 2004), the
elease of free oxygen radicals (Le Moullac and Haffner, 2000),
emocyte apoptosis and activation of antioxidant enzymes (Zhang
t al., 2015). However, while alterations in hemocyte count in
rustaceans exposed to elevated ammonia titers are highly species-
pecific, the mechanism leading to a decreased hemocyte count is
ot clear as yet (Cheng et al., 2003; Jiang et al., 2004; Liu and Chen,
004; Hong et al., 2007; Verghese et al., 2007; Rodríguez-Ramos
t al., 2008).

.4. Gill oxidative enzyme activities

The increase in gill SOD (1.75-fold), GR (1.5-fold) and G6PDH
1.5-fold) activities, but not in GST activity in M.  amazonicum
xposed to 2.0 mmol  L−1 TAN suggests generation of ROS, as seen
n other crustacean species. Exposure of L. vannamei to ammonia
nhances the generation of ROS, stimulating SOD gene expression
nd leading to increased enzymatic activity (Liu et al., 2004; Lin
t al., 2012). Superoxide dismutase activity in Eriocheir sinensis
emolymph is increased by low ambient ammonia during short
erm exposure and decreased at higher ammonia concentrations
Hong et al., 2007).

Antioxidant enzymes play an important role in shrimp oxida-
ive defense by scavenging ROS and the superoxide anion (Yu et al.,
994; Lushchak, 2011). SOD activity is often considered to be an

ndicator of cell oxidant/antioxidant balance in protecting against
ellular damage by free radicals (Hong et al., 2007). Most oxida-
ive stress studies of ammonia exposure have been conducted in
sh (Ching et al., 2009; Yang et al., 2010; Hegazi et al., 2010; Sinha
t al., 2014; Sun et al., 2014) with few studies investigating the
nfluence of ammonia rich environments on the activity of enzymes
ssociated with oxidative stress mechanism in crustaceans (Hong
t al., 2007; Zhang et al., 2015; this study). However, the mech-
nisms by which ammonia induces oxidative stress in aquatic
rganisms are not well understood in either fish or crustaceans.
nvironmental ammonia can induce alterations in metabolism
nd immunity in shrimps, resulting in physiological disturbances

ike ionic imbalance, slower growth, molting failure, neural disor-
ers, respiratory metabolism impairment, and increased mortality
Alcaraz et al., 1997). Environmental ammonia can also increase
evels of lipid peroxidation and SOD activity in fish (Sun et al., 2014),
ology 170 (2016) 13–23 21

and a given ammonia concentration can also induce differential
oxidative stress and different activity profiles in fish (Sinha et al.,
2014). Excess ammonia may  induce the conversion of xanthine
dehydrogenase to xanthine oxidase, increasing ROS production in
tilapia (Hegazi et al., 2010). Aquatic organisms may  have devel-
oped species-specific responses to oxidative stress resulting from
changes in TAN concentrations in their environment.

5. Conclusions

Under increasing total ammonia-N concentrations, both gill
(Na+,K+)- and V(H+)-ATPase activities are stimulated in vivo.
However, while (Na+,K+)-ATPase �-subunit mRNA expression is
unaffected, V(H+)-ATPase B-subunit mRNA expression increased
≈2.5-fold in shrimps exposed to 2.0 mmol  L−1 TAN. These changes
are accompanied by increased activity of many oxidative enzymes
with a considerable decrease in hemolymph hemocyte counts. Such
findings suggest that the stress responses of M.  amazonicum to ele-
vated ammonia-N are not limited to a simple increase in (Na+,K+)-
and V(H+)-ATPase activity, but involve changes in oxidative stress
enzyme activities, immune system effects and alterations in gene
expression.
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Furriel, R.P.M., Leone, F.A., 2006. A kinetic study of the gill (Na+,K+)-ATPase,
and its role in ammonia excretion in the intertidal hermit crab, Clibanarius
vittatus.  Comp. Biochem. Physiol. A 145, 346–356.

ayd, L.A., Anger, K., 2013. Reproductive and morphometric traits of
Macrobrachium amazonicum (Decapoda: Palaemonidae) from the Pantanal,
Brazil, suggests initial speciation. Rev. Biol. Trop. 61, 39–57.

egazi, M.M.,  Attia, Z.I., Ashour, O.A., 2010. Oxidative stress and antioxidant
enzymes in liver and white muscle of Nile tilapia juveniles in chronic ammonia
exposure. Aquat. Toxicol. 99, 118–125.

enry, R.P., Lucu, C., Onken, H., Weihrauch, D., 2012. Multiple functions of the
crustacean gill: osmotic/ionic regulation, acid-base balance, ammonia
excretion, and bioaccumulation of toxic metals. Front. Physiol. 3 (431).

olthuis, L.B., 1952. A general revision of the Palaemonidae (Crustacea Decapoda
Natantia) of the Americas. II. The subfamily Palaemoninae. Allan Hancock
Foundations Publications, Occasional Paper 12, 396p.

ong, M., Chen, L., Sun, X., Gu, S., Zhang, L., Chen, Y., 2007. Metabolic and immune
responses in Chinese mitten-handed crab (Eriocheir sinensis) juveniles exposed
to elevated ambient ammonia. Comp. Biochem. Physiol. C 145, 363–369.

iang, G., Yu, R., Zhou, M.,  2004. Modulatory effects of ammonia-N on the immune
system of Penaeus japonicus to virulence of white spot syndrome virus.
Aquacult. Res. 241, 61–75.

ohansson, M.W., Keyser, P., Sritunyalucksana, K., Söderhäll, K., 2000. Crustacean

haemocytes and haematopoiesis. Aquaculture 191, 45–52.

een, J.H., Habig, W.H., Jakoby, W.B., 1976. Mechanism for the several activities of
the glutathione S-transferases. J. Biol. Chem. 251, 6183–6188.
ology 170 (2016) 13–23

Kopecka-Pilarczyk, J., Correia, A.D., 2009. Biochemical response in gilthead
seabream (Sparus aurata) to in vivo exposure to a mix of selected PAHs.
Ecotoxicol. Environ. Saf. 72, 1296–1302.

Kormanik, G.A., Cameron, J.N., 1981. Ammonia excretion in the seawater blue crab
(Callinectes sapidus) occurs by diffusion, and not Na+/NH4+ exchange. Comp.
Biochem. Physiol. B 141, 457–462.

Koroleff, F., 1983. Determination of ammonia. In: Grasshoff, K., Ehrhart, M.,
Kremling, K. (Eds.), Methods of Seawater Analysis. , 2 ed. Verlag Chemie,
Weinheim, pp. 150–157.

Le Moullac, G., Haffner, P., 2000. Environmental factors affecting immune
responses in Crustacea. Aquaculture 191, 121–131.

Leone, F.A., Lucena, M.N., Rezende, L.A., Garç on, D.P., Pinto, M.R., Mantelatto, F.L.M.,
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