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Abstract
Being the principal estrogen, estradiol 17β (E2) is essential for normal ovarian function in the vertebrates including fishes. 
Besides its primary role in reproduction, E2 is also known for its role in many other physiological processes including 
water and mineral balance. However, it is uncertain, how E2 regulates ion-specific ATPases that drive Na+, K+, H+, Ca2+and 
Mg2+ transport in fish brain. We, therefore, examined the short-term in situ action of E2 on ion transporter function in the 
brain segments of freshwater female Mozambique tilapia Oreochromis mossambicus. Tilapia were perfused with increasing 
doses of E2 (10-9, 10-8 and 10-7 M) for 20 min and sampled for determining Na+/K+-ATPase, H+-ATPase, Ca2+-ATPase, and 
Mg2+-ATPase activities in the prosencephalon (PC), mesencephalon (MC) and metencephalon (MeC) segments of brain. 
Dose-dependent increase in Na+/K+- and Ca2+-dependent transporter activities after E2 perfusion were found in PC. In 
MC, E2 treatment, however, produced significant increase in Mg2+, Ca2+ and H+ transport activities in mitochondria but 
decreased Na+/K+- and vH+ transporter activities. On the contrary, in MeC, E2 administration while producing increase in 
Na+/K+-, mitochondrial- and vH+-transport, lowered cytosolic and mitochondrial Ca2+ transport. Taken together, the data 
indicate that E2 has rapid and direct action on ion transporter function that corresponds to the differential activation/
inactivation of neuronal clusters in the brain segments of female freshwater tilapia.

1. Introduction
Besides having critical role in reproductive and sexual 
functioning, estradiol 17β (E2), a major ovarian steroid 
of the hypothalamo-pituitary-gonadal axis, also has 
other physiological roles in metabolism, osmoregula-
tion and immune function[1-2]. E2 plays a crucial role in 
the liver by stimulating the synthesis of vitellogenin, the 
main precursor of the oocyte reserves [3]. Brain also pro-
duces E2 that belongs to the group of neurosteroids; it is 
involved in a variety of neuronal functions[4]. The bind-
ing of E2 to membrane receptors is found to cause rapid 

activation of a broad range of second messengers that 
lead to alterations in intracellular ion concentrations in 
a wide variety of cells[5-6]. Besides triggering the classical 
genomic pathways[7], E2 has also been shown to modulate 
the activity of ion channels in a diverse range of epithelial 
tissues[8]. Likewise, an analog of E2, diethylstilbestrol, has 
been shown to modulate brain Na+/K+  ATPase activity 
in Oreochromis mossambicus[9]. Furthermore, E2 is found 
to modify baseline and stress-induced interrenal and cor-
ticotropic activities in rainbow trout[1] and zebrafish[10]. 

Fish brain, one of the most complex and highly heter-
ogenous organs specialized for performing distinct func-
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tions[11], possesses clusters of neurons that coordinate 
the body functions[12]. Neurons with their unique ability 
induce electrical impulses through the semi-permeable 
and excitable membranes by way of rapid changes in 
permeability of cations[13]. Modulation of cation distribu-
tion on neurons that utilizes energy for maintaining the 
redistribution of cation gradients is important for neu-
rotransmission via the release of neurotransmitters[14]. 
Teleost fish brain comprises three segments, namely, 
prosencephalon (PC) the forebrain, mesencephalon 
(MC) the midbrain, and metencephalon (MeC) the hind-
brain. Prosencephalon includes the telencephalon and 
diencephalon that consists of dorsal epithalamus, lateral 
thalamus and ventral hypothalamus. The telencephalon 
consists of the olfactory lobes and the cerebral hemi-
spheres[15]. The epithalamus contains the choroid plexus 
and the pineal gland. The ventral part of the hypothal-
amus consists of the infundibulum and the pituitary 
gland[16]. Mesencephalon consists of the dorsal optic tec-
tum, mid-ventral torus longitudinalis and the ventral teg-
umentum[17]. The metencephalon segment includes the 
cerebellum, medulla oblongata and the brain stem[18- 19]. 

Brain aromatization occurs in all classes of vertebrates 
including teleost fish[20- 21]. Ovarian E2 acts in the central 
nervous system to regulate neuroendocrine events and 
reproduction[22]. Likewise, E2 regulates gene expression, 
neuronal survival, neuronal and glial differentiation and 
synaptic transmission and has anti-inflammatory, protec-
tive and reparative properties in the brain[23- 26]. Brain tissue 
is highly sensitive to oxidative stress due to its high oxygen 
demand, its high iron and lipid contents, especially poly-
unsaturated fatty acids, and the low activity of antioxidant 
defenses[27-28]. Membrane proteins that control ion gradi-
ents across organellar and plasma membranes appear to be 
particularly susceptible to oxidation-induced changes. Any 
perturbation in the activities of ATPases affects membrane 
status by inflicting changes in electrophysiological energet-
ics and normal homeostasis[29]. 

Na+/K+-ATPase is responsible for the generation of 
membrane potential through the active transport of Na+ 
and K+ ions in the CNS necessary to maintain neuronal 
excitability[12]. Na+/K+-ATPase is present at high concen-
trations in brain consuming about 40–50 % of the ATP 
generated in this organ [30]. It is implicated in metabolic 
energy production as well as uptake, storage, and metab-
olism of catecholamines, serotonin, and glutamate[31]. 
Ca2+-ATPase is responsible for fine-tuning of intracel-
lular Ca2+ homeostasis and H+-ATPase is involved in the 

release and uptake of neurotrasmitter. Mg2+-ATPase, on 
the contrary, is involved in regulating high brain intracel-
lular Mg2+ that controls protein synthesis and growth[32]. 
Intact mitochondrial function, characterized by intact 
mitochondrial transport mechanisms[19], is essential for 
cell energy homeostasis. Mitochondrial failure has been 
implicated in the etiology of several neurodegenerative 
diseases, including Alzheimer’s disease, Parkinson’s dis-
ease and Huntington’s disease[33-35]. 

An important mechanism involved in the neuropro-
tective effects of estrogenic compounds is the regulation 
of mitochondrial function[36]. There is evidence suggest-
ing that mitochondrial function is regulated by estrogens 
as estrogen receptor β has been found localized in mito-
chondria in a variety of cell types including neurons[37, 35]. 
Despite this information, the role of E2 in ion transport, 
particularly in the brain segments that holds specific 
neuronal clusters, has not yet been identified in fish. We, 
therefore, examined the dose-response in situ action of 
E2 on ion transporter functions in the brain segements of 
Mozambique tilapia (Oreochromis mossambicus). 

2. Materials and Methods 

2.1 Animals
Mozambique tilapia,  Oreochromis mossambicus Peters, 
belongs to the family Cichlidae and it is native to south-
ern Africa. But it is now found in many tropical and sub-
tropical habitats around the globe. Mozambique tilapia 
are omnivorous and can live in both brackish and salt 
water and can survive a wide range of salinity and tem-
peratures[38]. Adult female tilapia in their post-spawning 
phase, prior to the vitellogenic phase for the next spawn-
ing phase, were selected as they retain almost constant low 
estrogen level throughout the study. The fish were kept 
as four groups and acclimated in 50 L glass tanks with 
aerated well water at 28 ± 1 ºC (pH 7.2) under natural 
photoperiod (12L/12D) for three weeks prior to experi-
ment. They were fed with commercial fish feed at a ration 
of 1.5% of body mass per day. The animal care and the 
experimentation were strictly according to the regulation 
of Animal Ethical Committee of the University and there 
was no mortality during the experimentation.

2.2 Experimental Protocol
The dose-responsive in situ action of E2 on the ion trans-
porter activities in the brain segments (PC, MC, MeC) 
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was studied in the present study. Laboratory-acclimated 
female tilapia, held as four groups of six each, were caught 
in the net and anaesthetized (8.00 am) in 0.1% 2-phenoxy 
ethanol solution (Sigma, St. Louis, MO). Blood was drawn 
from the caudal artery using a heparinized #23 syringe. 
Fish were then perfused for 20 min following the method 
as demonstrated earlier[39]. A ventral cut was made to 
each fish from the anus to the pectoral girdle and infu-
sion was performed by inserting a cannula (PE-50 tubing) 
into the ventricle through the bulbus arteriosus. Infusion 
was done with the help of a peristaltic pump (ENPD-100 
EnterTech, Mumbai) using a infusion medium (Cortland 
saline; 119 mMNaCl, 5 mM NaHC03, 5.4 mM KCl, 0.35 
mM Na2HP04, 0.44 mM KH2P04, 0.81 mM MgS04, 1.25 
mM CaCl2 and 5 mM D-glucose; pH 7.4) at a rate of 0.3 
mL min·1 for 20 min. E2 was first dissolved in propylene 
glycol (0.01%) and subsequently diluted with infusion 
medium[39]. Each fish was infused with varied doses of E2 
(10-8, 10-7 and 10-6 M), respectively, for 20 min. The con-
trol fish given infusion lacking E2 was considered as sham 
control and compared with the other E2-infused fish.

2.3 Sampling and Isolation of Brain Segments
After perfusion for 20 min, fish were sacrificed by spinal 
transsection and the whole brain was excised immedi-
ately and sliced into prosencephalon (PC), mesencepha-
lon (MC), and metencephalon (MeC). These three brain 
segments were kept in ice-cold BME buffer (pH 7.4) and 
stored at -80 °C for further analysis. We measured Na+/
K+-ATPase in H0 fraction, vacuolar (V) and mitochon-
drial (mit) H+-ATPase, cytosolic and mitochondrial Ca2+-
ATPase, and mitochondrial Mg2+-ATPase activities in 
these brain segments of the fish.

2.3.1 Isolation of Brain Mitochondria
Mitochondria were isolated from the three segments of 
fish brain following the method of Lee et al.[40] and Veauvy 
et al.[41] with modifications. Briefly, each segment of brain 
was kept in brain mitochondrial extraction (BME) buf-
fer containing 0.25 mM sucrose, 10 mM HEPES, 0.5 mM 
EDTA, and 0.5 mM EGTA (pH 7.4). The brain tissue was 
chopped and homogenized (8-10 strokes) using a glass 
homogenizer. The collected homogenate was first cen-
trifuged (Eppendorf 5430R, Germany) at 2000 xg for 3 
min at 4 ºC to separate the membrane constituents from 
mitochondria and synapses[19]. A portion of this superna-

tant was used for analyzing the Na+/K+-ATPase activity. 
The other portion was then centrifuged at 12,000 xg for 
8 min at 4 °C. The supernatant was collected and trans-
ferred to an eppendorf tube for analyzing the ion trans-
porters such as H+- ATPase and cyt. Ca2+-ATPase. The 
pellets were then washed in the isolation buffer with BSA 
and centrifuged at 12,000 xg for 10 min. The pellets were 
then resuspended in 0.25 M sucrose solution and cen-
trifuged again for 10 min. These final pellets were resus-
pended and centrifuged again for 10 min. The final pellets 
were resuspended in sucrose medium and served as the 
mitochondrial suspension. The purity of mitochondrial 
suspension was tested by assaying SDH and cytochrome 
C oxidase activity which showed basal values for intact 
mitochondrial preparation. The protein contents in the 
samples were quantified using modified Biuret Assay[42] 
with bovine serum albumin as standard. 

2.4 Analyses
2.4.1 Quantification of Na+/K+ -ATPase-Specific 
Activity 
The ouabain-sensitive Na+/K+-ATPase-specific activity 
was quantified in the brain membrane preparation adopt-
ing the method of Peter et al.[43] modified for microplate 
assay[44]. Saponin (0.2 mg protein-1) was routinely added 
to optimize substrate accessibility. Samples in duplicates 
were added to a 96-well microplate containing 100 mM 
NaCl, 30 mM imidazole (pH 7.4), 0.1 mM EDTA and 5 
mM MgCl2. KCl 0.13 mM was used as the promoter and 
0.14 mM ouabain was used as the inhibitor. After vor-
texing, the assay mixture was incubated at 37 ºC for 15 
min. The reaction was initiated by the addition of 0.13 
mM ATP and was terminated with addition of 8.6% TCA. 
The liberated inorganic phosphate was measured against 
phosphate standard at 700 nm in Synergy HT Biotek 
Microplate Reader (USA). The change in absorbance 
between promoter and inhibitor assays was calculated 
and regression analysis was employed to derive the rate of 
activity of Na+/K+-ATPase and expressed in micromoles 
of Pi liberated per min per mg of protein. 

2.4.2 Quantification of Mg2+-ATPase Activity

The oligomycin-sensitive Mg2+-ATPase activity in 
brain mitochondria was quantified as described for 
Na+/K+-ATPase but using an inhibitor oligomycin. 
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Mitochondrial samples in duplicate were added to a 
96-well microplate with or without oligomycin. The assay 
mixture was incubated with ATP at 15 min at 37 ºC. The 
inorganic phosphate content released was measured and 
expressed in µmol Pi h-1 mg protein-1.

2.4.3 Quantification of Cytosolic and 
Mitochondrial Ca2+ -ATPase- Specific Activities
The vanadate-dependent Ca2+-ATPase activity in cyto-
solic function and mitochondrial Ca2+-ATPase involed 
in mitochondria was determined as described for Na+/
K+-ATPase but using an inhibitor vanadate. Samples in 
duplicate were added to a 96-well microplate containing 
either CaCl2 or vanadate. The assay mixture was incu-
bated with ATP for 15 min at 37 ºC. The released inor-
ganic phosphate content was measured and expressed in 
µmol Pi h-1 mg protein-1.

2.4.4 Quantification of Vacuolar and Mit 
H+ATPase Specific Activities
The bafilomycin-sensitive H+-ATPase activity in the 
brain cytosolic fraction (vH+ -ATPse) and mitochondria 
(mito H+-ATPase) were measured as described for Na+/
K+-ATPase using an inhibitor bafilomycin A. The mito-
chondrial and cytosolic samples in duplicate were added 
to a 96-well microplate containing bafilomycin A and the 
reaction was initiated by the addition of ATP and incu-
bated for 15 min at 37 °C. The reaction was terminated by 
adding 8.6% TCA and the inorganic phosphate content 
was determined as above and expressed in µmol Pi h-1 mg 
protein-1. 

2.5 Statistical Analysis 
Data collected from six female fish from each group were 
checked for normal distribution and variance homoge-
neity. Data were subjected to one-way analysis of vari-
ance (ANOVA) followed by Student-Newman-Keuls 
test (GraphPad InStat-3; GraphPad Software, Inc., San 
Diego, CA, USA). Statistical changes between the means 
were accepted as significant if P < 0.05. The significance 
level in dose-responsive activity of E2 treatments, were 
represented as “a” (P < 0.05), “b” (P < 0.01), and “c” (P 
< 0.001) compared with sham control (0 dose). The dif-
ference between the sham control and E2 treated groups 
was accepted as statistically significant if P < 0.05.

3. Results

3.1 Na+/ K+-ATPase Specific Activity in 
Brain Segments 
Varied doses of E2 (10-8, 10-7, 10-6M) perfusion for 20 min 
significantly increased the Na+/ K+- ATPase activity in PC 
of fish brain (Fig. 1A). In contrast, a significant decrease 
(P < 0.05) in Na+/ K+- ATPase activity was found after 10-7 

M and 10-6M E2 administration in MC, but 10-8 M E2 had 
no effect (Fig. 1A). The Na+/ K+- ATPase activity in MeC 
significantly decreased (P < 0.05) at 10-7M E2 dose but 
showed an increase (P < 0.001) at 10-6M E2 dose (Fig. 1A).

Figure 1. Dose-responsive action of in situ estradiol 
17β (E2; 10-8, 10-7, 10-6 M) treatment for 20 min on Na+/
K+-ATPase activity (A) and vH+-ATPase activity (B) 
in prosencephalon(PC), mescencephalon (MC) and 
metencephalon (MeC) brain segments of Oreochromis 
mossambicus. Each point is mean ±SE for six fish. The 
significance levels are represented as “a” (P<0.05), “b” 
(P<0.01), “c” (P<0.001) when compared with control fish (0 
M E2). 
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3.2 H+-ATPase Specific Activity in Brain 
Segments
The vH+-ATPase activity in the PC segment of fish brain 
did not respond significantly to the varied doses of E2 
infusion (Fig. 1B). In MC segment, vH+-ATPase activity 
significantly decreased after 10-6 M E2 dose, whereas other 
doses did not produce a significant response (Fig. 1B). 
In the MeC segment, vH+-ATPase activity significantly 
increased (P < 0.05) after 10-8 M and 10-6 M doses of E2, 
whereas 10-7 M E2 dose failed to produce response (Fig. 
1B). The mitochondrial H+- ATPase activity in PC did not 
respond to varied doses of E2 infusion (Fig. 3B). In MC, 
mH+- ATPase activity significantly increased after 10-7 
M (P < 0.05) and 10-6 M (P < 0.01) doses of E2 infusion, 
whereas 10-8 M E2 infusion failed to respond (Fig: 3B). 
The MeC segment showed significant increase in mH+- 
ATPase activity after infusion of all the doses of E2 (10-8 
M (P < 0.05); 10-7M (P < 0.001); 10-6M (P < 0.01; Fig. 3B).

3.3 Ca2+-ATPase Specific Activity in Brain 
Segments
Vanadate-sensitive cytosolic Ca2+-ATPase activity in PC 
segment of fish brain showed significant increase after 
10-8 M and 10-7 M (P < 0.01) doses of E2, whereas it did not 
respond to 10-6 M E2 dose (Fig. 2A). The cCa2+- ATPase 
activity showed a significant increase (P < 0.05) after 10-6 
M dose of E2 infusion in MC, whereas, other doses failed 
to alter its activity (Fig. 2A). In MeC segment a significant 
reduction (P < 0.01) in cCa2+- ATPase activity occured 
after 10-7 M and 10-6 M doses of E2-infusion (Fig. 2A). 10-8 
M E2 dose failed to produce an effect (Fig. 2A). Similar to 
cCa2+- ATPase, the mitochondrial Ca2+-ATPase activity in 
PC and MC segments of tilapia brain increased signifi-
cantly (P < 0.01) after 10-7 M dose of E2 infusion, though 
other doses failed to alter its activity (Fig. 2B). In MeC 
segment, significant (P < 0.001) dose-dependent decline 
in mCa2+-ATPase activity was found after E2 infusion 
(Fig. 2B).

3.4 Mg2+
 ATPase Specific Activity in Brain 

Segments 
In MC segment of fish brain a significant rise (P < 0.05) 
in the mitochondrial Mg2+-ATPase activity occurred after 
10-7 M dose of E2 infusion, whereas its activity did not 
respond to other tested doses (Fig. 3A). The mitochon-
drial Mg2+-ATPase activity remained unaffected after 

varied doses of E2 infusion in PC and MeC segments of 
tilapia brain (Fig. 3A). 

4. Discussion
E2 synthesized and secreted from peripheral endocrine 
glands, passes through the blood-brain barrier and exerts 
a critical influence in CNS. In addition, the brain, that 
also synthesizes neurosteroids including E2, shows neu-
roprotective actions by attenuating oxidative stress[45]. In 

Figure 2. Dose- responsive action of in situ estradiol 
17β (E2; 10-8, 10-7, 10-6 M) treatment for 20 min on Ca2+-
ATPase activity (A) and mCa2+-ATPase activity (B) 
in prosencephalon(PC), mescencephalon (MC) and 
metencephalon (MeC) brain segments of Oreochromis 
mossambicus. Each point is mean ±SE for six fish. The 
significance levels are represented as “a” (P<0.05), “b” 
(P<0.01), “c” (P<0.001) when compared with control fish (0 
M E2).
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the present study, dose-responsive action in situ of E2 was 
tested on the pattern of ion transporter functions in the 
brain of female freshwater tilapia. The pattern of tested 
ion transporters such as Na+/K+-ATPase, cytosolic and 
mitochondrial H+-ATPase, cytosolic and mitochondrial 
Ca2+-ATPase and Mg2+-ATPase activity in the brain seg-
ments (PC, MC, MeC) showed significant modification 
after E2 perfusion for 20 min. The results provide evidence 

that E2 can exert a rapid action on the iono-regulatory 
mechanisms in the brain of freshwater tilapia.

Na+/K+-ATPase, a membrane-bound enzyme that 
plays a crucial role in neuronal function including the 
release of neurotransmitters, regulates membrane poten-
tial, cell volume and transmembrane fluxes of Ca2+. 
Multiple isoforms of Na+/K+-ATPase that include three 
isoforms of α subunit (α1, α2 and α3), and three of β 
subunit (β1, β2 and β3) are found in CNS [46]. These iso-
forms exhibit a tissue-specific and developmental pattern 
of expression that may be important in the maintenance 
and regulation of Na+/K+-ATPase activity[46]. It is also 
involved in the normal cell cycle and differentiation of 
the nervous system[47]. The Na+/K+-ATPase activity in the 
three different brain segments showed dose-dependent 
and differential modulation in response to the varied 
doses (10-8 M to10-6 M) of E2 infusion. The substantial rise 
in Na+/K+-ATPase activity in the PC and MeC segments 
and its decline in MC suggest a direct and rapid action of 
E2 on this transporter function that modifies the osmotic 
gradients and transmission potentials, directs neuronal 
clusters in the brain segments. This differential response 
of Na+/K+-ATPase activity to E2 further indicates a dose-
specific action of E2 on the release of neurotransmitters in 
the neuronal clusters of tilapia brain. This further implies 
the coordinating and integrative mechanisms of E2 to dif-
ferentially regulate the functions of neuronal clusters in 
tilapia brain.

The inactivation and activation of Na+/K+-ATPase 
found in MC and MeC segments that correspond to 
modified Ca2+-ATPase activity imply a partial membrane 
polarization/depolarization allowing excessive Ca2+ entry 
inside neurons that result in toxic events like excitotoxic-
ity[48]. It appears that the mechanism of inactivation also 
depends on the disruption of phospholipid microenvi-
ronment of the enzyme or by the higher release of reac-
tive oxygen radicals [49]. However, in brain tissue, E2 has 
been shown to protect neurons against oxidative stress 
and excitotoxicity[50]. It has been shown that Na+ gradi-
ent, that forms the basis of excitation, also drives many 
secondary transport systems including glutamate and 
Ca2+-transporters [51]. E2 exerts protective effects against 
H2O2-induced toxicity in human neuroblastoma cells by 
maintaining intracellular Ca2+ homeostasis, attenuating 
ATP depletion, ablating mitochondrial calcium over-
loading and preserving mitochondrial membrane poten-
tial[52]. Calcium efflux from excitable cells occurs through 
two main systems, an electrochemically driven Na+/Ca2+ 

Figure 3. Dose-responsive action of in situ estradiol 
17β (E2; 10-8, 10-7, 10-6 M) treatment for 20 min on Mg2+-
ATPase activity (A) and mH+-ATPase activity (B) in 
the prosencephalon (PC), mescencephalon (MC) and 
metencephalon (MeC) brain segments of Oreochromis 
mossambicus. Each point is mean ±SE for six fish. The 
significance levels are represented as “a” (P<0.05), “b” 
(P<0.01), “c” (P<0.001) when compared with control fish (0 
M E2). 



73

Dafina Wilfred, Valsa S. Peter and M. C. Subhash Peter

Journal of Endocrinology and ReproductionVol 21 (2) | December 2017 | http://www.informaticsjournals.com/index.php/jer/index

exchanger with a low Ca2+ affinity, and a plasmalemmal 
Ca2+-ATPase (PMCA), with a high Ca2+ affinity[53].  

Regulation of cytoplasmic Ca2+ is crucial both for 
proper neuronal function and cell survival as it drives 
transmitter release, excitability, dendritic integration and 
synaptic plasticity[54]. Plasma membrane Ca2+-ATPase 
plays a key role in the maintenance of precise levels of 
intracellular Ca2+ essential for the functioning of neu-
rons[55]. Presynaptic Ca2+ is the principal regulator of neu-
rotransmitter release, that acts via multiple Ca2+-sensing 
proteins. Mitochondria and plasma membrane Ca2+-
ATPase have been shown to control presynaptic Ca2+ 
clearance in capsaicin-sensitive rat sensory neurons[56]. 
The modulating response of cytoplasmic and mitochon-
drial Ca2+-ATPase in the tilapia brain segments indicate 
that E2 synchronizes these transporters in PC and MeC 
segments while controlling the intracellular signaling 
pathways by tightly regulating intracellular calcium lev-
els. It is likely that E2, could thus synchronize the release 
of Ca2+ ions by enthrusting either cytosolic or mitochon-
drial Ca2+-ATPase for maintaining its intracellular levels 
in the neuronal clusters. Age-related decrease in Na+/
K+ -ATPase and Ca2+-ATPase activities in the brains of 
aging animals usually affect the signal transduction path-
way, contractibility and excitability and cellular functions 
which could lead to the development of neurological 
disorders [57, 55]. E2 has been shown to modulate the Na+/
K+-ATPase and Ca2+-ATPase, activities in the brain of 
rats, which becomes beneficial in preventing age-related 
changes in the brain [58]. Further, E2 has been shown to 
modulate mitochondrial Ca2+ flux in rat caudate nucleus 
and brain stem[59] and exerts neuroprotection through 
mediating the functioning of Na+/Ca2+-exchanger in cul-
tured cortical neurons of rat[60]. The vacuolar H+-ATPase is 
ATP-dependent proton pump responsible for both acidi-
fication of intracellular compartments and proton trans-
port across the plasma membrane. Intracellular v-ATPase 
functions in endocytic and intracellular membrane traffic, 
processing and degradation of macromolecules in secre-
tory and digestive compartments, and coupled transport 
of small molecules including neurotransmitters and ATP 
[61-62]. Synaptic vesicles have important roles in the neu-
ral transmission at nerve terminals through the storage 
and the controlled exocytosis of neurotransmitters. In 
the cytoplasm, neu rotransmitters are concentrated inside 
synaptic vesicles by distinct transport systems driven by 
the H+ concentra tion gradient, maintained by the vH+-
ATPase[63]. Like Ca2+-ATPase, significant modulation 

was found between vH+-ATPase and mH+-ATPase after 
varied doses of E2 infusions and that indicates a role for 
E2 in fine-tuning the physiological pH levels in neuro-
nal cells so as to ensure the release of neurotransmitters. 
The response patterns of these transporters show high 
sensitivity to E2 doses and often show opposing actions 
in the tested brain segments. The wave-like response of 
these transporters clearly points to the sensitivity of E2 in 
the modulation of intracellular acidification by regulat-
ing proton pump activation/inactivation, which is more 
evident in MC and MeC segments compared to PC seg-
ment. In addition, it is evident that a fine-tuning mecha-
nism operates between cytoplasmic and mitochondrial 
components to ensure intracellular neuronal pH for the 
optional release of neurotransmitters particularly in MC 
and MeC segments. This further suggests a dose-specific 
action of E2 on neurotransmitter release uptake mecha-
nisms through altered mitochondrial or vesicular mem-
brane pontentials that exists in neuronal clusters of this 
fish brain. 

Mg2+-ATPase is a vital in maintaining brain intra-
cellular Mg2+ levels because of its role in regulating the 
rates of protein synthesis and cell growth[32]. Changes of 
antioxidant enzyme activities was found associated with 
differential modulation of brain intracellular Mg2+, neural 
excitability, as well as the uptake and release of biogenic 
amines [31]. In addition, a Cl- stimulated Mg2+-ATPase 
function has been demonstrated in fish brain which show 
correlation with the function of gamma-aminobutiric 
acid (GABA) via GABA receptors, which are linked with 
Cl- transport through the postsynaptic membrane[64]. 
High affinity Ca2+-stimulated Mg2+-dependent ATPases 
were found in rat brain synaptosomes, synaptic mem-
branes, and microsomes [65]. The altered Mg2+ ATPase 
activity in the fish brain after E2 infusion indicates its 
specific role in E2 driven Mg balance and in modulating 
the transport of neurotransmitters. The increased Mg2+ 
ATPase activity in the MC brain segment after E2, infu-
sion suggests a dose-specific and neuronal cluster specific 
role of E2 in the brain of this fish. Ca2+/Mg2+-ATPase are 
enzymes known to maintain intracellular gradients of 
ions that are essential for signal transduction in brain. 
Several neurological diseases are caused primarily by 
malfunctioning of Ca2+ channels or Ca2+/Mg2+-ATPase[66]. 
Mg2+-ATPase also exhibited tissue-specific progressive 
reduction in activity, and it has been known to involve in 
coupling of ADP + Pi in the biosynthesis of ATP in the 
mitochondrial system[67]. The continuous firing of action 
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potentials, transport of nutrients and restoration of rest-
ing membrane potential necessitate a very high activity 
of neuronal membrane ATPases. The present study thus 
reveals a rapid action of E2 with respect to the excitatory/
inhibitory action of neurons in the brain segments that 
drive many ion-specific ATPases. We found that E2 has 
a rapid differential action on neuronal clusters of tilapia 
brain segments as evident in the differential regulation 
of Na+/K+  ATPase, H+-ATPase, Ca2+-ATPase and Mg2+-
ATPase acivities which are responsible for fine-tuning 
of intracellular ion homeostasis in maintaining neuronal 
function in tilapia brain. 
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