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INTRODUCTION: 

Air breathing and nitrogen metabolism are the two but different physiological 

adaptations that have to evolve side by side, especially in those fishes, which have adopted 

the amphibious way of life style and dwelling in habitats where the quantity of dissolved O2 

is extremely small. It is an ancient vertebrate specialization, thought to have appeared in 

fishes during the late Silurian period, long before the evolution of amphibians and the 

invasion of land tetrapods. Modem air-breathing fishes occur in a variety of fi-eshwater and 

marine habitats that are subjected to seasonal drought. A variety of factors such as adoption 

of an amphibious behavior, exploiting resources at the air-water interface, periodic aerial 

exposure imposed by low tides and even aquatic hypoxia in certain habitats have played a 

role in selection for air-breathing among marine species. In fi-eshwater fishes, the impetus for 

air-breathing seems to have come about primarily from the effects of aquatic hypoxia. 

Structural adaptations for aerial respiration in tropical air-breathing fishes are more 

specialised and exhibit greater diversity of air-breathing organs and adaptations due to their 

regular exposure to seasonal drought and hypoxia. However, on land, fishes face another 

major problem, i.e., the accumulation of toxic ammonia inside their body, for which they 

have to equip themselves with mechanism(s) or various biochemical adaptations that would 

facilitate the invasion of the terrestrial habitat by fishes during evolution. 

When amphibious fishes leave water, they move between media of differing 

properties. The lack of water in the surrounding medium presents many challenges to fishes, 

especially with the nitrogen excretion. Ammonia is the major nitrogenous excretory product 

of teleosts and its high solubility in water ensures that it is disposed off rapidly by the process 

of simple diffusion. However, on land this excretory pathway is not possible or severely 

reduced, and continuous elimination of nitrogen in the form of ammonia during emersion 



might result in undesirable loss of water. But amphibious fishes must avoid the accumulation 

of ammonia concentration to near toxic levels. 

Most teleost fishes depend mainly on amino acids for their energy sources. 

Therefore, ammonia is being continuously produced inside the body of fishes, with the 

catabolism of amino acids through the process of transdeamination mainly in the liver. 

Normal dietary intake of proteins provides excess of amino acids than the amount required 

to sustain protein turnover. Unlike carbohydrates and lipids, excess amino acids cannot be 

stored. Therefore, the excess amino acids are deaminated and in the process ammonia is 

produced which has to be eliminated from the body under normal aquatic habitat. This 

overall mechanism implies that ammonia formed in the cytosolic and/or mitochondrial 

compartments of liver and other tissues simply diffiises down an NH3 gradient across the 

boundary membranes of various body compartments. However, under high environmental 

ammonia (HEA), there is a net influx of exogenous ammonia fi-om the environment, due to 

reverse partial-pressure gradient of NH3 (APNHS) and also in waters with high pH values 

excretion of ammonia is difficult. Hence in these environmental conditions, fishes are 

confi-onted simultaneously with retention of endogenous ammonia and uptake of exogenous 

ammonia. Moreover, during aerial exposure excretion of anunonia from the body is 

impeded due to lack of water to flush out the branchial and cutaneous surfaces. All these 

conditions lead to accumulation of ammonia inside their system. 

Ammonia is knovm to be toxic. Therefore, the main reason in adopting strategies for 

ameliorating ammonia in animals including fishes is to prevent accumulation of ammonia to 

a toxic level in various tissues. In air-breathing tropical fishes, a variety of 

mechanisms/biochemical adaptations have been evolved to deal with the increase of body 

ammonia loading as a result of retention and/or reduction in ammonia excretion. These 

mechanisms can be broadly classified into nine different strategies in defense against 



ammonia toxicity in situ: (1) active excretion of N H / (2) lowering of environmental pH (3) 

low NH3 permeability of the epithelial surfaces (4) volatilization of NH3 (5) reduced 

ammonia production (6) high ammonia tolerance at cellular and sub-cellular levels (7) urea 

synthesis (8) up-regulation of glutamine synthetase activity and (9) partial amino acid 

catabolism. The first four strategies deal with ammonia toxicity at the branchial and/or 

epithelial surfaces, and the remaining ameliorate ammonia toxicity at cellular and sub­

cellular levels. However, fishes show a mix pattern of responses to avoid ammonia toxicity 

depending on their physiological and environmental conditions. 

The mud eel {Amphipnous cuchia) (Family: Synbranchidae; Order: 

Synbranchiformes; Class: Actinopterygii), one of the air-breathing fishes, is a bony fish that 

lack paired fins and have scale-less body, reaching a maximimi length of 1.5 m and are 

voracious, nocturnal predators. They are primarily aquatic but obligatory air-breathing fish 

and would die of suffocation if access to air is denied. They are found widely distributed in 

tropical and sub-tropical fi-eshwaters of India, South China, Malaysia and Indonesia. They 

are found inhabiting in a wide variety of freshwater habitats that are stagnant, slow-flowing 

and shallow water bodies such as swampy areas, muddy ponds, canals, rice fields, and even 

ditches and temporary pools, where they burrow in moist earth during dry season, surviving 

for long periods without water during summer. During prolonged drought and seasonal 

draining of paddy fields, they move in or hide in the mud to avoid total dehydration. 

Moreover, they can survive several days in the market bins without water. All these would 

lead to difficulties in excreting ammonia through their reduced gills and cutaneous surface. 

Further, they face the problem of high concentrations of environmental ammonia during 

agricultural fertilization in rice fields. Under the laboratory conditions, it was found that the 

mud eel is able to survive up to 200 mM NH4CI for months without any deleterious effect. 

Thus, the immediate question arises is how the mud eels encounter the possible 



accumulation of endogenous ammonia to a toxic level, and how they tackle the problems of 

high external ammonia. 

OBJECTIVES: 
To find out the possible strategies to ameliorate the ammonia toxicity by the mud eel during 
exposure to: 

> High environmental ammonia, and 

> Ammonia generated endogenously during exposure to air or semi-terrestrial 

conditions. 

PLAN OF WORK: 

1. The mud eel was initially exposed to different concentrations of NH4CI (50 mM, 100 

mM, 200 mM, 250 mM and 300 mM) to find out the maximum tolerance limit by this 

fish. 

Then the mud eel was exposed to 100 mM NH4CI for 7 days and the following 

parameters were studied at different time intervals: 

> changes in the levels of ammonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and plasma, 

> changes in the activity of all the five omithine-urea cycle (OUC) enzymes such as 

carbamyl phosphate synthetase (CPS), ornithine transcarbamylase (OTC), 

argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL) and arginase 

(ARG); and the amino acid metabolism related enzymes such as glutamine 

synthetase (GS), glutamate dehydrogenase (GDH, both oxidative and reductive 

amination), eispeutate aminotransferase (AST) and alanine aminotransferase (ALT) in 

different tissues, 

> changes in the levels of free amino acids (FAAs) in different tissues and in plasma. 



> changes in the rate of efflux of ammonia-N, urea-N and glutamine-N from the 

perfused liver of both control and ammonia-treated fish, and 

> changes in the pattern of expression of GS enzyme protein and Hsp70. 

2. The mud eel was exposed to air for 6 days and the following parameters were studied in 

different tissues at different time intervals: 

> changes in the rates of excretion of ammonia-N and urea-N, 

> changes in tissue levels of ammonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and plasma, 

> changes in the activity of all the five OUC enzymes and the amino acid metabolism 

related enzymes as mentioned above, 

> changes in the levels of FAAs in different tissues and plasma, 

> changes in the rates of efflux of ammonia-N, urea-N and glutamine-N from the 

perfiised liver of both control and aerially exposed fish, and 

> changes in the pattern of expression of GS enzyme protein and Hsp70. 

3. NH4HCO3 (10 mmoles/kg body weight) was injected intra-peritoneally to the mud eel 

and the following parameters were studied during 24 hours: 

> changes in the rates of excretion of ammonia-N and urea-N, 

> changes in the levels of ammonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and in plasma, 

> changes in the activity of all the five OUC enzymes and the amino acid metabolism 

related enzymes as mentioned above, 

> changes in the levels of FAAs in different tissues and plasma, 

> changes in the rates of efflux of ammonia-N, urea-N and glutamine-N fi-om the 

perfused liver of both control and NH4HCO3-treated fish after 24 h, and 

> changes in the pattern of expression of GS enzyme protein after 24 h. 



4. Cortisol (50 |xmoles/kg body weight) was injected intra-peritoneally to the mud eel and 

the following parameters were studied at different time intervals: 

> changes in the rates of excretion of ammonia-N and urea-N, 

> changes in tissue levels of ammonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and plasma, 

y changes in the activity of all the five OUC enzymes and the amino acid metabolism 

related enzymes as mentioned above, 

> changes in the levels of F AAs in different tissues and plasma, 

> changes in the rates of efflux of ammonia-N, urea-N and glutamine-N from the 

perfiised liver of both control and cortisol-treated fish, and 

> changes in the pattern of expression of GS enzyme protein. 

MAJOR OBSERVATIONS: 

In the first experiment, fishes were exposed to 100 mM NH4CI solution for 7 days. 

There was a significant accumulation of ammonia-N in various tissues studied and in 

plasma of the mud eel due to uptake of ammonia from the external media, during exposure 

to 100 mM NH4CI, and also possibly due to total inhibition of ammonia excretion as a result 

of reversal in blood-to-water diffusion gradient of ammonia through gills and scale-less skin 

of the fish. The percentage wise concentration of ammonia increased maximally in plasma, 

followed by brain, liver and stomach, muscle, intestine and kidney after 7 days of treatment. 

Whereas, there was no significant changes in the concentration of urea-N in different tissues 

of NR^Cl-freated fish, except for a significant increase in liver after 7 days, in stomach after 

3 days, in brain after 5 days and in plasma after 3 days of exposure. 

Additionally, in the NlltCl-treated fish, the GS enzyme activity significantly 

increased in all the tissues, thus resulting in higher synthesis and accumulation of glutamine 

in most of the tissues studied. In the present study, it was seen that the brain of the mud eel 
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did not allow any significant accumulation of ammonia in vivo under hyper-ammonia stress. 

Further, brain tissue of the mud eel was found to have an exceptionally high level of GS 

activity. This must be playing an important role in detoxifying ammonia to glutamine; 

hence, large increase in glutamine concentration of about 182% was seen in the fish brain 

following exposure to 100 mM NH4CI. The tissue activity of GS significantly increased in 

all the tissues (except for brain and intestine) within the first day of exposure to NH4CI, 

followed by further increase of activity in all the tissues including brain and intestine after 

the third, fifth and seventh day. The pattem of changes of specific activity of GS in different 

tissues of the mud eel following exposure to 100 mM NH4CI for 7 days was almost similar 

to that of tissue activity. The increase of GS enzyme activity was accompanied by increased 

expression of GS enzyme protein in all tissues of the NH4Cl-treated fish as shown by 

western blot analysis. Furthermore, the perfiision experiment provided evidences of 

enhanced capacity of incorporation of more exogenous ammonia-N to glutamine-N by the 

NH4Cl-treated fish liver organ, which was mainly because of upregulation of GS activity in 

the liver under hyper-ammonia stress. In general, the maximum increase of GS activity was 

seen after the fifth day of exposure in liver, kidney and muscle. The upregulation of GS 

enzyme took place at the translational level and/or at the transcriptional level under hyper-

ammonia stress due to high accumulation of ammonia. 

Further, the activity of other amino acid metabolism related enzymes such as GDH 

in ammonia utilizing direction, AST and ALT were also upregulated during exposure to 100 

mM NH4CI for 7 days. The physiological levels of activity of GDH (both reductive and 

oxidative directions) were found to be quite high in all tissues. For reductive amination 

(R.A.), the maximum tissue activity was seen in liver, followed by brain, kidney, intestine, 

muscle, and least in stomach. The increase in tissue activity of GDH (R.A.) in the NH4CI-

treated fish was maximal in liver, followed by kidney, stomach, muscle with no changes of 

activity in brain and intestine. For oxidative deamination (O.D.), liver showed the maximum 
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physiological activity, followed by kidney, brain, intestine, stomach, and muscle. The 

increase in tissue activity of GDH (O.D.) in the NRjCl-treated fish was maximal in 

stomach, followed by intestine and liver after 7 days of exposure, while in kidney, muscle 

and brain there was no significant changes of activity. The changes of specific activity of 

GDH (both R.A. and O.D.) followed almost the similar pattern to that of tissue activity. 

The physiological level of tissue activity of AST was maximum in stomach, 

followed by liver, intestine, muscle, kidney and brain. The AST activity in NH4Cl-treated 

fish increased significantly in liver on the fifth day of exposure, followed by kidney, muscle, 

intestine and brain, with no changes of activity in stomach. However, the maximum increase 

was recorded in muscle, followed by liver, intestine and brain after 7 days. The changes of 

specific activity of AST in different tissues of NPLjCl-treated fish showed almost the similar 

pattern to that of tissue activity. 

For ALT, maximum physiological level of activity was seen in liver, followed by 

kidney, brain, muscle, intestine and stomach. The tissue activity of ALT in NH4Cl-treated 

fish increased significantly within the first day of exposure especially in stomach, intestine 

and muscle, followed by fiirther increase after 7 days. The changes of specific activity of 

ALT in different tissues of the NH4Cl-treated fish showed almost the similar pattern to that 

of tissue activity. 

The physiological levels of activity of five OUC enzymes such as carbamyl 

phosphate synthase (CPS), ornithine transcarbamylase (OTC), argininosucinate synthase 

(ASS), argininosuccinate lyase (ASL) and arginase (ARG) were found to be quite low in 

both liver and kidney tissues of the mud eel. Exposure to high environmental ammonia (100 

mM NH4CI) also did not cause any significant changes of activities of any of the OUC 

enzymes in both the tissues. 

One of the important strategies adopted by this fish to avoid the accumulation of 

ammonia to a lethal level under hyper-ammonia stress was to convert significant amount of 
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accumulated ammonia to various non-essential FAAs via the induced activity of the above 

mentioned amino acid metabolism-related enzymes in liver and kidney and other tissues, 

which might have resulted in more accumulation of non-essential FAAs particularly Gin, 

Glu, Ala, Asp, Gly, etc. in different tissues. There was significant increase in concentrations 

of different non-essential FAAs in most tissues of the mud eel following exposure to 100 

mM NH4CI compared to respective controls. In liver, the total concentrations of non­

essential FAAs increased significantly within the first day of exposure to NH4CI, followed 

by further increase after 7 days of exposure. This increase was mainly attributable due to the 

increase in concentrations of Asp, Gly, Ala, Asn, Glu, Gin and Tau after 5 days of exposure. 

In kidney, the pattern of changes of total concentration of non-essential FAAs was almost 

the same as that of liver. 

In muscle, the total concentrations of non-essential FAAs also increased 

significantly within the first day of exposure to NH4CI, followed by further increase after 7 

days of exposure, which was mainly attributable due to the increase in the concentrations of 

Asp, Ala, Asn, Glu and Gin after 5 days of exposure. Even though the Gin concentration in 

muscle was much lower than in brain and other tissues, but the capacity of total storage of 

Gin in muscle would be much higher than in other tissues, as it constitutes about >50% of 

the total body mass. Therefore, muscle can act as a good reservoir for Gin accumulation in 

the mud eel. 

The total concentrations of non-essential FAAs also increased significantly in brain 

within the first day of exposure to NH4CI with a maximum increase after 5 days of 

exposure, which was mainly attributable due to the increase of Ala, Gin and Pro after 5 days 

of exposure. In plasma, the concentrations of total non-essential FAAs also increased 

significantly within the first day of exposure to NH4CI with a maximum increase after 5 

days of exposure, which was mainly attributable to the increase of Asp, Glu , Gin, Pro after 

5 days of exposure. 



Western blot analyses indicated that there was significant increase of GS enzyme 

protein concentrations in different tissues of the mud eel following exposure to 100 mM 

NH4CI for 7 days. The fold of increase of GS enzyme protein was maximum for stomach 

(3.2 fold), followed by intestine (2.9 fold), muscle (2.7 fold), kidney (2.6 fold), liver (2.5 

fold) and brain (1.4 fold). The hsp70 was seen to be expressed in all the tissues studied in 

control fish, whose concentration was found to increase significantly in most of the tissues 

of the mud eel following exposure to 100 mM NH4CI for 7 days. The maximum increase 

was seen in stomach and least in kidney ranging the fold of increase by 1.5 to 4.2 fold in 

different tissues. The increase in the concentration of hsp70 in different tissues of the 

NRjCl-exposed fish in the present study is probably preventing ammonia-mediated 

cytotoxic effects. 

In another experiment, the mud eel was exposed to air for 144 h, and then they were 

again re-immersed in water for 24 h. The rate of excretion of ammonia-N by the control fish 

was relatively stable throughout the experimental periods. However, the excretion of 

ammonia-N by the fish exposed to air decreased by 37% after 24 h, followed by fiirther 

decrease to almost 54% after 96 h of aerial exposure. But the rate of ammonia-N excretion 

recovered almost to the basal level after 24 h of re-immersion. The rate of excretion of urea-

N by the control fish was stable throughout the experimental periods constituted 14% of the 

total-N (ammonia-N + urea-N) excretion. The rate of urea-N excretion by the fish exposed 

to air decreased significantly by 35% after 48 h, followed by returning almost to the basal 

level after 72 h of aerial exposure, which maintained even during re-immersion. 

Aerial exposure caused significant increase in ammonia-N concentration in all the 

tissues, except in brain. This was probably due to retention of endogenously generated 

ammonia, as excretion was impeded by non-availability of water in the surrounding medium 

to flush out the branchial and the cutaneous surfaces. Thus, it created a hyper-ammonia 

stress-like condition, as observed during exposure to HEA. In most of the tissues, ammonia-
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N accumulated significantly within 24 h of aerial exposure, followed by further increase 

after 48, 72, 96 h and 144 h of aerial exposure. However, urea-N concentration did not show 

any significant change in any tissues of the mud eel following exposure to air compared to 

respective controls. 

There was a significant increase in GS enzyme activity in all the tissues of the mud 

eel exposed to air, except in brain where the normal level of activity as such was very high. 

The activity of GS increased maximally in liver of air-exposed fish, followed by kidney, 

muscle, stomach and intestine on the third day of exposure and continued till the sixth day. 

The pattern of changes of specific activity of GS was almost the same as that of tissue 

activity. The increase of GS enzyme activity was accompanied with concomitant increase of 

Gin level in different tissues of air-exposed fish due to conversion of toxic ammonia to Gin 

with a maximum increase in kidney, followed by liver, muscle, brain and plasma after 6 

days of aerial exposure. Further, the perfiision experiment provided evidences of enhanced 

capacity of incorporation of endogenously built ammonia-N to glutamine-N, which was 

mainly due to upregulation of GS enzyme activity. The upregulation of GS activity was 

possibly due to translational regulation of GS gene as evidenced by western blot analysis. 

Transcriptional regulation of GS gene can not also be ruled out due to higher accumulation 

of ammonia during dehydration stress in this fish. 

The GDH activity in the reductive amination direction was found to increase 

maximally in liver, followed by kidney, muscle and stomach after three days of aerial 

exposure, which maintained till the sixth day. Whereas, the GDH activity in oxidative 

deamination direction no significant changes were noticed in any of the tissues of air-

exposed fish except for a significant increase in muscle and stomach only after 6 days of 

aerial exposure. The changes of specific activity of GDH (R.A.) in the air-exposed fish 

followed almost the similar pattern to that of tissue activity. However, there was no 
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significant change in the specific activity of GDH in oxidative deamination direction during 

6 days of aerial exposure in any of the tissues. 

The activity of AST (both tissue and specific) also changed significantly in the mud 

eel exposed to air for 6 days compared to control fish. The tissue activity of AST increased 

maximally in liver, followed by kidney, muscle, brain and intestine after 6 days of aerial 

exposure. The specific activity of AST increased maximally in liver, followed by kidney, 

muscle, brain and intestine after 6 days of aerial exposure. The tissue activity of ALT 

increased maximally in liver, followed by kidney, muscle, stomach, intestine and brain 

either after 3 or 6 days of aerial exposure. Likewise, the specific activity of ALT also 

increased maximally in liver, followed by kidney, stomach, intestine, muscle and brain 

either after 3 or 6 days of aerial exposure. The activity of the five OUC enzymes did not 

show any significant change both in liver and kidney tissues following 6 days of aerial 

exposure. 

The concentrations of different non-essential FAAs increased significantly in most 

of the tissues of the mud eel following exposure to air compared to respective controls. In 

liver, the total concentrations of various non-essential FAAs increased significantly within 

the first day of exposure to air, followed by fiirther increase after 3 days exposure. This was 

mainly attributable due to the increase in concentrations of Asp, Gly, Ala, Asn, Glu, Gin and 

Cit after 3 days of exposure. In kidney, the pattern of changes in the concentrations of 

different non-essential FAAs was almost the same as that of liver, which was mainly 

attributable due to the increase in the concentrations of Asp, Gly, Ala, Ser, Glu and Gin after 

3 days aerial exposure which maintained till the sixth day of exposure. 

In muscle, the concentrations of total non-essential FAAs increased significantly 

after the first day of air exposure, followed by fiirther increase after 3 days of exposure, 

which was mainly attributable due to the increase in the concentrations of Asp, Ala, Asn, 

Glu and Gin. 
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In brain, significant changes in concentrations of total non-essential FAAs were 

observed on the third day of exposure to air, which was further increased on the sixth day 

compared to control, which was mainly attributable due to the increase in the concentrations 

of Asp, Ala, Asn, Glu, Gin and Tau. 

The concentrations of total non-essential FAAs in plasma increased significantly on 

the first day of exposure, which fiirther increased on the sixth day. This was mainly 

attributable due to the increase in the concentrations of Gin, Glu, Asn, Asp, and Ala. 

The hsp70 was seen to be expressed in all the tissues studied in the control fish, 

whose concentration increased fiirther in most of the tissues of mud eel following 6 days of 

aerial exposure. The maximum increase was seen in stomach and least in kidney ranging the 

fold of increase by 2 to 3.1 fold in different tissues. The increase in the concentration of 

hsp70 in different tissues of the air-exposed fish is believed to be primarily for preventing 

endogenously built ammonia-mediated cytotoxic effects and also to prevent the dehydration 

mediated stressors during aerial exposure. 

Thus, it appears that one of the underlying causes of the effects induced by both 

exposure to exogenous ammonia and air exposure is increased ammonia concentration in 

vivo. The mud eel has systems that can regulate the detoxification of accumulated ammonia, 

either generated endogenously or coming fi-om external sources. These systems appear to 

consist of induction of activity of amino acids metabolism-related enzymes mentioned 

earlier in different tissues, which allow the excess ammonia to be converted to non-toxic 

molecules such as non-essential FAAs, which are stored in the body. In conclusion, it can be 

said that increase in endogenous ammonia, caused due to exposure to different 

environmental stresses, serves as the proximate internal signal triggering the synthesis of 

various non-essential FAAs by upregulating the GS enzyme at the translational level and/or 

at the transcriptional level, in addition to possible upregulation of certain other amino acid 

metabolism-related enzymes. 
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Therefore, it is evident from these two experiments that both exposure to HEA and 

air lead to higher accumulation of ammonia inside the body of the fish which otherwise can 

reach a lethal level if not prevented by the presence of various defense mechanisms. In the 

former case ammonia is loaded from the external source as well as due to retention of 

endogenous ammonia, while in the latter case only endogenous ammonia is retained and 

built up in the body tissues. In these two experiments, the role of endogenous ammonia in 

controlling nitrogen metabolism under ammonia stress condition was investigated directly. 

However, to prove that it is the building up of ammonia which causes all these adaptive 

changes related to amino acid metabolism, another experiment was performed where 

NH4HCO3 was directly injected into the fish to raise the tissue ammonia level and to see 

whether same effects are seen on the mud eel or not. The NH4HCO3 caused significant 

increase of ammonia level in different tissues of the mud eel. The rate of excretion of 

ammonia-N also increased significantly within 6 h of NH4HCO3 injection, which further 

increased during 12-24 h of injection. However, the rate of excretion of urea-N by the fish 

injected with NH4HCO3 did not change significantly. Thus, when confronted with 

intraperitoneal injection of NH4HCO3, the mud eel did not detoxify ammonia to urea. 

Further, NH4HCO3 injection significantly increased the tissue activity of GS enzyme 

in all tissues of the mud eel with maximum increase in the stomach, followed by kidney, 

muscle, liver and intestine after 24 h of injection, while in brain no significant change of GS 

activity was observed. The changes of specific activity of GS in the NIliHCOs-injected fish 

followed almost similar pattern to that of tissue activity. Corresponding to the increase in 

GS enzyme activity, the concentration of Gin also increased significantly in all tissues of the 

injected fish. Thus, the upregulation of GS enzyme activity, allowing safe storage of 

ammonia in the form of Gin, appears to be one of the important strategies adopted by the 

mud eel to cope with increasing ammonia level. The upregulation of GS enzyme activity 

was also accompanied by significant increase of GS enzyme protein concentration in 
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different tissues, thus, suggesting that ammonia stress resuhed in translationarmSuctioii (5£\ 

GS gene accompanied possibly also transcriptional induction. In addition, the perfiasion 
, • » • 

experiment provided evidences of enhanced capacity of incorporation of more exogenous 

ammonia-Ntoglutamine-NbyGS of the NRjHCOs-injected fish liver. ^-^ 

The activity of GDH in reductive amination direction was found to increase 

significantly in the NH4HC03-injected fish with maximum in kidney, followed by liver, 

brain, stomach, muscle, and intestine. However, for GDH in oxidative deamination direction 

no significant changes of activity were observed in any of the tissues except for liver. The 

changes of specific activity of GDH (both R.A. and O.D.) in the NHjHCOa-injected fish 

followed almost the similar pattern to that of tissue activity with liver showing the highest 

activity. 

The tissue activity of AST increased significantly in different tissues of the mud eel 

injected with NH4HCO3 with a maximum increase in muscle, followed by kidney, liver and 

brain. Similarly, the NH4HCO3 injection led to significant increase of tissue activity of ALT 

also, with maximum increase in muscle, followed by brain and liver and kidney and 

stomach. The physiological activities of the five OUC enzymes which were quite low in 

both liver and kidney of the mud eel did not change in both the tissues after 24 h of 

NH4HCO3 injection. 

Endogenous ammonia accumulated in body tissues was not allowed to accumulate to 

a lethal level and was detoxified to various non-essential FAAs in the liver and kidney and 

some other tissues. The total concentration of non-essential FAAs show significant changes 

in liver, followed by kidney, plasma, stomach and brain after 24 h of NH4HCO3 injection, 

while there was no change in muscle. The increase of non-essential FAAs in the liver was 

mainly attributable due to the increase in concentrations of Gin, Glu, Ala and Asp. In 

kidney, the increase was mainly attributable due to the increase in concentrations of Asp, 

Gin, Ser, Cit. In stomach, the increase was mainly attributable due to the increase in the 
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concentrations of Gin, Glu, Asp, Ala and Pro. In brain, the increase was mainly attributable 

due to the increase in the concentrations of Asp, Gin, Glu and Tyr. Whereas, the total 

concentrations of essential FAAs in all the tissues of the mud eel did not show any 

significant changes after 24 h of NH4HCO3 injection. 

To investigate the possible involvement of Cortisol in controlling the nitrogen 

metabolism and the upregulation of GS activity under stress conditions, the mud eel was 

injected intra-peritoneally with Cortisol (dissolved in sham). The rate of excretion of 

ammonia-N alone increased significantly during 6-12 h by 27%, followed by further 

increase up to 61% during 24-48 h post injection and thereafter maintained more or less the 

same level till 120 h (5 days) of Cortisol treatment. However, the rate of urea excretion did 

not show any significant change except during 12-24 h and 72-96 h. 

The tissue levels of ammonia-N and urea-N of the mud eel after 5 days of intra­

peritoneal injection of Cortisol increased significantly in all the tissues of cortisol-injected 

mud eel except in brain. The accumulation of ammonia-N was maximal in liver, followed 

by kidney and muscle as compared with control fish. The urea-N level also increased 

significantly in liver, kidney, muscle and plasma in cortisol-treated fish. The increase in the 

ammonia-N concentration in different tissues of the injected mud eel may be due to 

increased proteolysis and the subsequent amino acid catabolism associated with Cortisol 

stimulation. Increase in the urea-N concentration was probably due to conversion of 

proteolytic release of arginine to urea via the ubiquitous arginase enzyme present in all 

tissues. 

The GS activity increased maximally in muscle, followed by liver, kidney and brain 

after 5 days of Cortisol injection. The changes of specific activity of GS in cortisol-injected 

fishes followed almost similar pattern to that of tissue activity. The perfusion experiment 

provided evidences of enhanced capacity of GS to incorporate more endogenous ammonia-

N to glutamine-N by GS of the injected fish liver. In addition, western blot analysis 
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provided evidence that treatment with Cortisol led to a significant increase in GS enzyme 

protein concentrations in different tissues of the mud eel compared with respective controls. 

The GDH (R.A.) activity also increased significantly in different tissues of cortisol-

treated fish compared to respective controls. However, activity of GDH (O. D.) did not 

show any significant change in any tissues of the mud eel following Cortisol injection. The 

activity of ubiquitous enzymes such AST and ALT also were upregulated by the Cortisol 

treatment suggesting higher rates of amino acid metabolism. Maximum increase of AST 

activity was observed in muscle, followed by stomach, kidney and liver with no significant 

change in brain. The activity of ALT increased maximally in muscle and stomach, followed 

by kidney and liver. In brain and intestine, no significant change of ALT activity was 

observed after 5 days Cortisol injection. Out of the five OUC enzymes, the CPS, the rate 

limiting enzyme of OUC, was found to increase significantly in both liver and kidney of the 

mud eel after 5 days of intra-peritoneal injection of Cortisol. 

The concentrations of different FAAs increased significantly in various tissues after 

5 days of Cortisol injection. In liver, the total concentrations of non-essential FAAs 

increased significantly after 5 days of Cortisol injection with significant increase also in 

concentrations of few essential FAAs in the injected fish. In kidney, concentrations of total 

non-essential FAAs also increased significantly in the cortisol-injected fish, compared with 

respective controls. There was no significant change in concentrations of total essential 

FAAs, except for change in Val, He and Arg. In muscle, the significant increase in 

concentrations of total non-essential FAAs was mainly due to the increase in the 

concentrations of Ala, Gin, Gly, Glu, Cit and Asp. The increase in concentrations of these 

non-essential FAAs were also recorded in stomach, brain and plasma of the cortisol-injected 

fish. Liver is the primary target of cortisol-mediated release of amino acids and that the 

amino acids released from the liver are transported via the plasma and stored in the muscle. 
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Though muscle proteolytic activity is also affected by Cortisol but it is characterized by slow 

metabolic rate as compared to other activity tissue such as liver. 

CONCLUSION: 

The mud eel (A. cuchid) is primarily ammoniotelic while living in water excreting 

ammonia as the major nitrogenous excretory end product. It tolerates a very high ambient 

ammonia (upto 200 mM NH4CI), which is much higher than any other teleosts reported till 

date. It has the capacity to allow accumulation of ammonia at high level in different body 

tissues including plasma, while encountering the problem of HEA and also to terrestrial 

conditions for longer duration in its natural habitats, as one of the strategies to tackle the 

problem of ammonia toxicity. 

Though the mud eel possesses a fiill complement of OUC enzymes in liver and 

kidney, but the levels of activity of all the five OUC enzymes are quite low as compared to 

other ureogenic teleosts. Further, exposure to HEA and to terrestrial conditions does not 

cause the induction of activity of the OUC enzymes as a consequent of higher accumulation 

of ammonia. Therefore, the conversion of accumulated ammonia to urea is not possible in 

this mud eel, as has been reported in some Indian air-breathing catfishes. Thus, ureogenecity 

is ruled out in this fish, as a strategy to neutralize and ameliorate ammonia toxicity. 

However, active conversion of accumulated ammonia to various non-essential FAAs and to 

store as such in different tissues are seen as the major strategy adopted by the mud eel in 

HEA and also in terrestrial habitats. The activities of GDH and GS in brain and other tissues 

of the mud eel are as such very high, which fiirther get induced in HEA and terrestrial 

habitat along with the induction of two important transaminase enzymes, AST and ALT. All 

these enzymes due to induction help in fixing the accumulated ammonia into Gin, Glu, Asp, 

Ala and some other non-essential FAAs in different tissues. Further, the higher 

accumulation of Ala in various tissues might be due to partial amino acid metabolism, 
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which could be another important strategy to avoid ammonia toxicity, whereby, no ammonia 

is released in the process to cause ammonia-pollution in internal environment of the animal. 

Furthermore, the higher expression of hsp70, the major molecular chaperone, in all the 

tissues studied, probably helps the mud eel to defend against ammonia-mediated stressors 

and aid to adapt in a better way of dealing with high accumulation of ammonia encountered 

during exposure to various environmental constraints, and can be seen as another important 

strategy to avoid the toxic effects of ammonia. 

The role of GS, a very important enzyme for detoxification of toxic ammonia and 

the key enzyme in nitrogen metabolism, has been explored in the present study in this fish. 

GS enzyme was found to be widely distributed at relatively high levels in different tissues of 

the mud eel, with maximum activity in brain, followed by stomach, intestine, kidney, liver 

and muscle. Interestingly, a high level of GS enzyme activity was foimd in stomach and 

intestine of this fish, where the enzyme may have a role unrelated to that in the liver and 

kidney. Exposure to HEA and terrestrial habitat causes upregulation of GS enzyme activity 

and also the GS enzyme protein concentrations in different tissues of the mud eel. It is 

suggested that high ammonia load causes upregulation of GS enzymes at translational, and 

possibly also at transcriptional level in this mud eel. Upregulation of GS activity leads to the 

detoxification of accumulated ammonia to Gin. With Gin serving as the primary nitrogen 

donating substrate for urea synthesis via the OUC in ureogenic teleosts, it is interesting to 

note that the activity of GS in this non-ureogenic fish is mainly for detoxification of 

ammonia accumulated inside tissues of stressed fishes. Upregulation of GS activity on 

exposure to HEA and terrestrial habitat is further evidenced by the fact that there is an 

increase in the efflux of glutamine-N by the perfiised liver of the fish kept in HEA and 

terrestrial habitat, compared to the control fish. High accumulation of ammonia in vivo due 

to hyper-ammonia stress, caused during exposure to HEA and terrestrial habitat, believed to 

be the primary cause of induction of GS enzyme activity, is fiirther evidenced by the fact 
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that the intra-peritoneal injection of NH4HCO3 causes upregulation of GS enzyme activity, 

increase of GS enzyme protein concentrations and high Gin accumulation, along with 

increased efflux of glutamine-N by the perfused liver. 

Further, the injection of Cortisol, which is one of the most important stress hormones 

in fish and also is known to stimulate the proteolytic activities, is reported to enhance the 

rate of N excretion mainly in the form of ammonia-N with no changes of urea-N excretion, 

more accumulation of ammonia and non-essential FAAs in different tissues with 

concomitant increase of activities of GS and other amino acid metabolism-related enzymes 

in the mud eel. This again emphasizes the fact that whatever may be the cause of 

accumulation of ammonia in vivo in this mud eel, but its accumulation is the primary cause 

of induction in the synthesis of various non-essential FAAs in this mud eel as an adaptation 

to avoid the accumulation of ammonia to a toxic level. 

Thus, it can be concluded that the mud eel (A. cuchia) is uniquely adapted to 

nitrogen metabolism using multiple strategies to tackle the problem of ammonia toxicity, 

thus enabling them to survive in extreme habitats that are totally unsuitable for any typical 

teleost. 
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INTRODUCTION 

Air breathing and nitrogen metabolism are the two but different physiological 

adaptations that have to evolve side by side, especially in those fishes, which have adopted 

the amphibious way of life style. Air breathing is one of the adaptive responses utilized by 

those fishes dwelling in habitats where the quantity of dissolved O2 is extremely small. It is 

an ancient vertebrate specialization, thought to have appeared in fishes during the late 

Silurian Period (438-408 million years before present, mybp), long before the evolution of 

amphibians and the invasion of land tetrapods (Gardiner, 1980; Gordon and Olson, 1994; 

Long, 1995). Modem air-breathing fishes occur in a variety of freshwater and marine 

habitats that are subjected to seasonal drought. Marine air-breathers occur in tropical coral 

reefs, in rocky intertidal zones, marshes and bays. A variety of factors, from the adoption of 

an amphibious behavior to exploit resources at the air-water interface, to the periodic aerial 

exposure imposed by low tides and even aquatic hypoxia in certain habitats have all played 

a role in selection for air-breathing among marine species (Gibson, 1969; 1982; Sayer and 

Davenport, 1991). In freshwater fishes the impetus for air-breathing seems to have come 

about primarily from the effects of aquatic hypoxia (Carter, 1957; Dunn, 1983). The lack of 

rain and rise of temperature of water bodies causing evaporation resulting in water area 

shrinkage and often leads to crowding of fishes in isolated pools. Photosynthesis by the 

aquatic vegetation is not sufficient to maintain the normoxia because they are usually 

shaded by surface-growing macrophytes or dense stands of trees. Thus in these types of 

habitats, where O2 production is limited, heating and unusually large biological O2 demand 

imposed by crowding and decomposing organic materials can lead to hypoxia and even 

anoxia, that natural selection has worked repeatedly, among diverse tropical freshwater fish 



fauna, to bring about a number of successful and strikingly different specializations for air-

breathing. 

As a rule, fishes are so adapted to the aquatic habitat that under normal conditions it 

is not possible for them to emerge unto land. The direct cause of emergence into dry land 

cannot be either search for food material, intense competition or flight from pursuing 

predators. None of these or other factors could have led to positive changes if there had not 

been some form or organizational preconditioning in the form of adaptations for aerial 

respiration and locomotion on the ground. A fundamental cause is found in contrast of 

ecological conditions by which aerial respiration as well as temporary emergence from 

water was accomplished in modem fishes (Schmalhausen, 1968). If we paraphrase this 

saying, we can say that structural and biochemical changes (i.e. genes evolution) have to 

evolve to equip the organism to adapt to the present mode of living. Structural adaptations 

for aerial respiration in tropical air-breathing fishes are more specialised and exhibit greater 

diversity of air-breathing organs and adaptations due to their regular exposure to seasonal 

drought and hypoxia (Munshi and Hughes, 1992; Graham, 1997a). However, on land, 

fishes face another major problem, i.e., the accumulation of toxic ammonia inside their 

body, for which they have to equip themselves with mechanism(s) or various biochemical 

adaptations that would facilitate the invasion of the terrestrial habitat by fishes during 

evolution. The intricate association between environmental water availability and nitrogen 

metabolism in lower vertebrates has influenced theories about the habitat and evolution of 

the early vertebrate terrestriality (Hochachka and Somero, 1984; Griffith, 1991). The 

presence of the omithine-urea cycle (OUC) in species such as the African (Protopterus), 

South American (Lepidosiren) lungfishes and tetrapods has historically provided the 

rationale for an evolutionary link between the OUC and the invasion of land by vertebrates 

(Graham, 1997a). The OUC is ideally suited for solving the problems of nitrogen 



metabolism, desiccation and hypercapnia imposed by air breathing and terrestriality. 

Therefore, urea formation by these amphibious fishes would enable them to avoid ammonia 

toxicity, conserve water and reduce hypercapnia due to consumption of bicarbonate by urea 

synthesis (Atkinson, 1992) maintaining the acid-base balance due to aerial exposure. The 

OUC has evolved from a straight-chain arginine biosynthetic pathway found in primitive 

prokaryotes, and hence carbamyl phosphate synthase (CPS) (the key enzyme in OUC) has 

a very long evolutionary history (Paulus, 1983). The existence of the OUC in fishes has 

been dated back to fossil anadromous agnatheins. With the appearance of arginase (ARG) to 

convert arginine to urea and regenerate ornithine, the straight-chain arginine biosynthetic 

pathway of the primitive prokaryotes became cyclical (for review, see Saha and Ratha, 

2007a). Several modifications in the structure, function, and distribution of CPS have 

occurred inside the cell during evolution from primitive prokaryotes to the most modem 

evolved eukaryotes (Hong et ah, 1994; Anderson, 1995). At present, three different CPS 

isoenzymes (CPS I, II and III) have been demonstrated on the basis of differences in terms 

of substrate specificity, activators, inhibitors, subcellular localization, and physiological 

functions in higher vertebrates (Anderson and Walsh, 1995). 

Urea biosynthesis via the OUC for both ammonia detoxification and osmoregulation 

in the embryonic stages probably evolved with evolution of larger cleidoic eggs and 

prolonged embryonic development in gnatostomes (Saha and Ratha, 2007a). Embryos 

utilizing the yolk proteins as an energy source produce a large amount of ammonia during 

catabolism, which needs to be detoxified. It has also been suggested that ureo-osmotic 

regulation was a common strategy in Paleozoic marine gnatostomes. It has fiirther been 

suggested that ureo-osmotic regulation evolved in freshwater anadromous fishes that 

gradually became established in the marine habitat (Griffith, 1991). Ureotelic evolution in 

vertebrates has been considered to be monophyletic trait on the basis of the enzymatic 



profiles found in ammoniotelic fishes, ureo-osmotic marine elasmobranches, ureogenic 

lungfishes and ureotelic amphibians (Mommsen and Walsh, 1989; Walsh, 1997). The 

profile of the enzymes involved in urea synthesis from ammonia is different, particularly 

with reference to glutamine synthetase (GS), mitochondrial CPS and ARG. They have 

shovm a pattern of changes during evolution of ureotelism. In fishes and ureo-osmotic 

elasmobranch glutamine serves as the nitrogen-donating substance for the mitochondrial 

CPS III isozyme. The GS and ARG are co-localized in the mitochondria along with CPS 

III. In ureotelic amphibians and mammals, the mitochondrial CPS III was replaced by CPS 

I, which utilizes ammonia directly instead of glutamine as nitrogen-donating substrate 

along with shifting of GS and ARG from mitochondria to cytosol. 

When amphibious fishes leave water, they move between media of differing 

properties. The lack of water in the surroxmding medium presents many challenges to 

fishes, especially Avith the nitrogen excretion. Ammonia is the major nitrogenous excretory 

product of teleosts and its high solubility in water ensures that it is disposed off rapidly by 

the process of simple diffiision. However, on land this excretory pathway is not possible or 

severely reduced, and continuous elimination of nitrogen in the form of ammonia during 

emersion might result in undesirable loss of water. But amphibious fishes must avoid the 

accumulation of ammonia concentration to near toxic levels; alternatively by active 

conversion of ammonia to a less toxic form such as urea and other compoimds, for storage 

and subsequent elimination on re-immersion (Ip et al., 2004a). Hence, the nature of the 

nitrogenous excretory products in animals has changed with the evolution of vertebrates 

from the aquatic to the land habitat (Campbell, 1991; Wright, 1995; Saha and Ratha, 1998; 

2007a). Thus, the major factor that determines the type of nitrogen excretion in animal is 

the availability of water in the animal's habitat that has resulted in various adaptations to 

nitrogen metabolism with an intention to lessen the demand on water for the purpose of 



nitrogenous waste excretion as animals moved on land. In terrestrial animals, where 

diffusion of ammonia is difficult due to limited availability of water, toxic ammonia is 

converted to soluble urea for temporary storage and excreted out in concentrated form 

through urine using less amount of water (Cohen, 1976; Campbell, 1991; Wood, 1993; 

Anderson, 1995). Mammalian and amphibian vertebrate species and the lungfishes are 

ureotelic, and they maintain blood levels of ammonia below -0.03 mM by converting toxic 

ammonia to urea via the classical OUC in the liver (Krebs and Hanseleit, 1932; Cohen, 

1976; Anderson, 2001). Insoluble uric acid in the form of solid pellets is the excretory 

product of those animals where conservation of metabolic water is highly essential due to 

their arid environment (Hoar, 1983; Nenr, 1988; Powers and Meister, 1988; Campbell, 

1991; Wood, 1993). Insects, reptiles and birds are uricotelic, converting toxic ammonia 

into uric acid (Campbell, 1991). Taking these all-together animals can be divided into three 

major groups such as ammoniotelic, ureotelic and uricotelic. However, many animals 

exhibit mixed patterns of nitrogen excretion depending upon their physiological and 

environmental conditions. For example, amphibians are ammoniotelic in water and 

ureotelic on land. The tadpole living in water excretes its nitrogenous waste as ammonia, 

but on metamorphosis, its nitrogen metabolism changes and the adult frog, which spends 

much of its life on land, excretes mainly urea. 

In response to normal aquatic habitat, the major nitrogenous excretory product of 

the vast majority of teleost fishes is ammonia (for reviews, see Wood, 1993; Saha and 

Ratha 1998). This overall mechanism implies that ammonia formed in the cytosolic and/or 

mitochondrial compartments of liver and other tissues simply diffuses down an NH3 

gradient across the boundary membranes of various body compartments. It is usually 

assumed that most nitrogenous excretion (-90%) takes place across the gills, 

predominantly in the form of un-ionised ammonia (NH3). Although this is true of many 



freshwater teleosts, this is not the case for marine and/or amphibious fishes. Marine fishes 

excrete more nitrogen via skin, gut and/or gills (Sayer and Devenport, 1991). In general, 

however, ammonia formed in the liver, as well as in other tissues, is cleared from the blood 

through gills (Heiler, 1990; Wilkie, 1997). The rate of NH3 excretion is determined by the 

magnitude of the NH3 gradient between the blood and water (Wilson et al., 1994) or partial 

pressure gradient of NH3 (APNHS)- However, under high environmental ammonia, there is a 

net influx of exogenous ammonia from the environment, due to reverse partial-pressure 

gradient of NH3 (APNHS) and also in waters with high pH values excretion of ammonia is 

difficult. Hence at these environmental conditions, fishes are confronted simultaneously 

with retention of endogenous ammonia and uptake of exogenous ammonia. All these 

conditions lead to accumulation of ammonia inside their system. Elevated ammonia is toxic 

to aquatic animals, including fishes. Therefore, some tropical air-breathing fishes exhibit 

various biochemical adaptations to ameliorate environmental ammonia toxicity at branchial 

and/or epithelial surfaces. 

Most teleost fishes depend mainly on amino acids for their energy sources. 

Therefore, ammonia is being continuously produced inside the body of fishes, with the 

catabolism of amino acids through the process of transdeamination mainly in the liver 

(Wilkie, 1997). Normal dietary intake of proteins provides excess of amino acids than the 

amount required to sustain protein turnover. Elevated levels of amino acids in the plasma 

have been reported in fishes with high protein diets (Cowey et al., 1977). Unlike 

carbohydrates and lipids that can be stored inside the body of animals as glycogen and fats 

respectively, excess amino acids cannot be stored. Vitellogenin is the only special storage 

protein in the egg of oviparous animals (Driedzic and Hochachka, 1978). Therefore, the 

excess amino acids are deaminated to produce ammonia, and the resulting carbon residues 

are either fimneled into gluconeogenic pathway or to tricarboxylic acid (TCA) cycle for 



generation of metabolic energy. In carnivorous fishes, the natural diet is rich in proteins 

and low in carbohydrates. Cells utilize amino acids as energy source during starvation 

either directly by oxidation of carbon skeleton or indirectly by the conversion of carbon 

skeleton to glucose via the process of gluconeogenesis (Bever et al, 1981). Proteins and 

other nitrogen-containing biomolecules are regular and essential dietary components of 

fishes, digestion and metabolism of these compounds result in excess production of 

nitrogenous wastes. 

Ammoniogenesis; 

The major pathway of ammoniogenesis or ammonia formation in fishes, as in other 

vertebrates, is via transdeamination of amino acids besides deamination of amides, purines, 

pyrimidines and hexosamines (Cohen and Brown, 1960; Foster and Goldstein, 1969; Watts 

and Watts, 1974; Walton and Cowey, 1977, 1982; Randall and Wright, 1987). The primary 

site for ammonia production is probably the liver (Pequin and Serfaty, 1963), but the 

necessary enzymes have also been located in kidney, gill, and skeletal muscle tissues 

(Goldstein and Foster, 1971; McBean and Golstein, 1967). Ammonia is also produced by 

deamination of adenylates in fish muscle (Driedzic and Hochachka, 1976). 

Transdeamination: 

In the cytosol of hepatocytes, amino groups from most amino acids are transferred 

to a-ketoglutarate by transamination reaction, catalyzed by enzymes call aminotransferases 

or transaminases to form glutamate. Glutamate is then transported from the cytosol into 

liver mitochondria where it undergoes oxidative deamination catalyzed by the enzyme, 

glutamate dehydrogenase (GDH) to form ammonia. The combined action of an 

aminotransferase and GDH is referred to as transdeamination. 

The overall reaction is summarized as follows: 
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Transdeamination has been reported as the major pathway for ammonia formation 

in the liver of freshwater teleosts (Janssens, 1964; Campbell, 1983; Campbell, 1991; 

Wilkie, 1997) and in the mudskippers {Boleopthalmus boddaerti and Periophthalmodon 

schlosseri) (Chew and Ip, 1987). 

Deamination; 

Few amino acids bypass the transdeamination pathway and undergo direct oxidative 

deamination. Glutamine is a non-toxic transport form of ammonia. In animals, glutamine in 

excess of that required for biosynthesis is transported through the blood to the liver and 

kidney for processing. In liver and kidney mitochondria, glutamine is deaminated through 

hydrolytic removal of secondary amino group by the enzyme glutaminase, which converts 

glutamine to glutamate and NH4^. Glutamate is further processed in the liver by the enzyme 

GDH, releasing more ammonia. 



The reaction is summarized as follows: 

Glutamine + H2P Glutaminase—^ Qlutamate + NH4' 

i 
NAD'̂ " 

ADP 

NADH+ W^ , 

a-Ketoglutarate + N H / 

GDH 

Direct deamination of serine, glutamine, aspartate, asparagine, cysteine and 

histidine catalyzed by the respective amino acid deaminases also contribute to the 

production of ammonia (Salvatore et al., 1965; Janicki and Lingis, 1970; Watts and Watts, 

1974). 

Nucleodeamination: 

Deamination of different nucleosides and nucleotides catalyzed by 

nucleodeaminases is another source of ammonia (Walsh, 1998). 

^ .. . . r» ^ Guanylic acid deaminase 
Guanylicacid+ H2O »> Xanthylic acid + NH3 

^ , . Adenosine deaminase 
Adenosme »- Inosme + NH3 

Hydrolysis of particularly adenosine monophosphate (AMP) by AMP deaminase 

has been shown to play an important role in ammonia production in some fishes 

(Makarewicz and Zydowo, 1962; Makarewicz, 1963). 



Ammonia toxicity; 

Ammonia is an unusual toxicant in that it is produced by as well as being poisonous 

to animals. In solution, ammonia exists both as NH3 and N H / . The NH3/NH/ ratio varies 

with pH, the pKa of the reaction being about 9.5 in distilled water at 15 °C (Cameron and 

Heisler, 1983). In addition to the water pH, which has a marked effect on both the 

NH3/NH4^ equilibrium and on ammonia toxicity, temperature, pressure, ionic strength, 

dissolved oxygen, salinity and carbon dioxide also affect the NH3/NH4^ equilibrium 

(Alabaster and Herbert, 1954; Alabaster et al., 1979; Hillaby and Randall, 1979; Thurston 

et al., 1981; Ip ^/ al, 2001a). Increasing the pH value by 1 unit (e.g. pH 7-8) at 10 °C 

produces 10-fold increase in NH3 concentration while increasing the temperature by 10 °C 

(10-20 °C) approximately doubles the NH3 concentration (Eddy, 2005). Although NH3 in 

water is considered the major toxic pollutant in the environment, NH4^ is probably the 

major toxic element within the body (Ip et al., 2001b). Body or the physiological pH is 

around 7.0-7.8, varying with the tissue. Most biological membranes are permeable to 

unionized ammonia (NH3) but relatively impermeable to ionized ammonia (NRj^). As a 

result, most ammonia entering the body as NH3 will be rapidly converted to HYW*'. Thus, 

more than 95% of total ammonia in the body exists as NH4"̂ . 

Ammonia as a common pollutant in inland waters and its toxicity to fishes has been 

a subject of extensive laboratory studies and reviews (Alabaster and Lloyd, 1982; 

Haywood, 1983; Randall and Wright, 1987; Wood, 1993; Saha and Ratha, 1998; 2007a; Ip 

et al., 2001c). Ammonia is excreted by many aquatic animals and is also continually 

produced as a degradable product of micro- and macro-vegetation, the decomposition of 

dead organisms and excreted wastes of living organisms. Anthropogenic activities also 

produce increasing amount of nitrogenous material and significant proportion is in the form 
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of ammonia or compounds that can yield ammonia. Significant amounts of ammonia are 

generated from the production and use of fertilizers, biomass burning, from domestic 

sewage, intensive animal husbandry, agricultural run off and industrial effluents (Alabaster 

and Lloyd, 1982; Eddy, 2005). All these lead to increase the level of ammonia 

concentration in the ambient environment and have shown to cause serious damage to the 

aquatic fauna. In general, however, aquatic animals can tolerate more elevated levels of 

blood ammonia than the terrestrial animals. Plasma total ammonia (NH3 + NH4^) normally 

remains between 0.05 and 2 mM in most teleost fishes (Campbell and Anderson, 1991; 

Wood, 1993; Saha and Ratha, 1998), with the exception of singhi catfish (Heteropneustes 

fossilis), where it has been reported at a level of up to 4 mM in high ambient ammonia 

concentrations (Saha and Ratha, 1990, 1994). In contrast, blood ammonia level greater than 

0.05 mM can be toxic to the central nervous system of most mammals (Copper and Plum, 

1987;Meijere/a/., 1990). 

Elevated body ammonia levels are toxic, and have both acute and chronic impacts 

that vary with the species. Acute ammonia toxicity in fishes leads to decrease in oxygen 

carrying capacity of haemoglobin (Sousa and Meade, 1977), increased oxygen 

consumption, respiratory rate and heart beat (Smart, 1978; Chen and Nan, 1993) and 

disturbance of acid-base balance (Maetz, 1973; Cameron and Heisler, 1983; Cameron, 

1986; Paley et al., 1993). Elevated water ammonia levels inhibit feeding and growth in 

Dover sole (Solea solea L.) (Hampson, 1976; Alderson, 1979). Chronic ammonia toxicity 

results in the reduction of growth rate, gill hyperplasia, thickening of the gill epithelium, 

fusion of lamellae, swollen gills, haemorrhaging (Burrows, 1964; Reichenbach-Klinke, 

1967; Smart, 1976; Thurston et al., 1978; Ip et al., 2001b) and changes in mucous 

production, growth and stamina (Lang et al., 1987). Elevated water armnonia level reduces 

swimming ability in Coho salmon {Oncorhynchus kisutch) (Randall and Wicks, 2000), 
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probably because of the fact that increased ammonium ion levels in fishes cause muscle 

depolarization (Taylor, 2000). Ammonia can interfere with energy metabolism through 

impairment of the TCA cycle (Sousa and Meade, 1977; Arillo et al, 1981). The 

suppression of TCA cycle is through depletion of a-ketoglutarate, which is converted to 

glutamate to remove ammonia and also due to inhibition of some key enzymes, including 

isocitrate dehydrogenase, a-ketoglutarate dehydrogenase and pyruvate dehydrogenase, as 

in mammals (for review, see Cooper and Plum, 1987; Ip et al., 2001b). Ammonia 

stimulates glycolysis by activation of phosphofructokinase in the muscle (Kloppick et al., 

1967). Elevated ammonia level leads to increase in pyruvate and lactate levels in the 

plasma of rainbow trout (Salmo gairdneri) (Fromm and Gillette, 1968). An increase of acid 

metabolites from glycolysis and Krebs cycle lowers the blood pH due to accumulation of 

pyruvate and lactate (Campbell, 1991; Ip et al., 2001b). The resulting acidemia would shift 

the oxygen saturation of haemoglobin and cause death by suffocation. Elevated ammonia 

levels have also been shown to impair glutamate and aspartate metabolism in mammals 

(Hindfelt et al., 1977) and interfere with amino acid transport (Mans et al., 1983). 

Ammonia affects the ionic balance in fishes at both cellular and organismal levels, 

reducing Na"̂  influx and K"̂  loss through substitution of NH4 for K"̂  in Na"̂ -K* -ATPase 

and/or NaVK^/2Cl cotransport (Wilkie, 1997; Person-LeRuyet et al, 1988) and/or the 

substitution for H"̂  in Na'̂ /H'̂  exchanger (Randall et al, 1999). 

Effect of ammonia toxicity in brain: 

Ammonia acts on the central nervous system of vertebrates, including fishes, 

causing hyperventilation, hyperexcitability, coma, convulsions and finally death (Hillaby 

and Randall, 1979; McKenzie et al., 1993). Ammonia can cross the blood-brain barrier in 

mammals (Sears et al., 1985) and high ammonia levels modify many aspects of the blood 

brain barrier (Cooper and Plum, 1987). Exposure to ammonia may lead to the depletion of 
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cerebral glutamate, and thus remove an important neurotransmitter (Hindfelt et al., 1977). 

The uncoupling of oxidative phosphorylation by NH4 ion is another adverse effect of 

ammonia to inhibit ATP production (Smart, 1978). Furthermore, the increased ATP 

demand for the GS reaction may account for the decrease in cerebral ATP as noted in 

ammonia-exposed rainbow trout {S. gairdneri) (Arillo et ah, 1981). 

Glutamate is the principle excitatory neurotransmitter in brain. Inhibition of 

glutamate uptake {Oppong et al, \ 995) or increased glutamate release from neurons {Kost, 

2002) and/or astrocytes can cause an increase in extra-cellular glutamate (Michalak et al., 

1996) that will initiate a series of deleterious effects. Glutamate can be released from 

astrocytes by three different mechanisms out of which two are Ca^"^-independent (reverse-

glutamate transport and induced swelling) and one is Ca^^-dependent on intra cellular 

calcium concentration (vesicular release). First, glutamate-release can result from astrocyte 

swelling (brain edema) in acute liver failure (Takahashi et al, 1991; Blei et al, 1994; Rose 

et al, 1999; Brusilow, 2002). Brain edema is a consequence of glutamine accumulation 

(synthesized through GS) in the astrocytes, possibly because of the inhibition of 

glutaminase (Bradford et al, 1989; Brusilow, 2002). An increase in extra-cellular brain 

glutamate could also lead to glu-induced astroglial swelling (Hansson et al, 1997) and 

release of glutamate, which can in turn aggravate astroglial swelling due to the 

accumulation of glutamine. Secondly, glutamate release can also result in reversed 

glutamate transport. Energy demand increases when intracellular ammonia concentrations 

increased, by the stimulation of glycolysis through activation of phopsphofioictokinase I 

(Sugden and Newsholme, 1975). As the energy demand increases there is less energy 

available for the maintaining the membrane potential. To establish the membrane potential, 

the reversal of glutamate transport takes place, with a glutamate and two Na" -̂ions are 

transported out of, and a K"̂ - ion transport into the cell (Szatkowski et al, 1990). Thirdly, 
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Ca^"^-dependent glutamate release can occur in acute liver failure. In a recent review, it was 

demonstrated that astrocytes play an active role in synaptic transmission (Vesce et al, 

2001). Glutamate binding to receptors stimulates an increase in an intra-cellular level of 

Ca and the subsequent release of glutamate (Pasti et al., 2001). Therefore, astroglial 

swelling can be the consequence of increase of extracellular glutamate concentration 

(Hansson et al., 1997) and accumulation of glutamine (Bradford et al., 1989; Brusilow, 

2002). Extracellular glutamate binds with and activates NMDA-type glutamate receptors 

(Marcaida et al., 1992; Hermenegildo et al., 1996), which are coupled with NO-cyclic 

GMP signal transduction pathway in the brain (Hermenegildo et ah, 2000). Activation of 

NMDA-receptors can also be the result of membrane depolarization leading to removal of 

the Mĝ "" block on the NMDA-receptor (Fan and Szerb, 1993). Activation of NMD A-

receptors causes a rise in the intra-cellular Ca and Na levels. In order to maintain 

homeostasis, Na"̂  is extruded from neurons by Na^-K"^-ATPase, which is activated by 

decreased protein kinase-C (Konsenko et al., 1994; Marcaida et al., 1995), causing a net 

loss of ATP content in the brain (Kosenko et al., 1993; 1994). The rise in the intracellular 

Ca^^ activates various Ca ^- dependent enzymes such as nitric oxide synthase (NOS), 

leading to the subsequent increase in NO, which is a stimulant of guanylyl cyclase and also 

NO stimulates the L-arginine uptake by ammonia (Roa et al., 1997). Arginine is the 

obligatory precursor for NO production. NO affects neuronal fimction by increasing cGMP 

formation, producing both inhibitory and excitatory effects on the neurons (Kosenko et al., 

1994; 1995). Intracellular Ca also stimulates the release of active oxygen (O ) from 

mitochondria that could combine with NO to form peroxynitrite. Peroxynitrite, a highly 

toxic anion, acts by oxidizing various intracellular proteins and lipids, and eventually leads 

to the destruction of cell membrane. Ca'̂ ^ is also capable of activating proteases for protein-

degradation (Kosenko et al., 1997; 1999; 2000). This is coupled with tyrosine nitration of 
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intracellular proteins, which alters enzyme activities and confers a predisposition on 

proteins for protein degradation, which could lead to extensive destruction of protein in the 

astrocyte. Elevated Ca^^ levels appear to reduce the Cortisol response to stressful situation 

(Yesaki and Iwama, 1992). Cortisol stimulates protein catabolism, thus reduced Cortisol 

levels will reduce ammonia production by the fish and this may be the major way in which 

elevated Ca^^ ameliorates ammonia toxicity (Wilson et ai, 1998). 

Ammonia apart from inducing stress response at the biochemical levels, it has 

various effects at the physiological levels, particularly threatening the homeostasis of the 

fish such as ionic balance, electrophysiological etc. Response to stress ranges from 

induction of certain genes and proteins at the cellular level to behavioral response at the 

organism level. At the cellular level stress response is characterized by the induction of 

certain class of highly conserved proteins, known as heat shock proteins (hsps) (Welch, 

1993). Many hsps have been shown to be induced in fish by various stressors, indicating a 

protective role for hsps during times of stress (Iwama et al., 1999). Stress is an energy 

demanding process (Barton and Schreck, 1987; Vijayan et al, 1997) and amino acids are 

the main source of energy for the teleost fish (Waarde, 1982). Milligan (1997) showed that 

Cortisol rapidly elevates the plasma amino acids and acts through the enhanced proteolysis 

of tissue proteins mainly in the liver. Vijayan et al. (1996) showed that Cortisol increased 

the hepatic GS activity in sea raven suggesting the link between hormone and CPS III in 

ureogenesis. The hepatic GS activity was not elevated in acutely stressed ureogenic Gulf 

toadfish treated with metyrapone (Hopkins et al., 1995), which according to them high GS 

activity probably requires the initial surge in Cortisol level. Basu et al. (2001), 

demonstrated that high concentration of Cortisol reduces/ attenuates the stress-induced 

levels of hsp70 in liver and gill tissues of trout and gills of tilapia which is probably by 

downregulation of glucocorticoid receptor (GR) complexes (Pottinger, 1990>^el*d!iing'the'^ 
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bound hsp70 to the GR and this freed hsp70 participates in the negative regulation of heat 

shock gene expression via an autoregulatory loop (Craig and Gross, 1991; DiDomenico et 

al., 1982). But the study done by Yoshitaka et al. (2006) in human found that Gin helps in 

the inducing the levels of hsp70 proteins. 

Ammonia excretion; 

Due to these wide ranging toxic effects, ammonia is either excreted out immediately 

or converted to less toxic compounds such as urea, uric acid or amino acids for temporary 

storage in vivo. Gills are the major sites of ammonia excretion in fishes, but smaller 

quantities of ammonia may also be eliminated by kidney (for review see Eddy, 2005) and 

skin (Morii et al., 1978). The excretion of ammonia by fishes is variable, depending on the 

state of the animal, the environmental conditions, and the species. Ammonia excretion 

tripled in sockeye salmon {Oncorhynchus nerka), following daily feeding but remained low 

or unchanging during starvation (Brett and Zala, 1975). In freshwater fishes, ammonia 

excretion increases in response to exercise (Sukumaran and Kutty, 1977: Holeton et al., 

1983), and NH4CI infusion (Hillaby and Randall, 1979). In contrast, short-term exposure to 

acid or alkaline water (Wright and Wood, 1985; Randall et al., 1989; Saha et al, 2002a) 

and increased levels of ammonia in the environment (Saha et al., 2002b) cause a decrease 

in ammonia excretion. Although fishes excrete primarily ammonia as the major excretory 

products, urea could also be the major excretory product in certain fishes, under certain 

environmental constraints such as habitat desiccation. When fishes are out of water, urea 

storage and subsequent excretion upon re-immersion in water have been demonstrated, 

which is usually achieved through the possession of an active OUC (Saha and Ratha, 1987; 

1989; Ip et al., 2004d). Continuous nitrogenous excretion during emersion may not be an 

option in the more harsh environments where dehydration is the severe threat and survival 

out of water depend on reducing all routes of water loss. Studies in amphibious fish species 
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which are highly adapted to significant periods of aerial exposure have suggested that the 

storage of nitrogenous waste is the primary option while emersed out of water and the 

fishes would be expected to switch to ureotelism while storing these end-products (Saha 

and Ratha, 1989; Saha et al, 2001; Sayer, 2005). However, on re-immersion, it is a 

common phenomenon that the rates of nitrogenous excretion increased instantaneously. But 

elimination of the stored ammonia component in the form of urea may take longer time 

upon re-immersion (Sayer, 2005). 

Strategies to ameliorate ammonia toxicity: 

The main reason in adopting strategies for ameliorating ammonia toxicity in animals 

including fishes is to prevent accumulation of ammonia to a toxic level in various tissues. 

At low concentration of environmental ammonia and during aerial exposure, ammonia 

excretion is impeded; and at high concentrations of environmental ammonia, there is 

retention of endogenous ammonia and uptake of exogenous ammonia, thereby leading to an 

accumulation of toxic ammonia in situ (Ip et al., 2004b; Saha and Ratha, 2007a). In air-

breathing tropical fishes, a variety of mechanisms/biochemical adaptations have been 

evolved to deal with the increase of body ammonia loading as a result of retention and/or 

reduction in ammonia excretion. These mechanisms can be broadly classified into nine 

different strategies in defence against ammonia toxicity in situ: (1) active excretion of NH4"̂  

(2) lowering of environmental pH (3) low NH3 permeability of the epithelial surfaces (4) 

volatilization of NH3 (5) reduced ammonia production (6) high ammonia tolerance at 

cellular and sub-cellular levels (7) urea synthesis (8) up-regulation of glutamine synthetase 

activity and (9) partial amino acid catabolism. The first four strategies deal with ammonia 

toxicity at the branchial and/or epithelial surfaces, and the remaining ameliorate ammonia 
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toxicity at cellular and sub-cellular levels. However, fishes show a mix pattern of responses 

to avoid ammonia toxicity depending on their physiological and envirormiental conditions. 

1) Active excretion of NH/: 

Active transport of Nlit"^ against the inwardly directed electrochemical gradient of 

ammonia was observed in the mudskipper {Periophthalmodon schlosseri) (Randall et al., 

1999) and in the African sharp-tooth catfish (Clarias gariepinus) (Ip et al., 2004b). Even 

though tissue levels were only around 0.2 mM, the mudskipper exhibits no increase in 

tissue ammonia concentrations after 6 days of exposure to 8 mM NH4CI at pH 7.0. This 

indicates that either ammonia is not entering the fish or ammonia that entered is being 

removed. When the fish were exposed to 30 mM NH4CI for 6 days the ammonia excretion 

was maintained low despite the concentrations of both NILt̂  and NH3 levels in the external 

media were higher than those in the blood, therefore indicating that storage plays only a 

minor role and active excretion plays a major role. Because the excretion rate of ammonia 

is constant and independent of the external ammonia concentration, it can be assumed that 

the efflux of ammonia increases to offset the increase in ammonia influx (Randall et al., 

1999; Ip et al., 2001c). In nature, burrows of P. schlosseri are constructed above the normal 

tidal zones and consequently, are subjected to tides only 2-3 days per year (Clayton, 1993), 

but the ability to excrete ammonia against the concentration gradient allows this fish to 

survive in a "closed" environment where ammonia can build up to high concentrations, 

especially during breeding seasons when eggs are developing (Ip et al., 2004d). The 

Afiican sharp-tooth catfish is ammoniotelic in water and does not detoxify ammonia to 

urea or amino acids during hyper environmental ammonia. The levels of ammonia 

accumulated in the tissues of this fish exposed to 100 |amol/ml NH4CI for 5 days remain 

significantly low. This catfish is apparently able to maintain the steady-state level of 

plasma ammonia by excreting ammonia against a concentration gradient of ammonia (Ip et 

18 



al., 2004b). Substitution of NH4* for K̂  in Na*-K^-ATPase has been proposed as a method 

of branchial ammonia excretion in fish (Claiborne et al, 1982; Evans and Cameron, 1986). 

Indeed, the gill of P. schlosseri has very high activity of branchial Na'̂ -K -̂ATPase, 3-fold 

higher than that of Boleophthalmus boddaerti and approximately 10-fold higher than that 

of other fishes (Peng, et al, 1998; Randall et al, 1999). Inhibition of ammonia excretion 

and accumulation in the plasma of P. schlosseri were observed when ouabain was added to 

seawater containing 2 mM NH4CI; and also Na"̂ , K -̂ATPase has been localized by 

immimohistochemistry on the baso-lateral membrane of the mitochondrial rich cells of P. 

schlosseri gills (Wilson et al., 2000). Addition of amiloride to seawater results in inhibition 

of ammonia excretion by P. schlosseri, indicating that a Na /̂H^ exchanger is involved in 

ammonia excretion. In further support of Nâ /NH4^ exchanger and Nâ -NH4"̂ -ATPase as 

the major transporters in branchial ammonium ion excretion during high environmental 

ammonia levels, there is an increased accumulation of Na^ in the plasma of P. schlosseri in 

relation to increase in the external ammonia concentration (Wilson et al., 2000) because the 

Na"-NH4-ATPase is pumping Na^ into the blood in exchange for NUt"̂ . This mechanism 

would result in the accumulation of Na^ in the blood and facilitate the excretion of 

ammonia out of the body across the gill epitheliimi. Active pumping of NH4"*̂  in absence of 

back diffusion of NH3 is energetically more efficient than turning ammonia into urea and 

glutamine. 

2) Lowering of environmental pH: 

In water at pH 7.0 less than 1% of any ammonia will be present as NH3, and NH3 

excreted by the fish into water of this pH will be converted to as NHj^. This conversion of 

NH3 to WiW will maintain the NH3 gradient across the gills and enhance ammonia 

excretion is commonly known as 'ammonia trapping'. Lowering the environmental pH has 

advantage for dealing with elevation of environmental ammonia levels by reducing the 
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concentration of NH3; the more permeate species of ammonia, constituting "environmental 

ammonia detoxification" (Chew et al, 2003c). Carbon dioxide and/or proton excretion via 

a gill epitheliimi apical proton pump do acidify gill water (Randall and Wright, 1989; 

Wilkie and Wood, 1991, 1994, 1996). There is no evidence, however, of manipulation of 

acid excretion to enhance ammonia excretion in fish, except possibly in the mudskipper {P. 

schlosseri). This fish has the capacity of adjusting the pH of small volumes of seawater 

(Hong, 1997). In one study, the pH of the water in a canal that supply water to a mud flat 

was 7.84, yet the pH of the water sampled fi"om burrows of the giant mudskipper was close 

to 7.0 (Ip et al., 2003a). This would maintain a low pH in the boundary water layer of the 

branchial epithelia, preventing the excreted N H / from dissociation into NH3 and H"̂ , thus 

avoiding the back diffiision of NH3 into the body down the inwardly directed APNHS-

Indeed, both active NH4"̂  excretion and H* excretion take place in the head region of P. 

schlosseri, where the gills and the opercular membranes are located (Ip et al, 2003a). It is 

essential for these two mechanisms to be located together because the branchial and 

opercular surfaces have important ftmctions of allowing passage of gases and other ions. 

3) Low NH3 permeability of the epithelial surfaces: 

The branchial epithelial surface of aquatic teleosts has a higher permeability to NH3 

due to its major function in gaseous exchange. Air-breathing fishes depend largely on the 

accessory organs for respiration, since their gills are usually degenerated (Graham, 1997a). 

They usually hold air in their buccal cavities during immersion, which means their gills 

would not be exposed to ammonia even in high environment ammonia. Such an adaptation 

helps to reduce the influx of exogenous NH3 through the gills during ammonia loading. 

However, many tropical air-breathing fishes substitute branchial respiration by having 

highly vascularised skins. Hence it would essential for these fishes to reduce the 

permeability of their skins to NH3 despite the cell membranes being permeable to gaseous 
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molecules like O2 and CO2, even though the permeability of NH3 is less than those of O2 

and CO2 (Marcaggi and Coles, 2001). NH3 permeates the membrane by solvation and 

diffusion in the lipid bilayer and the limit is determined by the lipid properties of 

membrane (Ip et al, 2004a). The cholesterol and phospholipid fatty-acid contents of 

artificial membranes have been shown to affect the permeability of artificial membranes to 

ammonia, which decreases with decreasing membrane fluidity (Lande et ah, 1994). 

However, there is no report of membrane fluidity manipulation in fishes during ammonia 

stress condition, except possibly in the mudskipper {P. schlosseri). The skin of the 

mudskipper has very high cholesterol content (4.5 |imol/g), which lowers the fluidity of 

biomembranes. The cholesterol content in the skin of {P. schlosseri) increased significantly 

to 5.5 (xmol/g after 6 days of high environmental ammonia exposure (Ip et al., 2003a), 

suggesting a role for cholesterol as a defence mechanism against envirormiental ammonia 

toxicity. In the face of high environmental ammonia, a reduction in NH3 permeability of 

the skin of the mudskipper would help to reduce the influx of NH3. This is an important 

adaptation, which complements active NH4^ excretion through its gills because it would 

prevent back difftision of ammonia through the cutaneous surfaces after buildup of high 

ammonia concentrations in the external medium (Randall et al., 1999; Ip et al, 2003a). 

4) Volatilization of NHi: 

High temperatures and humidity increase the likelihood of the ammonia excreted 

into thin film of water covering the body surfaces of the tropical fishes to be eliminated by 

volatilization. In teleosts, ammonia volatilization was first reported in the temperate 

intertidal blenny {Blennius pholis), which account for 8% of the total ammonia excreted 

during emersion (Davenport and Sayer, 1986). The other tropical air-breathing fishes that 

are capable of volatizing ammonia during aerial exposure are the leaping blenny {Alticus 

kirki) (Rozemeijer and Plaut, 1993), the oriental weatherloach (Misgurnus 
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anguillicaudatus) (Chew et al., 2001) and the mangrove killifish {Rivulus marmoratus) 

(Frick and Wright, 2002). However, only the oriental weatherloach has been reported to be 

capable of volatizing NH3 during high environmental ammonia (Tsui et al., 2002). The 

amount of NH3 volatized by the fish exposed to 20 mM NH4CI during 24 h period was 

approximately 2 |amol/day/g. This was similar to the amount of ammonia excreted by the 

specimen to a thin film of water during aerial exposure at 25 °C for the same period (Chew 

et al., 2001). When the fish is prevented for gulping air, the volatilization of ammonia from 

the intestine which acts as the respiratory organ of this fish stopped. The pH of the mucosal 

surface of the anterior region of the intestine became significantly alkaline when exposed to 

high enviroimiental ammonia (Tsui et al., 2002). Similarly, ammonia built up to very high 

levels in the muscle, liver and plasma of {M. anguillicaudatus) after 48 h of air exposure 

and leveled off thereafter. Some ammonia must be produced during prolonged exposure to 

air. To maintain the high levels at steady states without allowing it to build up fiirther, 

weatherloach must be capable of sustaining a low rate of ammonia excretion as NH3 gas in 

terrestrial conditions (Chew et al., 2001). With the building up of ammonia concentration 

to a very high level in plasma during aerial exposure results in the alkalinity of the blood 

pH. The progressive increase in the amount of internal ammonia and alkalinization are the 

essential prerequisites for volatilization to occur. These together would facilitate the APNH3 

gradient that favours efflux of ammonia from the non-branchial epithelial surfaces. In (M 

anguillicaudatus), there appear to be at least two sites of NH3 volatilization, the skin and 

the digestive tract, under terrestrial conditions; and surface of the skin was reported to 

become significantly more alkaline (Tsui et al., 2002). 

5) Reduced ammonia production: 

One of the primary sources of energy in teleost fish is proteins and amino acids, 

rather than carbohydrates and lipids as in many animals (Moon and Johnston, 1981). The 
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main storage site of utilizable proteins is white muscle. The steady state of concentration of 

FAAs in the tissues is maintained by the balance between their rates of degradation and 

production (through protein degradation or amino acid synthesis). During ammonia 

loading, the increase in the concentration of non-essential amino acids alone indicate an 

increase in amino acid synthesis from ammonia and a-keto acids catalysed by glutamate 

dehydrogenase (GDH) and various transaminases. Essential amino acids are released 

through the catabolism of proteins in fasted animals; therefore, the increase in these amino 

acids in the experimental animals without food supply would suggest reductions in their 

rates of catabolism. If the rate of proteolysis remains the same, but the rate of amino acid 

catabolism decreases, ammonia production will decrease but the concentration of free 

amino acids (FAAs) will increase. Hence the increase in the concentration of amino acids 

in which fishes have difficulty in excretion of ammonia cannot be the indication of 

ammonia detoxification as suggested by Iwata et ah (1981) for the mudskipper (P. 

cantonensis). It simply suggests a decrease in the rate of amino acid catabolism (Ip, et ai, 

2001a). However, when the mudskipper, (P. schlosseri) is exposed to terrestrial condition 

under constant darkness, there was an decrease in tissue total FAAs, under which it remains 

quiescent (Ip, unpublished observation); but when it is exposed to terrestrial condition 

under 12h: 12h dark and light regime, the fish can be very active and the levels of total 

FAAs increase significantly in the tissue and plasma after 24 h of the experiment. An 

analysis of the balance sheet between the reduction in ammonia excretion and 

accumulation of ammonia, urea, glutamine and glutamate in the 70 g mudskipper shows 

that the catabolism of amino acids is suppressed, but there is still an accumulation of 

ammonia in the tissues (Lim et al., 2001). Unlike (P. schlosseri) there is no increase in total 

FAAs and no accumulation of glutamate or glutamine in the tissues of {B. boddaerti) 

during aerial exposure (Ip et al., 1993), it also undergoes a reduction in the rate of amino 
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acid catabolism under such condition (Lim et al., 2001). These data suggest that (5. 

boddeati) does not rely on protein as energy source during 24h aerial exposure. Comparing 

the glycogen content in the muscle of exercised submerged controls with that 24h air 

exposed followed by exercise, they found glycogen deceased significantly. Thus, this fish 

uses glycogen as metabolic fiiel during aerial exposure. This strategy offers a limited 

amount of energy for a short period of time, as {B. boddaerti) does not stay away from 

water for long periods of time. The rainbow trout (Oncorhynchus mykiss) exposed to pH 

10.0 water resulted in reduction of ammoniogenesis (Wilson et al., 1998). The Lohantan 

cutthroat trout {Oncorhynchus clarki henshawi), appears to permanently lower its rate of 

nitrogenous waste production immediately following transfer from its juvenile freshwater 

habitat (pH 8.4) to Pyramid Lake, Nevada (pH 9.4) (Wilkie et al., 1994). The actual reason 

is not clear. However, it can be suggested that the reduction in ammonia excretion can be 

due to reduced rate of proteolysis and/or amino acid catabolism (ammoniogenesis) as an 

effective strategy to slow the internal buildup of ammonia. 

6) High ammonia tolerance at cellular and sub-cellular levels: 

It would appear that high tolerance of air exposure and to high enviroimiental 

ammonia in some tropical fishes is usually associated with high tolerance of ammonia at 

the cellular and sub-cellular levels, as observed in the Indian catfishes (Hetereopneustes 

fossilis and C. hatrachus) (Saha and Ratha, 1990; 1994; 1998; Saha et al, 2002a), abehaze 

(Mugilogobius abei) (Iwata et al., 2000a), the oriental weatherloach M. anguillicaudatus) 

(Tsui et al., 2002), and the freshwater stringray {Himantura signifer (Ip et al., 2003b). The 

accumulated ammonia is not always evenly distributed within fish; some exhibit much 

higher levels of ammonia in the muscle than in other tissues. The plasma ammonia 

concentrations in various air-tolerant teleosts are usually around 1.6 jamol/ml after air 

exposure (Ip et al., 2001a). In contrast, the ammonia level in the plasma of (M 
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anguillicaudatus) raised upto 5.09 |imol/ml after 48 h of aerial exposure, the highest 

accumulation of ammonia in the plasma on land (Chew et al., 2001). During exposure to 

high environmental ammonia, the plasma ammonia concentration in (M anguillicaudatus) 

increased from 0.9 to 4.2 ^imol/ml after two days of ammonia exposure (Tsui et al., 2002) 

and in the plasma of (C. batrachus) which was reported to accumulate up to 4 [amol/ml 

under hyper ammonia stress without having any apparent deleterious effects (Saha and 

Ratha, 1998). It is well known that mammalian brains cannot tolerate ammonia levels of 

>l-2 ^mol/g, beyond which encephalopathy would develop (Cooper and Plum, 1987; 

Brusilow, 2002; Felipo and Butterworth, 2002; Rose, 2002). How cells especially those of 

the brain and the heart, of these fishes tolerate these high ammonia levels is not clear at 

present. However, in view of toxic effects of ammonia on the brains of mammals, Ip et al. 

(2004) speculated that the weatherloach and probably other fishes which adopt a similar 

strategy to handle ammonia toxicity might have greater space in the skull to prevent the 

buildup of intracranial pressure, have special mechanisms to maintain the homeostasis of 

extra-cellular glutamate concentration, and/or possess NMDA receptors that are less 

sensitive to fluctuation in glutamate level. Moreover, these fishes may have K"̂  channels 

and Na^-K^-ATPase with high substrate specificity for K^ (i.e. to prevents its substitution 

by NH4^) in order to maintain the intracellular K"̂  concentration and the resting membrane 

potential. This is especially important to the brain and cardiac muscle cells, although 

skeletal muscles and some non-excitable cells would also be affected. Also the 

accommodation of relatively high concentration of ammonia in the blood during exposure 

to high environmental ammonia at the cellular and sub-cellular levels in the tropical air-

breathing fishes allows the favourable blood-water APNH3 gradient. The sustained elevated 

plasma ammonia level reduces the influx of exogenous ammonia by preventing the 
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inwardly directed APNH3 pressure gradient, resulting in a smaller, if not zero, net influx of 

exogenous ammonia (Ip et al., 2004a). 

7) Urea synthesis: 

Urea forms an appreciable component of nitrogen output even when fish are in 

water (Campbell and Anderson, 1991; Wood, 1993; Saha and Ratha, 1998). The major 

pathways for urea synthesis in teleosts are arginolysis, uricolysis and the OUC (Mommsen 

and Walsh, 1989; 1992; Anderson and Walsh, 1995; Wright, 1995; Walsh, 1997; Saha and 

Ratha, 2007a) of these only OUC is the synthetic pathway call ureogenesis. Urea synthesis 

as the major mechanism of ammonia detoxification appears to occur in only a few species 

of teleosts, usually as a unique adaptation to unusual environmental circumstances. Such as 

Indian catfishes {Heteropneustes fossilis and Clarias batrachus) (Saha and Ratha, 1987) 

and (Protopterus dolloi) (Chew et al., 2003b) during aerial exposure, alkaline lake adapted 

tilapia {Alcolapia graham) (Randall, 1989), marine toadfishes {Opsanus beta and O. tau) 

(Mommsen and Walsh, 1989) and gobiid fish (Mugilogobius abei) (Iwata, 2000). The 

advantages of urea excretion are that subsequent excretion of urea is completely 

independent of the presence of ammonia in the external medium (Ip et al., 2004a) and 

water requirement is very less as it is excreted in the highly concentrated form which is the 

top priority during land excursion because water conservation is imperative. However, the 

formation of urea in fishes is highly energy dependent. A total of 5 mol of ATP are 

hydrolysed to ADP for each mole of urea assimilated (Ip et al., 2001a). It is probably 

because of this that ureogenesis is not universally adopted as single major strategy in 

handling ammonia toxicity in fishes (Ip et ah, 2001a). The majority of tropical teleost 

fishes studied so far do not use ureogenesis as a major strategy to detoxify endogenous 

(during aerial exposure) or exogenous and endogenous ammonia (during ammonia 

loading). These include the mudskippers {P. schlossseri, B. boddaerti and P. modestus) 
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(Iwata and Deguichi, 1995; Peng et ah, 1998; Lim et al., 2001), the marble goby 

(Oxyeleotris marmoratus) (Jow et al, 1999), the four-eyed sleeper {Botrichthys sinensis) 

(Ip et ah, 2001b; Anderson et al, 2002), the oriental weather loach (M agillicaudatus) 

(Chew et al, 2001; Tsui et al, 2002), the mangrove killifish {R. marmoratus) (Frick and 

Wright, 2002), and the small snakehead {Channa asiatica) (Chew et al., 2003) when 

exposed to terrestrial conditions or ammonia loading for various periods. 

8) Up-regulation of glutamine synthetase activity: 

Ammonia toxicity in fishes can also be avoided by converting exogenous and/or 

endogenous ammonia to glutamine. Duda and Handler (1958) suggested that rapid 

incorporation of exogenous ammonia into glutamine acts as a general cellular mechanism 

for ammonia detoxification. Glutamine, a non-essential amino acid, is produced from 

glutamate and NlLj"̂ , the reaction catalysed by GS in the liver and/or muscle. Glutamate 

may in turn be produced from a-ketoglutarate (a-KG) and N H / , catalysed by glutamate 

dehydrogenase (GDH), or a-KG and other amino acids catalysed by various transaminases. 

Thus the formation of one mole of glutamine allows the uptake of two moles of ammonia 

(Campbell, 1973). Thus, comparison with ureogenesis, glutamine formation is more energy 

efficient than ureogenesis. It is logical to utilize this pathway during critical situations, 

especially to protect the brain during ammonia loading. More importantly, glutamine is 

stored within the body and can be used for other anabolic processes (e.g., syntheses of 

purine, pyrimidine, mucopolysaccharides) when environmental conditions become more 

favourable. Moreover, in ureogenic fishes and ureo-osmotic elasmobranches glutamine 

serves as the nitrogen-donating substance in the synthesis of carbamyl phosphate by the 

mitochondrial CPS III the key enzyme, which serves as the precursor for the formation of 

urea through the ornithine urea cycle. Thus, GS acts as a feeder enzyme for ammonia 

detoxification via OUC. 
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In fishes the role of glutamine in detoxifying both endogenous and exogenous has 

been reported during exposure to high environmental ammonia and terrestrial conditions 

(Levi et ah, 1974; Arillo et ah, 1981; Dabrowska and Wlasow, 1986; Mommsen and 

Walsh, 1992; Peng et ah, 1998). The marble goby (O. marmoratus) is a facultative air 

breather capable of surviving imder terrestrial conditions for up to several days, but 

ammonia levels in its muscle do not increase during aerial exposure (Jow et ai, 1999). It 

does not detoxify ammonia to urea, despite the fact that it has all the five enzymes of OUC 

in the liver. There was an increase in the hepatic GS activity in the marble goby exposed to 

air. A good correlation between the peak of hepatic GS activity and the peak of glutamine 

accumulation in the muscle of the fish exposed to terrestrial conditions was observed. The 

glutamine content in the muscle of the goby exposed to terrestrial condition increased 3-

fold in 72 h and the hepatic glutamine content increased at 24 h. This indicates that the 

glutamine formed in the liver is perhaps later shuttled to muscle, which acts as a reservoir 

for glutamine accumulation. The sleeper, {Bostrichthys sinensis) inhabits brackish water 

near the mouths of rivers in Southeast Asia and is periodically subjected to air exposure for 

variable periods of time. This species also synthesizes and stores glutamine, primarily in 

the muscle, in the first few days of air exposure, which is accompanied by an increase in 

GS activity in the liver (Ip et al., 2001b). Exposure of sleeper to high concentrations of 

environmental ammonia results in significant increases in GS activity, GS protein and GS 

mRNA in all the tissues except the stomach (Anderson et al., 2002). Both the fishes (O. 

marmoratus and B. sinesis) are relatively inactive on land and the reduced energy-demand 

for muscular activity may provide them with the opportunity to exploit glutamine 

formation as a means to detoxify ammonia. Detoxification of accumulated ammonia to 

glutamine during high environmental ammonia exposure has also been reported during 

confinement/crowding stress in the ureogenic Gulf toadfish (O. beta) (Walsh et ah, 1994; 
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Walsh and Milligan, 1995; Julsrud et ah, 1998; Kong et al, 2000). It has been suggested, 

however, that glutamine formation would contribute to toxicity because it leads to 

depletion of ATP and a-KG (Campbell, 1973: Cooper and Plum, 1987), and glutamine 

accumulation causes increased astrocyte cell volume, leading to cellular dysfunction, brain 

edema and death (Brusilow, 2002). In its natural brackish water habitat, (B. sinensis) may 

be passively exposed to air by a receding tide, when it remains in crevices above water 

level and thus is exposed to high enviroimiental ammonia (HEA) conditions due to the 

accumulation of excreted ammonia in the external medium and to the evaporation of water. 

Infact, (B. sinensis) is the first non-ureosmotic teleost fish reported to respond to HEA 

exposure by increasing the expression of GS activity in the non-cerebral tissues (Anderson 

et al., 2002). Previously, it was believed that only cerebral GS was inducible by sub-lethal 

concentrations of envirormiental ammonia (Korsgaard et al., 1995). The cytosolic 

compartmentalization of the hepatic GS in this fish would eliminate the necessity for 

ammonia to penetrate the mitochondrial membranes before being detoxified. 

(9) Partial amino acid catabolism: 

Certain amino acids such as arginine, glutamine, histidine, and praline can be 

converted to glutamate which can undergoes deamination catalysed by GDH, producing 

NH% and a-KG (Campbell, 1991). Glutamate can also undergo transamination with 

pyruvate, caltalysed by alanine aminotransferase (ALT), producing a-KG without the 

release of ammonia (Ip et al., 2001c, Chew et al., 2003). This would facilitate the oxidation 

of the carbon chain of some amino acids without polluting the internal envirormient with 

ammonia. For fish that have difficulty in excreting endogenous ammonia, partial amino 

acid metabolism coupled with reduction in the rate of amino acid catabolism would be the 

most cost-effective strategy (in term of energy conservation) in reducing the rate of 

ammonia buildup in the body. It allows amino acids to be used as energy source during 
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adverse conditions without polluting the internal environment with ammonia. However, it 

cannot be strictly speaking, regard as a strategy to detoxification of ammonia, because 

ammonia is not released and then converted back to alanine. Significant increase in the 

levels of alanine and total FAAs concentrations in the muscle, liver, plasma of (P. 

schlosseri) exposed to terrestrial conditions were reported (Ip et al., 1993; 2001). Since, {P. 

schlosseri) has difficulty in excreting ammonia on land; partial amino acid metabolism 

leading to the formation of alanine would provide energy in the form of ATP without 

ammonia release. This would allow the utilization of certain amino acids as energy source, 

at the same time, minimize the ammonia accumulation. The snake head {Channa asiatica) 

which is active during terrestrial exposure, also adopt partial amino acid catabolism as the 

strategy to avoid the toxic accumulation of ammonia as reported by Ip and Chew in 

unpublished report. 

Habit and Habitat of the mud eel; 

The mud eel (Amphipnous cuchia) (Family: Synbranchidae; Order: 

Synbranchiformes; Class: Actinopterygii), one of the air-breathing fishes, is a bony fish 

that lack paired fins and have scale-less body, reaching a maximum length of 1.5 m and are 

voracious, nocturnal predators. They are primarily aquatic but obligatory air-breathing fish 

and would die of suffocation if access to air is denied. They are found widely distributed in 

tropical and sub-tropical freshwaters of India, South China, Malaysia and Indonesia 

(Graham, 1997a). Found inhabiting in a wide variety of freshwater habitats that are 

stagnant, slow-flowing and shallow water bodies such as swampy areas, muddy ponds, 

canals, rice fields, and even ditches and temporary pools where they burrow in moist earth 

during dry season, surviving for long periods without water during summer (Shih, 1940; 

Davidson, 1975). During prolonged drought and seasonal draining of paddy fields, they 

move in or hide in the mud to avoid total dehydration. Moreover, they can survive several 
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days in the market bins without water. All these would lead to difficulties in excreting 

ammonia through their reduced gills and cutaneous surface. Further, they face the problem 

of high concentrations of environmental ammonia during agricultural fertilization in rice 

fields. Under the laboratory conditions, it was found that the mud eel was able to survive 

up to 200 mM NH4CI for months without any deleterious effect to the fish. Thus, the 

immediate question arises is how the mud eels encounter the possible accumulation of 

endogenous ammonia to a toxic level, and how they tackle the problems of high external 

ammonia. 
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OBJECTIVES: 

To find out the possible strategies to ameliorate the ammonia toxicity by the mud eel 

during exposure to: 

> High environmental ammonia, and 

> Ammonia generated endogenously during exposure to air or semi-terrestrial 

conditions. 
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PLAN OF WORK: 

1. The mud eel was initially exposed to different concentrations of NH4CI (50 mM, 100 

mM, 200 mM, 250 mM and 300 mM) to find out the maximum tolerance limit by this 

fish. 

Then the mud eel was exposed to 100 mM NH4CI for 7 days and the following 

parameters were studied at different time intervals: 

> changes in the levels of ammonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and plasma, 

> changes in the activity of all the five omithine-urea cycle (OUC) enzymes such as 

carbamyl phosphate synthetase (CPS), ornithine transcarbamylase (OTC), 

argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL) and arginase 

(ARG); and the amino acid metabolism related enzymes such as glutamine 

synthetase (GS), glutamate dehydrogenase (GDH, both oxidative and reductive 

amination), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 

in different tissues, 

> changes in the levels of free amino acids (FAAs) in different tissues and in plasma, 

> changes in the rate of efflux of ammonia-N, urea-N and glutamine-N from the 

perfiised liver of both control and ammonia-treated fish and 

> changes in the pattern of expression of GS enzyme protein and Hsp70. 

2. The mud eel was exposed to air for 6 days and the following parameters were studied in 

different tissues at different time intervals: 

> changes in the rates of excretion of ammonia-N and urea-N, 

> changes in tissue levels of ammonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and plasma. 
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> changes in the activity of all the five OUC enzymes and the amino acid metabolism 

related enzymes as mentioned above, 

> changes in the levels of FAAs in different tissues and plasma, changes in the rates 

of efflux of ammonia-N, urea-N and glutamine-N from the perfused liver of both 

control and aerially exposed fish and 

> changes in the pattern of expression of GS enzyme protein and Hsp70. 

3. NH4HCO3 (10 mmoles/kg body weight) was injected intra-peritoneally to the mud eel 

and the following parameters were studied during 24 hours: 

> changes in the rates of excretion of ammonia-N and urea-N, 

> changes in the levels of armnonia-N and urea-N in different tissues such as liver, 

kidney, muscle, brain, intestine, stomach and in plasma, 

> changes in the activity of all the five OUC enzymes and the amino acid metabolism 

related enzymes as mentioned above, 

> changes in the levels of FAAs in different tissues and plasma, changes in the rates of 

efflux of ammonia-N, urea-N and glutamine-N from the perfused liver of both 

control and NH4HC03-treated fish after 24 h and 

> changes in the pattern of expression of GS enzyme protein after 24 h. 

4. Cortisol (50 [xmoles/kg body weight) was injected intra-peritoneally to the mud eel and 

the following parameters were studied at different time intervals: 

> changes in the rates of excretion of ammonia-N and urea-N, 

> changes in tissue levels of ammonia-N and urea-N in different tissues such as 

liver, kidney, muscle, brain, intestine, stomach and plasma, 

> changes in the activity of all the five OUC enzymes and the amino acid 

metabolism related enzymes as mentioned above. 
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> changes in the levels of FAAs in different tissues and plasma, changes in the rates 

of efflux of ammonia-N, urea-N and glutamine-N from the perfused liver of both 

control and cortisol-treated fish, and 

> changes in the pattern of expression of GS enzyme protein after 5 days. 
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MATERIAL AND METHODS 

Experimental animal; 

The freshwater air-breathing mud eel {Amphipnous cuchia) weighing 120-140 g were 

purchased from commercial sources and maintained in the fish room in cemented tanks 

containing natural stream water with a layer of mud at the bottom of each tank. The 

temperature of the room was maintained at 28±2 °C with 12h:12h light and dark photoperiods. 

The fish were fed with dry fishes and earth worm on every alternate day. Fishes were 

acclimatized to the laboratory conditions for at least one month, when the mortality rate 

became zero and food consumption was normal, before performing any experiments. No sex 

differentiation was done while performing the experiments. Food was withdrawn 24 h prior to 

setting up of experiments and no food was provided to the fish during experimental periods. 

Experimental set UP: 

High external ammonia exposure (100 mM NH4CI); 

Five sets of fishes having five fishes in each set were kept in five different plastic 

tumblers containing 10 1 of 100 mM NH4CI in each tumbler. Another five sets of fishes having 

five fishes in each set were kept in five plastic tumblers containing 10 1 of stream water in each 

which served as controls. The NH4CI solution and also the stream water from each tumbler 

were changed every day with fresh media at a fixed time. On day 0, 1, 3, 5 and 7, five fishes 

from treated and five fishes from control tumblers were removed, killed immediately by 

decapitation after collecting blood from the caudal vein with heparinised syringe. Liver, 

kidney, muscle, stomach, intestine and brain were dissected out and plunged into liquid 
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nitrogen before storing at -60°C. All enzyme assays and analyses were completed within two 

weeks of collecting tissues. 

Another set of fishes (both from control and ammonia-treated for 7 days) was kept 

aside for performing liver perfusion experiment. The temperature of the experimental room 

was maintained at 28±2 °C with 12:12 h day and night photoperiods. 

Aerial exposure experiment: 

Another set of fishes were isolated, weighed and kept individually in plastic tumblers 

containing 2 1 of water. After 24 h, they were exposed to air in tumblers containing only 25 ml 

of water. The tumblers were covered with a finely meshed net and the fishes were exposed to 

dehydration stress for 144 h. Every 24 h, five fishes were removed, the fluid left in individual 

tumbler was collected and diluted to 100 ml with distilled water, and used for measurement of 

ammonia-N and urea-N excretion. Each fish was then kept in individual tumbler with 25 ml of 

H2O and repeated the same after every 24 h till 6 days. Another set of pre-weighed fishes were 

kept individually in plastic tumbler containing 2 1 of stream water (pH 7.04±0.15) and water 

was replaced at every 24 h after collecting some water sample for the measurement of 

ammonia-N and urea-N excretion. Simultaneously, after every 24 h, five air-exposed fishes 

and five control fishes were killed by decapitation; tissues such as liver, kidney, muscle, brain, 

intestine and stomach were dissected out after collection of blood from the caudal vein with 

heparinised syringe. They were then immediately plunged in liquid nitrogen and stored at -60 

°C until used for various analyses as mentioned above. At the end of six days of aerial 

exposure, five fishes were re-immersed in a known volume of water and water sample was 

collected at 12 and 24 h post immersion for estimation of ammonia-N and urea-N 

concentrations. The enzyme assays and various analyses were completed within 2 weeks of 
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preserving tissues. One set of fisiies (both from control and aerial exposed) is kept aside for 

performing the liver perfusion experiment. 

Ammonium bicarbonate treated experiment: 

A set of five fishes were weighed and injected intraperitoneally with NH4HCO3 (10 

mmoles/kg body wt, dissolved in 0.8% saline). Another set of five fishes was injected with the 

same volume of 0.8% saline, which served as controls. Fishes were then placed individually in 

plastic tumblers containing 2 1 of stream water (pH 7.0 ±0.14) and the tumblers were covered 

with finely meshed net. Water from each tumbler was replaced with fresh water at every 6 h 

interval after collecting some water from each tumbler for the measurement of ammonia-N and 

urea-N concentrations. After 24 h, both the control and treated fishes were killed by 

decapitation after collection of blood from caudal vein by heparinised syringe, and tissues such 

as liver, kidney, muscle, stomach, intestine and brain were dissected out. All the tissues were 

immediately plunged in liquid nitrogen and stored at -60 ^C until used for various analyses. 

All enzyme assays and other analyses were completed within two weeks after collecting the 

tissues. One set of fishes (both from control and NH^HCOa-treated) is kept aside for 

performing liver perfusion experiment. 

Cortisol treated experiment: 

A set of five fishes was weighed and injected intraperitoneally with Cortisol (50 mg/ml, 

dissolved in sham) at the rate of 50 mg/kg body weight. Another set of five fishes was injected 

with the same amount of sham, which served as controls. Fishes were then placed individually 

in plastic tumblers containing 2 1 of stream water (pH 7.04 ± 0.10) and the tumblers were 

covered with a finely meshed net. Water from each tumbler was replaced at every 12 h interval 

after collection of some water from each tumbler for the measurement of ammonia-N and 
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urea-N concentrations. After 5 days of treatment, fishes were removed, killed immediately by 

decapitation, and tissues such as liver, kidney, muscle, brain, intestine and stomach were 

dissected out after collection of blood from the caudal vein with the heparinised syringe. They 

were then immediately plunged in liquid nitrogen and stored at -60 °C until used for various 

analyses. The enzyme assays and various analyses were completed within 2 weeks of 

preserving the tissues. Another set of fishes (both from the control and cortisol-treated) after 5 

days was kept aside for performing liver perfusion experiment. 

Blood collection and processing: 

From each of the above experiment blood was collected from each fish from the caudal 

vein by heparinised syringe and was centrifuged at lOOOOXg for 10 min to separate out the 

blood cells, and the plasma was processed for the estimation of ammonia-N and urea-N, and 

for analysis of FAAs as described by Saha and Ratha (1989). 

Estimations; 

Ammonia-N and urea-N: 

The excretion of ammonia-N and urea-N by the whole fish, released into the effluent 

from the perfiised liver, and also the tissue concentrations of ammonia-N and urea-N under 

different experimental conditions were measured enzymatically based on the procedure of Kun 

and Kearny (1974). 

Ammonia-N: 

For the measurement of ammonia-N in the water samples, different tissues and in the 

effluent, all the ammonia was converted to L-glutamate by the enzyme glutamate 
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dehydrogenase (GDH) in presence of a-ketoglutarate and NADH. The amount of NADH 

oxidised was equivalent to the amount of ammonia present in the sample. 

The reaction takes place as follows: 

COO" , + coo" 
I NADH+ H NAD | 
CH2 \ f CH2 

CH2 + NH3 ^ " ^ *- CH2 + H2O 
I ^"^ + I 
C = 0 H3N-C-H 
I I 

coo" coo" 
a-Ketoglutarate L-Glutamate 

The reaction mixture in a final volume of 1 ml contained the following: 

Tris-HCl buffer (pH 8.0) 100 fxmoles 

a-ketoglutarate 2.5 ^moles 

EDTA 0.2 ^mole 

ADP l.O^mole 

NADH 0.4 îmole 

GDH 2 units 

Sample 0.2 ml 

The reaction mixture was incubated for 30 min at 37 °C. A reagent blank was also 

prepared which contained everything in the reaction mixture as mentioned above except the 

sample, which was replaced by 0.2 ml of distilled water. The optical density (O.D.) was 

measured at 340 nm in a 1 ml quartz cuvette having 1 cm light path in a UV-visible 

spectrophotometer (Varian, Carry 50) both in the reagent blank and in the experimental 

samples. The differences in O.D. values obtained between these two were used to calculate the 
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concentration of ammonia present in the effluent taking 6.22 x 10 as molar extinction 

coefficient value for NADH. 

Urea-N: 

For the measurement of urea-N in different samples, urea was first converted to 

ammonia by the enzyme urease, and then to L-glutamate in presence of a-ketoglutarate and 

NADH by the enzyme GDH. The amount of NADH oxidised was equivalent to the amount of 

both ammonia-N and urea-N present in the sample. Finally, the amount of urea-N was 

calculated by substrating the value of ammonia for each sample. 

The enzymatic reaction takes place as follows: 

NH2 

C = 0 + H2O 

Urea 

Urease 
2NH3 + CO2 

^00 ' 
<p=o 

2 p 2 + 2NH3 
fH2 
COO" 

a-Ketoglutarate 

2NADH+H 2NAD 
ADP 
GDH 

it- .. ? 0 0 ' 

2 H , N - C - H 
CH2 
CH2 
COO" 

L-Glutamate 

+ 2H2O 

The reaction mixture in a final volume of 1 ml contained the following: 

Tris-HCl buffer (pH 8.0) lOOiamoles 

a-ketoglutarate 2.5 ^imoles 

EDTA 0.2 fimole 

ADP l.Onmole 
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NADH 0.4 nmole 

GDH 2 units 

Urease 2 units 

Sample 0.2 ml 

The reaction mixture was incubated for 30 min at 37 °C. A reagent blank was prepared 

containing everything in the reaction mixture as mentioned above except the sample, which 

was replaced by 0.2 ml distilled water. The O.D. was measured at 340 nm in a 1 ml quartz 

cuvette having 1 cm light path in a UV-visible spectrophotometer both in the reagent blank 

and in the sample. The differences in O.D. values obtained between these two were used to 

calculate the concentration of urea-N present in the sample taking 6.22 x 10̂  as molar 

extinction coefficient for NADH. 

Protein Estimation: 

Protein was estimated following the dye-binding method of Bradford (1976) using 

bovine serum albumin as the standard. 

Glutamine estimation: 

Glutamine level in the effluents from the perfused liver were measured enzymatically 

based on the procedure of Bergmeyer (1974). For the measurement of glutamine in the sample, 

the L-glutamine was first converted to L-glutamate by the enzyme glutaminase. Then L-

glutamate was converted to D-ketoglutarate and ammonia by the enzyme GDH in the presence 

of NAD^. The amount of NAD^ reduced was equivalent to the amount of glutamine and 

glutamate present in the sample. Further, the efflux of glutamine was calculated by multiplying 

the glutamine concentration with 2 since each molecule of glutamine contains 2N. 

The enzymatic reaction takes place as follows: 
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II 
C-NH2 
1 

CH2 

CH2 + 
1 

H s N - C - H 
1 
COO" 

L-Glutamine 

1 

t 
COO" 
1 
CH2 

CH2 + 
+ 1 

H3N-C-H 
1 
COO" 

L-GIutatnate 

H2O 

H2O 

Glutaminase 

NAD^ NADH+ 

GDH 

— * > 

H^ 

COO" 
1 

CH2 
1 

CH2 + NH3 + 1 
H 3 N - C - H 

1 
coo" 

L-Glutamate 
1 
1 
1 

COO" 
1 
CH2 
1 
CH2 + NH3 
1 
C = 0 
1 COO' 

a-Ketoglutarate 

The reaction mixture in a final volume of 1 ml contained the following: 

Na-acetate buffer (pH 5.0) 280 ^moles 

Glycine 500 )imoles 

Hydrazine hydrate 0.4 fimole 

ADP l.O^mole 

NAD^ 0.6 nmole 

GDH 5 units 

Glutaminase 

Sample 

0.5 unit 

100 nl 
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Initially, the sample and enzyme glutaminase was incubated for 2 h at 37 °C to convert 

all the glutamine to glutamate. Then the other components of the reaction mixture were added 

and incubated again for 30 min at room temperature. A reagent blank was also prepared 

containing everything in the reaction mixture as mentioned above except the sample, which 

was replaced by 100 |il of distilled water. The O.D. was measured at 340 nm in a 1 ml quartz 

cuvette having 1 cm light path in a UV-visible spectrophotometer (Varian, Carry 50), both in 

the reagent blank and in the experimental sample. The concentration of glutamate was also 

measured in each sample without adding glutaminase. The difference in O.D. values obtained 

between the reagent blank and sample was used to calculate the concentrations of glutamate 

present in the sample taking 6.22 x 10̂  as molar extinction coefficient value for NADH. 

Liver perfusion technique: 

Fishes were anesthetized with neutralized 3-aminobenzoic acid ethyl ester (MS222, 0.2 

g/1) for 2 min prior to the operation for liver perfusion. Livers of both control and treated 

fishes were perfused by way of a ventral incision made on the hepatic portal vein, in a non-

circulating manner in the physiological antegrade direction (from the portal to the hepatic 

vein) with a haemoglobin-free medium as used by French et al. (1981) with certain 

modifications made by Saha et al. (1995). The osmolarity of the perfusing medium was 265 

mOsmol/1, since the osmolarity of blood of mud eel was found to be 265 mOsmol/1 (as 

determined by freezing point depression method with a Camlab Osmometer, Model 2000). 

The composition of the isotonic medium as the basic solution for perfusion was as 

follows: -

NaCl 119mM 

NaHCOa 5 mM 

44 



KCl 5.4 mM 

Na2HP04 0.35 mM 

KH2PO4 0.44 mM 

MgS04 0.81 mM 

CaCb 1.25 mM 

The livers were initially perfused with standard isotonic medium (265 mOsmol/1) 

containing 0.5 mM ornithine for 20 min, followed by infusion with 0.5 mM NH4CI 

(corresponds to the infusion of ammonia-N at the rate of 2.15 |imoles/g liver/min). The 

medium also contained 1.0 mM lactate and 0.3 mM pyruvate. The perfusate was gassed with 

O2/CO2 (99:1, v/v) before infusing into the liver. The livers were perfused at a flow rate of 4-5 

ml/g liver/min at a temperature of 30 °C for 20 minutes with standard medium; the pH of the 

medium was always maintained at 7.6, since the blood pH of this fish ranges from 7.5 to 7.7. 

Then 0.5 mM NH4CI was infused into the perfused liver through a precision pump (Orion, 

M361) along with the standard perfusion medium under different experimental conditions. 

Effluents were collected at 2 min intervals through a cannula inserted at the superior vena cava 

for the measurement of ammonia, urea and glutamine released from the perfused liver. 

Immediately after perfusion, the mass of the liver was recorded. 

Free Amino Acid Analysis: 

For analysis of free amino acids (FAAs) in different tissues, a 10% homogenate (w/v) 

was prepared with a motor driven Potter-Elvehjem type glass homogenizer fitted with a Teflon 

pestle in ice-cold HPLC grade water. Protein was immediately precipitated out from the 

homogenate by adding ice-cold 2 M PCA in 1:1 ratio, followed by centrifugation at 10,000 x g 

for 10 min. The plasma was also treated with 2 M PCA in a 1:1 ratio to precipitate out the 
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protein, and further processed as above. All these steps were performed at 4 °C. The 

supernatant was passed through a Millipore microfilter (0.45 îm pore size) before using for 

FAA analysis with HPLC. 

Sample preparation for HPLC; 

After filtering the tissue and plasma samples with 0.45 \im membranes 

20 \i\ of the filtered sample was pipetted in a sample tube 

I 
The sample was lyophilized in a cold vacuum dried lyophilizer 

i 
10 \i\ of redrying solution was added to each sample 

i 
Cold vacuum dried and then 20 yd of derivatizing reagent was added 

! 
Kept for 20 min for reaction to occur and dried in a lyophilizer 

i 
200 |xl of sample diluent was added to re-dried sample just before injection. 

The derivatized sample was then analyzed with a Waters HPLC using the pre-column 

derivatization method. FAAs was derivatized with phenyl isothiocyanide (PITC) with the 

standard protocol provided by the company and was separated out with a Pico Tag column 

(Waters, USA). The eluted amino acids was detected in a UV-detector (Model 486) at 254 nm 

coupled with Milhnium data processor for quantification of the eluted peak areas. Two 

eluting mobile phases were used in a gradient for 72 min to separate out all the FAAs. The two 

eluent buffers were eluent A (70 mM Na-acetate buffer, pH-6.5) and eluent B (60% 
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acetonitrile). Before starting the run, the column chamber temperature was set at 38 °C and the 

column was purged with 90% eluent A and 10% eluent B and equilibrated for stabilization of 

the baseline. The run was started with 100% mobile phase A and the flow rate was set at 0.5 

ml/min through out the run. In the first 13.50 min, the linear gradient progressed to 3% mobile 

phase B, followed by increase to 6% mobile phase B in 24 min, 9% increase of mobile phase 

B in 30 min, 34% linear increase of mobile phase B in 50 min and was held there till 62 min. 

The gradient was then increased to 100% mobile phase B from 62.01 min and continued till 72 

min. After the gradient elution was complete, the column was washed thoroughly with 100% 

mobile phase B for 20 min, followed by washing with HPLC grade water for 30 min. The 

column was again re-equilibrated with 100% eluent A before subsequent injections. The 

mixture of standard physiological FA As (Sigma) containing 38 amino acids and some amino 

compounds was also eluted under identical conditions as mentioned above for identification 

and quantification of amino acids. 

Western Blot Analysis: 

Western blot analysis of GS enzyme protein and Hsp70 in different tissues such as 

liver, kidney, muscle, stomach, intestine, and brain of the mud eel was done by performing the 

following steps: 

1. SDS-PAGE: 

For separation of proteins, SDS-PAGE was carried out in the vertical slab gel 

electrophoresis apparatus (Hoefer SE 400 Series, Amersham Pharmacia Biotech, Sweden). 

Prior to electrophoresis, following preliminary steps were followed: 
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a) Sample preparation: 

100 mg of each tissue was homogenized in 1 ml of 20 mM Tris-HCl buffer (pH 7.4) 

containing 0.33 mM sucrose, 1 mM EDTA, 1% Triton-X 100 and also the protease inhibitor 

Complete (Roche, Germany) using a sonicator (Soniprep 150) at an amplitude of 20-22 pL for 

30 X 4 = 120 sec. The tissue homogenates were then centrifuged at 10,000X g for 10 min to 

pellet out the cell debris and nuclei and the protein concentration of each sample was 

determined spectrophotometrically by the dye-binding method of Bradford (1976) and samples 

were diluted to get a final protein concentration of 5 |J.g/|4,l. 

The loading buffer was added to the diluted protein sample in 1:2 ratio and incubated at 

37 °C for 30 min. The samples were then stored at -40 °C until used for SDS-PAGE. 

The loading buffer was prepared by mixing re-suspension buffer and 180 mM DTT 

(dissolved in distilled water) in the ratio of 2:1, followed by the addition of a few drops of 

tracking dye (Bromophenol Blue, 0.125 %). 

The composition of the resuspension buffer was as follows: 

Tris-HCl buffer (pH 8.8) 220 mM 

EDTA 22.5 mM 

Sucrose 1.8 mM 

SDS 9 % 

For separation of proteins, SDS-PAGE electrophoresis was carried out in the vertical 

slab gel electrophoresis apparatus (Hoefer SE 400 Series, Amersham Pharmacia Biotech, 

Sweden) using 14 x 16 cm gel of 1.5 mm thickness, the composition of which was as follows: 
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Solution components Stacking Gel (5%) Resolving Gel (10%) 

(ml) (ml) 

H2O 6.8 11.9 

Acrylamide-bis-acrylamide (36.5:1) 1.7 10.0 

1.5MTris(pH8.8) - 7.5 

1.0MTris(pH6.8) 1.25 

10%SDS 0.10 0.3 

10% Ammonium persulphate 0.10 0.3 

TEMED 0.01 0.012 

b) Gel casting: 

A gel sandwich was prepared by using two glass plates of 14 x 16 cm. Two spacers of 

2 x 1 6 cm, having thickness of 1.5 mm were placed along the edges and the three sides were 

sealed with a tape to avoid any leakage. First, the resolving gel (10%) was prepared and 

poured into the gel sandwich up to 4 cm below the top of the glass plate. Then a layer of 

stacking gel (5%) of 4 cm height was added after the resolving gel was completely 

polymerized. A comb was introduced into the sandwich to create wells for loading the 

samples. The resolving and stacking gels were prepared by mixing different reagents as 

mentioned earlier. 

c) Loading and running of sample: 

The teflon comb was removed from the gel sandwich and each well was filled with 

electrophoresis buffer (composition of which was mentioned earlier). 30 \i\ each of the 

prepared samples was loaded into the wells using a micro syringe. 5 JLII of full range rainbow 

recombinant protein molecular weight marker (RPN 800, Amersham Pharmacia Biotech, 
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Sweden) with a molecular weight range of 10,000 - 2,50,000 Daltons was also loaded in one 

lane. Both the upper and lower buffer chambers were filled with electrophoresis buffer and the 

electrophoresis unit was connected to the power supply unit. Initially, a low voltage of 80 V 

was applied till the sample crossed the separation or stacking gel. The voltage was then 

increased to 240 V and the run was continued till the tracking dye reached the bottom of the 

gel. 

2. Blotting: 

Following electrophoresis, the proteins were transferred from polyacrylamide gel onto 

a nitrocellulose paper (NCP) using the semi-dry electro-blotting apparatus (Hoefer TE 70 

Series, Amersham Pharmacia Biotech, Sweden) as per the standard procedure given by the 

manufacturer. 

The composition of blotting buffer was as follows: 

Tris 48 mM 

Glycine 39 mM 

SDS 0.03 % (w/v) 

Methanol 20 % 

After blotting of proteins to NCP, the different bands of Rainbow marker were marked. 

The blotter was then stained with Ponceau S (Sigma, USA) to check the status of blotting. 

3. Membrane blocking: 

Non-specific binding sites were blocked by immersing the NCP in 1% BSA, prepared 

in phosphate-buffered saline Tween (PBST), pH 7.6, and kept overnight at 4 °C in a shaker. 

The composition of PBST (adjusted to pH 7.4) was as follows: 

NaCl 1.37 M 
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KCl 26.82 mM 

Na2HP04 1 M 

KH2PO4 17.64 mM 

Tween (Polysorbate-20) 0.1% 

4. Conjugation with primary and secondary antibodies: 

The NCP was then incubated with GS primary antibody raised in rabbit and Hsp70 

primary antibody raised in mouse (dilution of 1:2500 in PBST containing 1% BSA) for 2 h at 

room temperature in a shaker. The membrane was washed for 3 x 10 min with PBST using 

large volumes of buffer, to remove unbound or nonspecifically bound primary antibody. The 

membrane was then incubated with horseradish peroxidase (HRP) conjugated anti-rabbit and 

anti-mouse secondary antibody for GS and HspTO, respectively (dilution of 1:10,000 in PBST 

containing 1% BSA) for 2 h at room temperature in a shaker. The membrane was again 

washed for 3 x 10 min with PBST using large volumes of buffer, to remove the unbound 

secondary antibody. 

5. Immunodetection: 

Immunodetection was performed with an enhanced chemiluminescence kit (Western 

Ligthning''"'̂  Chemiluminescence Plus, PerkinEImer Inc., U.S.A.) as per the manufacturer's 

instruction. The X-ray film was developed and then scanned with a computer assisted 

densitometer (Kodak, ID 3.6) and photographed. 
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Tissue processing for: 

a) Assaying amino acid metabolism-related enzymes: 

For assaying the activity of different amino acid-related enzymes, a portion of each 

frozen tissue was thawed on ice and a 10% homogenate (w/v) of each tissue was prepared with 

a motor driven Potter-Elvehjem type glass homogenizer fitted with a Teflon pestle in a 

homogenizing buffer containing 50 mM Tris-HCl (pH 7.4), 0.3 M sucrose and 1 mM EDTA. 

The homogenate was treated with 0.5% Triton X-100 for 30 min in 1:1 ratio, followed by mild 

sonication to facilitate the proper breakage of mitochondria. The homogenate was then 

centrifijged at 10,000 x g for 10 min and the resultant supernatant was used for the enzyme 

assay. All steps for the preparation of tissue extracts were carried out at 4 °C. 

b) Assaying ornithine-urea cycle ezymes: 

For assaying the activity of different OUC enzymes, a portion of each frozen tissue was 

thawed on ice and a 10% homogenate (w/v) of each tissue was prepared with a motor driven 

Potter-Elvehjem type glass homogenizer fitted with a Teflon pestle in a homogenizing buffer 

containing 100 mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM EDTA and 1 mM dithiothreitol 

(DTT). The homogenate was treated with 0.5% Triton X-100 for 30 min in 1:1 ratio, followed 

by mild sonication to facilitate the proper breakage of mitochondria. The homogenate was then 

centrifuged at 10,000 x g for 10 min and the resultant supernatant was used for the enzyme 

assay. All steps for the preparation of tissue extracts were carried out at 4 °C. 

Enzyme Assay; 

Glutaminesynthetase (GS:EC. 6.3.1.2) 

GS was assayed by the y-glutamyl transferase reaction following the method of Webb 

and Brown (1976). 
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The enzymatic reaction takes place as follows: 

C-NH2 

H - C - H 
I 

H - C - H 
I 

H - C - N H 2 

COOH 

Glutamine 

NH2OH 
ADP, Mn^^.AsO^ 

Hydroxylamine GS 

O 
II 
C-NHOH 
I 

H - C - H 
• I + NH3 

H - C - H 
I 

H - C - N H 2 

COOH 

Y-glutamyl hydroxamate 

The reaction mixture in a final volume of 1.0 ml contained the following: 

Imidazole-HCl buffer (pH 7.5) 

L-Glutamine 

Sodium arsenate 

Hydroxylamine hydrochloride 

MnCb 

ADP 

Tissue extract 

60 }a.moles 

10 ^moles 

1 î moles 

12 |j.moles 

0.02 jiimole 

0.08 Mmole 

0.2 ml 

The assay mixture without the tissue extract was first preincubated for 5 min at 30 °C. 

The reacfion was initiated by adding 0.2 ml of tissue extract and after 30 min of incubation; 

the reaction was stopped by the addition of 1 ml of 20% PCA. A tissue blank was also 

prepared simultaneously by adding 1 ml of 20% PCA to the reaction mixture prior to the 

addition of the tissue extract. The precipitated protein was separated out by centrifugation at 

10,000 Xg for 15 min and the amount of y-glutamyl hydroxamate formed during the reaction 

was measured in the supernatant by adding 1.5 ml of FeCb reagent (containing 0.37 M FeCls, 
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0.67 M HCl and 0.2 M TCA) and measuring the O.D. at 500 nm in a UV-visibie 

spectrophotometer. One unit of enzyme activity was defined as that amount of enzyme that 

catalysed the formation of 1 ̂ imole of y-glutamyl hydroxamate per h at 30 °C. 

Glutamate dehydrogenase (GDH; EC. 1.4.2.3) 

GDH (both reductive amination and oxidative deamination) activity was assayed 

following the method of Olson and Anfinsen (1952) with modifications in the substrate 

concentration made by Das et al. (1991). 

The enzymatic reaction takes place as follows: 

+ NH3 

COO" 
I 
c=o 
I 
CH2 
I 

CH2 
I 

COO" 

a -Ketoglutarate 

NADH+ H NAD 

ADP^ 

GDH 

COO" 
+ I 

H 3 N - C - H 
I 

CH2 
I 
CH2 
I 

COO" 

L- Glutamate 

+ H2O 

For the assay of GDH in the reductive amination (or ammonia utilizing) direction, the 

reaction mixture in a final volume of 1 ml contained the following: 

Tris-HCl buffer (pH: 7.5) 

a- Ketoglutarate 

NH4CI 

EDTA 

ADP 

NADH 

Tissue extract (suitably diluted) 

70 nmoles 

7 limoles 

225 nmoles 

0.25 x̂mole 

3 î moles 

0.3 î mole 

25^1 
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For the assay of GDH in the oxidative deamination (or ammonia forming direction), the 

reaction mixture in a final volume of 1 ml contained the following: 

Tris-HCl buffer (pH: 7.5) 70 ^moles 

L-Glutamate 25 [imoles 

NAD 3 [imoles 

ADP 3 ^moles 

EDTA 0.25 ^mole 

Tissue extract (suitably diluted) 20 |il 

The assay mixture without the tissue extract (in both reductive amination and oxidative 

deamination) was pre-incubated at 30 °C for 5 min in a I ml quartz cuvette having 1 cm light 

path directly in a UV-visible spectrophotometer (Varian, Gary 50) having a peltier temperature 

control system fitted to it. The reaction was started by the addition of the tissue extract in the 

pre-incubated reaction mixture. The decrease in O.D. in case of reductive amination reaction 

and increase in O.D. in case of oxidative deamination reaction were recorded at 340 nm at 30 

sec interval and the period of linear decrease/increase in O.D values were used for calculating 

the GDH activity. The amount of NADH oxidized in case of reductive amination reaction or 

the amount of NAD"̂  reduced in case of oxidative deamination reaction was calculated taking 

6.22 X 10̂  as the molar extincfion co-efficient value for NADH for expressing the GDH 

activity. One unit of GDH activity was expressed as that amount of enzyme, which catalyzed 

the oxidation of 1 ^mole of NADH to NAD^ in case of GDH (reductive amination) or the 

reduction of 1 nmole of NAD* to NADH in case of GDH (oxidative deamination) per h at 30 

°C. 
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Alanine aminotransaminase (ALT; E.G. 2.6.1.2) 

ALT was assayed by the enzyme-coupled reaction following the method of Forster and 

Moon (1986) with modifications in the substrate (optimal) concentration. L-pyruvate so 

formed from L-alanine and a-ketoglutarate by the reaction of ALT was converted further to L-

lactate by adding excess of lactate dehydrogenase (LDH) in the reaction mixture and the rate 

of oxidation of NADH was measured finally to find out the ALT activity. 

The enzymatic reaction takes place as follows: 

COO 
I 
c=o 
I 

CH2 

COO 
+ I 

H 3 N - C - H 

CH2 
I 
COO 

+ 
I 
CH3 

L-Alanine 

a-ketoglutarate 

COO 

ALT. H3N^-C-H 

CH2 
I 
CH2 
I 

COO" 
L-GIutamate 

+ 

COO" 
I 
c=o 
CH3 NADH+H 

L-Pyruvate 

COO" 
I 
c=o 
I 
CH3 

L-Pyruvate 

LDH 

NAD 

coo 
I 

H O - C - H 
I 
CH3 

L-Lactate 

The reaction mixture in a final volume of 1 ml contained the following: 

K-phosphate buffer (pH: 7.5) 125 lamoles 
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L-Alanine 125 fxmoles 

a-Ketoglutarate 15}imoles 

NADH 0.3 ^mole 

LDH (ammonia free) 10 units 

Tissue extract 20 fxl 

(suitably diluted) 

The assay mixture was incubated at 30 "C in a 1 ml quartz cuvette having 1 cm light 

path directly in a UV-visible spectrophotometer (Varian, Cary 50) having a peltier 

temperature controlled system fitted to it. The reaction mixture without L-alanine was pre-

incubated at 30 "C for 5 min. The reaction was started by addition of L-alanine into the 

reaction mixture. The decrease in O.D. was recorded at 340 nm at 30 sec interval. The period 

of linear decrease of O.D. was used for calculation of ALT activity. The amount of NADH 

oxidized per h was calculated taking 6.22 x 10̂  as molar extinction coefficient value for 

NADH. One unit of ALT activity was expressed as that amount of enzyme which catalyzed 

the oxidation of 1 fxmole of NADH to NAD^ per h at 30 °C. 

Aspartate aminotransaminase (AST: B.C. 2.6.1.1) 

AST activity was assayed by the enzyme-coupled reaction following the method of 

Forster and Moon (1986) with certain modifications in the substrate (optimal) concentration. 

Oxaloacetate so formed from L-aspartate and a- ketoglutarate by the enzyme AST was 

converted further by adding excess of malate dehydrogenase (MDH) in the reaction mixture. 

The rate of oxidation of NADH was measured finally to find out the activity of AST. 
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The enzymatic reaction talces place as follows: 

COO 
I 
c=o 

I 

coo 
I 
CHi 

COO 
COO 

+ I 
CH2 + H3N - c - H ^ 

AST 

I 
CH2 
I 
COO 

a- ketoglutarate 

COO" 

Aspartate 

t 
COO" 
I 
CH2 -^^— 
I 
c=o 
I 
c o o - ^^»" + H 

Oxaloacetate 

MDH 

1 
CH2 
1 
c=o + 
1 
COO" 

Oxaloacetate 

H3N — C - H 
1 

CH2 
1 

CH2 
1 

COO" 

L-Glutamate 

NAD 

coo-
I 

: ^ H O - C - H 
I 

CH2 
I 

COO" 

L-Malate 

The reaction mixture in a final volume of 1 ml contained the following: 

K- phosphate buffer (pH: 7.5) 

L-Aspartate 

a-Ketoglutarate 

NADH 

MDH (ammonia free) 

Tissue extract 

(suitably diluted) 

125 fj.moles 

125 (xmoles 

15 lamoles 

0.3 |j.mole 

10 units 

20^1 
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The assay mixture was incubated at 30 '̂ C in a 1 ml quartz cuvette having 1 cm light 

path directly in a UV-visible spectrophotometer (Varian, Cary 50) having a peltier temperature 

controlled system fitted to it. The reaction mixture without L-aspartate was pre-incubated at 30 

°C for 5 min. The reaction was started by addition of L-aspartate into the reaction mixture. The 

decrease in O.D. was recorded at 340 nm at 30 sec interval. The period of linear decrease was 

used for calculation of AST activity. The rate of NADH oxidized per h was calculated taking 

6.22 X 10̂  as molar extinction coefficient value for NADH. One unit of AST activity was 

expressed as that amount of enzyme which catalyzed the oxidation of 1 |a.mole of NADH to 

NAD^perhat30°C. 

Carbamyl phosphate synthetase (CPS; E.C. 2.7.2.5) 

The urea cycle-related CPS activity was assayed following the method of Brown and 

Cohen (1959) with modifications made by Saha et al. (1995). 

The enzymatic reaction takes place as follows: 
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2 ATP 2 ADP+ Pi 

NH4 + HCO3" 
CPS 

o o 
II II 

H 2 N - C - 0 - P - 0 " 
I 

O" 

Carbamyl phosphate 

O 
I 

"o-p=o 
I 

O H 
I 
c=o 
I 

NH2 

Carbamyl phosphate 

NH2 
I 
CH2 
I 
CH2 
I 
CH2 
I 

H - C - N H 2 
I 
COOH 

L-Ornithine 

OTC 

NH2 
I 

c=o 
I 
NH 
I 
CH2 
I 
CH2 
I 
CH2 
I 

H-C-NH2 
I 
COOH 

L-Citrulline 

The assay mixture in a final volume of 1.0 ml contained the following: 

K-phosphate buffer (pH: 7.5) 

Ammonium chloride 

Na-bicarbonate 

ATP 

L-Omithine 

N-Acetyl-L-glutamate 

MgS04 

UTP 

OTC 

Tissue extract (suitably diluted) 

50 |j,moles 

50 |a.moles 

50 î moles 

20 lamoles 

5 (imoles 

5 jxmoles 

10 |a.moles 

1 |j.mole 

5 units 

0.3 ml 

Pi 
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The assay mixture without the tissue extract was first preincubated for 5 min at 30 °C. 

The reaction was initiated by adding 0.3 ml of the tissue extract and after 30 min of 

incubation; the reaction was stopped by the addition of 0.5 ml of 10% PCA. A tissue blank 

was prepared simultaneously by adding 0.5 ml of 10% PCA to the reaction mixture prior to 

the addition of the tissue extract. The precipated protein was separated out by centrifugation 

and the supernatant was used for the estimation of citrulline following the method of Moore 

and Kauffman (1970). To 0.5 ml of the supernatant, 0.5 ml of distilled water, 2.5 ml of acid 

mixture (prepared by mixing 150 ml cone. H3PO4, 50 ml H2SO4, and 0.118 g MnS04 and 

0.015 g FeCls in 500 ml of distilled water) and 0.25 ml of 3% (w/v) diacetyl monoxime were 

added. The mixture was kept for boiling in a hot water bath for 30 min, cooled and O.D. was 

measured at 490 nm in a UV-visible spectrophotometer (Varian, Carry 50) against the tissue 

blank. The amount of citrulline formed by the enzymatic reaction was calculated from the 

standard graph, prepared by using different concentrations of citrulline (0.01-0.1|jmole), 

which was linear. One unit of CPS activity was expressed as that amount of enzyme which 

catalyzed the formation of 1 |umole of citrulline per h at 30 °C. 

Ornithine transcarbamvlase (OTC; E.C. 2.1.3.3) 

The activity of OTC was assayed spectrophotometrically following the method of 

Brown and Cohen (1959) with modifications made by Saha et al. (1995). 

The enzymatic reaction takes place as follows: 
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NH2 

O 
I 

o-p=o 
I 
o 

I 
c=o 
I 

NH2 

Carbamyl phosphate 

NH2 
• I 

CH2 
I 

CH2 
I 
CH2 
I 

H - C - N H 2 
I 

COOH 

L-Ornithine 

OTC 

c=o 
I 

NH 
I 
CH2 
I 
CH2 
I 
CH2 
I 

H - C - N H 2 
I 
COOH 

L-CitruIIine 

Pi 

The assay mixture in a final volume of 2.0 ml contained the following: 

Glycyl-glycine buffer (pH 8.3) 50 |xmoles 

L-Omithine 20 (xmoles 

Dilithium carbamyl phosphate 20 |j.moles 

Tissue extract 0.2 ml 

(suitably diluted) 

The assay mixture without the tissue extract was first preincubated for 5 min at 30 °C. 

The reaction was initiated by adding 0.2 ml of the tissue extract and after 20 min of 

incubation; the reaction was stopped by the addition of 1 ml of 10% PCA. A tissue blank was 

also prepared simultaneously by adding 1 ml of 10% PCA to the reaction mixture prior to the 

addition of the tissue extract. The precipated protein was separated out by centrifugation and 

citrulline so formed by the enzymatic reaction of OTC during the period of incubation was 

estimated in the supernatant following the method of Moore and Kauffman (1970) as 

described above for CPS assay. One unit of OTC activity was expressed as that amount of 

enzyme which catalyzed the formation of 1 lamole of citrulline per h at 30 °C. 
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Argininosuccinate synthetase (ASS; E.C. 6.3.4.5) 

The ASS activity was assayed following the method of Ratner (1955) with 

modifications made by Saha et al. (1995). 

The enzymatic reaction takes place as follows: 

NH2 
I 
c=o 
I 

NH 
I 

CH2 
I 

CH2 
+ 

CH2 
I 

H - C - N H 2 
I 

COOH 

L-Citrulline 

COOH 
I 

H - C - N H 2 
I 

CH2 

COOH 

L-Aspartate 

ATP AMP+ PPi 

ASS 

COOH 
I 
CH2 
I 

H - C - C O O H 
I 
NH 
I 

C = NH 
I 

NH 
I 

CH2 
I 
CH2 
I 

CH2 
I 

H - C - N H 2 
I 
COOH 

L-Argininosuccinate 

The assay mixture in a final volume of 1.0 ml contained the following: 

K-phosphate buffer (pH: 7.0) 60 |.imoles 

L- Citrulline 3 |imoles 

L- Aspartate 5 j^moles 

MgS04 lOfimoles 

ATP 20 fjmoles 

Urease 20 units 

Tissue extract 0.2 ml 

(suitably diluted) 
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The reaction mixture without citrulline was first preincubated for 5 min at 30 °C. The 

reaction was initiated with the addition of citrulline and after 30 min of incubation; the 

reaction was stopped by the addition of 0.5 ml of 10% PCA. In the tissue blank, PCA was 

added in the reaction mixture prior to the addition of citrulline. The precipitated protein was 

separated out by centrifugation and the amount of citrulline utilized during the incubation 

period was estimated in the supernatant following the method of Moore and Kauffman (1970) 

as described above for CPS assay. One unit of ASS activity was expressed as that amount of 

enzyme which catalyzed the utilization of 1 [imole of citrulline per h at 30 °C. 

Argininosuccinate lyase (ASL; E.C. 4.3.2.1) 

ASL activity was assayed following the method of Brown and Cohen (1959) with 

modifications made by Saha et al. (1995). In this enzymatic assay, the arginine so formed by 

ASL was fiirther converted to urea by taking excess of arginase in the reaction mixture and the 

amount of urea formed was expressed as ASL activity. 
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The enzymatic reaction takes place as follows: 

COOH 
I 
CH2 
I 

HOOC-C-H 
I 
NH 
I 
C = NH 
I 
NH 

CH2 
I 
CH2 
I 
CH2 
I 

H-C-NH2 
I 
COOH 

L-Argininosuccinate 

ASL 

NH2 
I 

C = NH 
I 

NH 
I 
CH2 
I 
CH2 
I 

CH2 
I 

H - C - N H 2 
I 
COOH 

L-Arginine 

COOH 
I 

HC 
II 
CH 
I 
COOH 

L-Fumarate 

NH2 
I 
C = NH 
I 

NH 
I 

CH2 
I 

CH2 
I 

CH2 
I 

H - C - N H 2 
I 
COOH 

L-Arginine 

H2O ARG 

Mn +2 

NH2 
I 
c = o + 
I 

NH2 

Urea 

NH2 
I 
CH2 
I 
CH2 
I 

CH2 
I 

H - C - N H 2 
I 
COOH 

L-Ornithine 

The assay mixture in a final volume of 1.0 ml contained the following: 

K-phosphate buffer (pH: 7.3) 

L-Argininosuccinate 

60 )j,moles 

4 |a,moles 
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Arginase 10 units 

Tissue extract 0.2 ml 

(suitably diluted) 

The assay mixture without the tissue extract was first preincubated for 5 min at 30 °C. 

The reaction was initiated by the addition of 0.2 ml of the tissue extract and after 30 min of 

incubation; the reaction was stopped by the addition of 0.5 ml of 10% PCA. A tissue blank 

was also prepared simultaneously by adding 0.5 ml of 10% PCA to the reaction mixture prior 

to the addition of tissue extract. The precipitated protein was separated out by centrifugation 

and urea so formed by the enzymatic reaction was estimated in the supernatant following the 

method of Moore and Kauffman (1970). The method was same as described for citruUine 

estimation, except the O.D. was measured at 478 nm. The concentration of urea was calculated 

from a linear standard graph prepared with different concentrations (0.01 to 0.1 jimole) of 

urea. One unit of ASL activity was expressed as that amount of enzyme which catalyzed the 

formation of 1 î mole of urea per h at 30 °C. 

Arginase (ARG; E.G. 3.5.3.1) 

ARG activity was assayed following the method of Brown and Cohen (1959) with 

modifications made by Saha et al. (1995). 

The enzymatic reaction takes place as follows: 
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NH2 
I 

C = NH NH2 
I I. 

NH CH2 
I NH2 1 

I + H2O —*- C - O + I 
CH2 M" I ^ CH2 
I NH2 I 
CH2 Urea H - C - N H 2 

H - C - N H 2 COOH 
I 
COOH L-Ornithine 

L-Arginine 

The assay mixture in a final volume of 2.0 ml contained the following: 

Na- glycinate buffer (9.5) 100 î moles 

L-Arginine 50 lamoles 

MnCl2 0.5 î mole 

Tissue extract 0.1 |j,mole 

(suitably diluted) 

The reaction mixture without L-arginine was first preincubated for 5 min at 30 °C. The 

reaction was initiated by the addition of L-arginine, and after 15 min of incubation, the 

reaction was stopped by adding 1.0 ml of 10% PCA. A tissue blank was also prepared 

simultaneously by adding 1.0 ml of 10% PCA to the reaction mixture prior to the addition of 

L-arginine. The precipitated protein was separated out by centrifugation and the supernatant 

was used for urea estimation. The amount of urea formed during the incubation period was 

estimated following the method of Moore and Kauffman (1970) as described above for ASL 

assay. One unit of arginase activity was expressed as that amount of enzyme which catalyzed 

the formation of 1 |xmole of urea per h at 30 °C. 

67 



Measurement of osmolarity; 

The osmolarity of blood plasma of the mud eel under different experimental conditions 

was determined by the freezing point depression method with a Camlab Osmometer (Model 

2000). 

Chemicals; 

All the enzymes, co-enzymes, substrates, mixtures of physiological amino acids and 

bovine serum albumin were obtained either from Sigma Chemical Co., St. Louis, U.S.A. or 

from Roche, Germany. The primary antibody for GS raised in rabbit was from Santa Cruz 

Biotech., Inc., U.S.A. Secondary antibodies (anti-rabbit) conjugated with HRP were obtained 

from Sigma-Aldrich Co., USA. Primary antibody for Hsp70 raised in mouse was from Sigma 

Chemical Co., St. Louis, U.S.A. Secondary antibody (anti-mouse) from Santa Cruz Biotech., 

Inc., U.S.A. Enhanced chemiluminescence kits (Western Lightning^M Chemiluminescence 

Reagent Plus) were from PerkinElmer LAS, Inc., Boston, U.S.A. All the other chemicals used 

were of analytical grades were obtained from local sources, developer and fixer from Kodak 

India Ltd., Mumbai. Deionized double glass distilled water was used in all preparations. 

Statistical analysis and presentation of data: 

The data was calculated from at least three to six observations at each point and 

presented as mean ± standard error of the mean (SEM). One-way ANOVA test was performed 

when the control value was compared with more than one experimental data. P values at 

<0.05, <0.01 and <0.001 were regarded as statistically significant. Besides the presentation of 

data in tabulated forms, histograms, and line diagrams were prepared to highlight the results. 
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RESULTS 

1.100 mM NH4CI Exposure Experiment: 

1.1 Changes in tissue levels ofammonia-N and urea-N: 

There was a significant increase in the concentration of ammonia-N in all the 

tissues studied and in the plasma of the mud eel within the first day of exposure to 100 mM 

NH4CI, followed by fiirther increase of approximately 1.5-2.0 fold in most of the tissues 

compared to 0 day and 7 days controls. Percentage wise the concentration of ammonia 

increased maximally in plasma (91%), followed by brain (71%), liver and stomach (69%), 

muscle (65%), intestine (64%), and kidney (63%) after 7 days of treatment (Table 1, Fig. 

1). Whereas, there was no significant changes in the concentration of urea-N in different 

tissues of NH4Cl-treated fish, except for a significant increase in liver (24%) after 7 days, 

in stomach (29%) after 3 days, in brain (32%) after 5 days and in plasma (25%) after 3 

days of exposure (Table 1, Fig. 2). 

1.2 Fluxes ofammonia-N, urea-N and glutamine-N by the perfused liver 

The changes of efflux of ammonia-N, urea-N and glutamine-N from the perfiased 

liver of the mud eel kept in 100 mM NH4CI for 7 days with relation to controls are shown 

in Table 2, Fig. 3. The rates of efflux ofammonia-N, urea-N and glutamine-N (calculated 

by taking 2N for each molecule of glutamine) by the perfused liver, following infusion of 

0.5 mM NH4CI both in the control as well as in the fish exposed to 100 mM NH4CI for 7 

days, were determined to assess the changes of efflux of these compounds as a 

consequence of upregulation of GS, the key enzyme responsible for detoxification of 

ammonia-N to glutamine-N. In the control fish, the rates of efflux of ammonia-N, urea-N 

and glutamine-N by the perfused liver were recorded to be 1.32 ± 0.14, 0.22 ± 0.05 and 

0.37 ± 0.07 ^mol/g liver/min, accounting for 69%, 12% and 19% of the total-N efflux, 
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respectively. Whereas in the NH4Cl-treated fish, the rates of efflux of ammonia-N, urea-N 

and glutamine-N were recorded to be 0.62 ± 0 . 1 , 0.28 ± 0.04 and 0.99 ± 0.07 ^imol/g 

liver/min, accounting for 33%, 15% and 52% of the total-N efflux, respectively. However, 

while comparing with the control fish with that of NH4Cl-treated fish, there was significant 

decrease of ammonia-N efflux by 53%, and increase of glutamine-N and urea-N efflux by 

167% and 27%, respectively. 

1.3 Changes in the activity of some key amino acid metabolism-related enzymes: 

Tables 3-7 and figs. 4-13 represent the changes of tissue and specific activities of 

certain key amino acid metabolism-related enzymes such as GS, GDH (reductive amination 

and oxidative deamination), ALT and AST in the NRjCl-treated fish compared to 

respective controls. The physiological level of activity of GS was maximal in brain, 

followed by stomach, intestine, kidney, muscle and liver (Table 3, Fig. 4). The activity of 

GS increased significantly in most of the tissues after first day of exposure to 100 mM 

NH4CI, followed by further increase at later stages of exposure with maximum increase in 

liver (220%), followed by kidney (124%), muscle (122%), stomach (103%), intestine 

(84%) and brain (33%) after 7 days. In general, the maximum increase of GS activity was 

seen after the fifth day of exposure in liver, kidney and muscle. The changes of specific 

activity of NH4Cl-treated fishes followed almost the similar pattern to that of tissue 

activity, with maximum percentage increase in liver (233%), followed by kidney (130%) 

on the fifth day, muscle (124%), stomach (81%) and intestine (65%) on the seventh day of 

exposure (Table 3, Fig. 5). 

The physiological levels of activity of GDH (both reductive and oxidative 

directions) were found to be quite high in all tissues. For reductive amination (R.A.), the 

maximum tissue activity was seen in liver, followed by brain, kidney, intestine, muscle, 

and least in stomach. The increase in tissue activity of GDH (R.A.) in NH4Cl-treated fish 
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was maximum in liver (70%), followed by kidney (58%), stomach (57%), muscle (48%) 

with no changes of activity in brain and intestine (Table 4, Fig. 6). For oxidative 

deamination (O.D.), liver showed the maximum physiological activity, followed by kidney, 

brain, intestine, stomach, and muscle. The increase in tissue activity of GDH (O.D.) in 

NH4Cl-treated fish was maximum in stomach (79%), followed by intestine (41%) and liver 

(26%) after 7 days of exposure, while in kidney, muscle and brain there was no significant 

changes of activity. The changes of specific activity of GDH (both R.A. and O.D.) showed 

almost similar pattern to that of tissue activity (Table 5, Fig. 7). The percentage increase of 

the specific activity of GDH in reductive amination direction was maximum in kidney 

(104%), followed by liver (68%), stomach (53%) on the fifth day, muscle (53%) on the 

seventh day with no significant changes in intestine and brain. The percentage increase of 

specific activity of GDH in oxidative deamination direction was maximum in stomach 

(74%) on the seventh day, followed by liver (32%) on the fifth day, kidney and liver (28%) 

on the seventh day of exposure. 

The physiological level of tissue activity of AST was maximum in stomach, 

followed by liver, intestine, muscle, kidney and brain (Table 6, Fig. 10). The AST activity 

in NH4Cl-treated fish increased significantly in liver (176%) on the fifth day of exposure, 

followed by kidney (99%), muscle (72%), intestine (44%) and brain (25%), with no 

changes of activity in stomach. However, the maximum increase was recorded in muscle 

(138%), followed by fiver (108%), intestine (61%) and brain (42%) after 7 days. The 

changes of specific activity of AST in different tissues of NH4Cl-treated fish showed 

almost similar pattern to that of tissue activity (Table 6, Fig. 11). The percentage increase 

of specific activity for AST was maximum in liver (179%), followed by kidney (99%) after 

the fifth day, muscle (78%) after the seventh day, intestine (44%) after the fifth day and 

brain (45%) after the seventh day of treatment. 
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For ALT, maximum physiological level of activity was seen in liver, followed by 

kidney, brain, muscle, intestine and stomach (Table 7, Fig. 12). The tissue activity of ALT 

in NRiCl-treated fish increased significantly within the first day of exposure especially in 

stomach, intestine and muscle, followed by further increase after 7 days. The percentage 

increase of ALT activity was recorded to be maximum in muscle (122%), followed by liver 

(119%), intestine (109%), kidney (88%), stomach (47%) and brain (42%). The changes of 

specific activity of ALT in different tissues of NH4Cl-treated fish showed almost similar 

pattern to that of tissue activity (Table 7, Fig. 13). The percentage increase of specific 

activity for ALT was maximum in liver (174%) after the fifth day, followed by muscle 

(104%), intestine (92%) after the seventh day, kidney (83%), stomach (53%) after the fifth 

day and brain (41%)) after the seventh day of exposure. 

1.4 Changes in the activity ofOUC enzymes: 

The physiological levels of activity of five OUC enzymes such as carbamyl 

phosphate synthase (CPS), ornithine transcarbamylase (OTC), argininosucinate synthase 

(ASS), argininosuccinate lyase (ASL) and arginase (ARG) were found to be quite low in 

both liver and kidney tissues of the mud eel (Table 8, Fig. 14). Exposure to high 

environmental ammonia (100 mM NH4CI) also did not cause any significant changes of 

activities of any of the OUC enzymes in both the tissues. 

1.5 Changes in concentrations of different FAAs: 

There was significant increase in concentrations of different non-essential FAAs in 

most of the tissues of the mud eel following exposure to 100 mM NH4CI compared to 

respective controls. In liver, the total concentrations of non-essential FAAs increased 

significantly within the first day of exposure to NH4CI, followed by fiirther increase by 

159% after 7 days of exposure (Table 9, Fig. 15). This increase was mainly attributable due 
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to the increase in concentrations of Asp (64%), Gly (68%), Ala (67%), Asn (73%), Glu 

(51%), Gin (385%) and Tau (118%) after 5 days of exposure. Significant increase in the 

concentrations of few essential FAAs such as Met (27%), He (100%), Leu (45%) and Arg 

(33%) were observed mainly after 5 days of exposure. 

In kidney, the pattern of changes of total concentration of non-essential FAAs was 

almost the same as that of liver. The total non-essential FAAs increased significantly by 

121% after 5 days of exposure, which was mainly attributable due to the increase in 

concentrations of Asp (97%), Gly (366%), Ala (212%), Glu (116%), Gin (268%), Pro 

(109%), and Tau (89%) after 5 days of exposure (Table 10, Fig. 16). 

In muscle, the total concentrations of non-essential FAAs also increased 

significantly within the first day of exposure to NH4CI, followed by further increase by to a 

maximum level by 126% after 7 days of exposure (Table 11, Fig. 17), which was mainly 

attributable due to the increase in the concentrations of Asp (138%), Ala (202%), Asn 

(204%), Glu (142%) and Gin (409%) after 5 days of exposure. Significant increase in the 

concentrations of few essential FAAs such as Met (27%), He (100%), Leu (45%) and Arg 

(33%) were also observed after 5 days of exposure. 

The total concentrations of non-essential FAAs also increased significantly in brain 

within the first day of exposure to NH4CI, followed by further increase with a maximum 

increase by 100% after 5 days of exposure (Table 12, Fig. 18), which was mainly 

attributable due to the increase of Ala (95%), Gin (182%) and Pro (228%) after 5 days of 

exposure. The concentrations of total FAAs did not show any significant changes 

following exposure to 100 mM NH4CI for 7 days. 

In plasma, the concentrations of total non-essential FAAs also increased 

significantly within the first day of exposure to NH4CI, followed by further increase with a 

maximum increase by 179% after 5 days of exposure (Table 13, Fig. 19) which was mainly 
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attributable to the increase of Asp (366%), Glu (408%), Gin (389%), Pro (200%) after 5 

days of exposure. The concentrations of the total essential FAAs did not show any 

significant change even after 7 days of NH4CI exposure. 

1.6 Changes ofGS enzyme protein and hsp70 concentrations: 

Western blot analyses indicated that there was significant increase of OS enzyme 

protein concentrations in different tissues of the mud eel following exposure to 100 mM 

NH4CI for 7 days (Fig. 21). The fold of increase of GS enzyme protein was maximum for 

stomach (3.2 fold), followed by intestine (2.9 fold), muscle (2.7 fold), kidney (2.6 fold), 

liver (2.5 fold) and brain (1.4 fold). The hsp70 was seen to be expressed in all the tissues 

studied in the control fish, whose concentration was found to increase significantly in most 

of the tissues of the mud eel following exposure to 100 mM NH4CI for 7 days. The 

maximum increase was seen in stomach and least in kidney ranging the fold of increase by 

1.5 to 4.2 fold in different tissues (Fig. 22). 

2. Aerial exposure Experiment: 

2.1 Rates of excretion ofammonia-N and urea-N: 

The changes in the rates of excretion of ammonia-N and urea-N by the mud eel 

during aerial exposure and upon re-immersion are presented in table 14 and fig. 23.The rate 

of excretion of ammonia-N by the control fish was relatively stable over time period and 

averaged to be about 45 fxmoles/kg body wt/h throughout the experimental periods. 

However, the excretion of ammonia-N excretion by the fish exposed to air decreased by 

37% after 24 h, followed by fiirther decrease to almost 54% after 96 h of aerial exposure. 

But the rate of ammonia-N excretion recovered almost to the basal level after 24 h of re-

immersion. 
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The rate of excretion of urea-N by the control fish was stable and averaged to be 

about 6.0 i^moles/kg body wt/h throughout the experimental periods, with the percentage of 

N excreted as urea-N accounting for 14% of the total-N excretion (ammonia-N + urea-N). 

However, the rate of urea-N excretion by the fish exposed to air decreased significantly by 

35% after 48 h, followed by returning almost to the basal level after 72 h of aerial 

exposure, which maintained even during re-immersion. 

2.2 Changes of tissue levels of ammonia-N and urea-N: 

The physiological concentrations of ammonia-N and urea-N in different tissues 

both in control fish and as well as in the fish exposed to air for 144 h are presented in table 

15 and figs. 24 & 25. Ammonia-N accumulated significantly in all the tissues of the mud 

eel following exposure to air. In most of the tissues, ammonia-N accumulated significantly 

within 24 h of aerial exposure, followed by fiirther increase after 72 and 144 h of aerial 

exposure. The ammonia-N concentration increased maximally from 27.11 to 41.34 

|xmoles/g wet wt (46%) in kidney, from 26.58 to 46.72 jwnoles/g wet wt (76%) in liver, 

fi-om 25.56 to 41.12 p,moles/g wet wt (61%) in intestine, from 25.38 to 45.41 ^moles/g wet 

wt (79%) in muscle, from 25.12 to 39.75 ^moles/g wet wt (58%) in stomach from 20.02 to 

26.35 |xmoles/g wet wt (32%) in brain, and from 2.78 to 5.84 |j,moles/ml (110%) in plasma 

after 72 h of aerial exposure. 

However, urea-N concentration did not show any significant change in any of the 

tissues of the mud eel following exposure to air compared to respective controls (Table 15, 

Fig. 25). 

2.3 Fluxes of ammonia-N, urea-N and glutamine-N by the perfused liver 

Table 16 and fig. 26 show the fluxes of ammonia-N, urea-N and glutamine-N from 

the perfiised liver of both control and air-exposed mud eel. The rates of efflux of ammonia-
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N, urea-N and glutamine-N (calculated by taking 2N for each molecule of glutamine) by 

the perfused liver following infusion of 0.5 mM NH4CI both in the control as well as in the 

air-exposed fish for 6 days were determined to assess the changes of efflux of these 

compounds mainly due to upregulation of GS, the key enzyme responsible for 

detoxification of ammonia-N to glutamine-N. In the control fish, the rates of efflux of 

ammonia-N, urea-N and glutamine-N by the perfused liver were recorded to be 1.35 ± 

0.12, 0.23 ± 0.05 and 0.36 ± 0.06 pcmoles/g liver/min, accounting for 70%, 12% and 19% 

of the total-N efflux, respectively. Whereas in the air-exposed fish, the rates of efflux of 

ammonia-N, urea-N and glutamine-N were recorded to be 0.59 ± 0.05, 0.27 ± 0.06 and 

1.06 ± 0.08 nmoles/g liver/min, accounting for 28%, 14% and 55%) of the total-N efflux, 

respectively. Thus, in the air-exposed fish with respect to control fish, there was a 

significant decrease of ammonia-N efflux by 56% and significant increase of glutamine-N 

efflux by 194%), with no significant change of urea-N efflux. 

2.4 Changes in the activity of some key amino acid metabolism-related enzymes: 

Tables 17-21 and figs. 27-36 represent the changes of tissue and specific activities 

of certain key amino acid metabolism-related enzymes such as GS, GDH (both reductive 

amination and oxidative deamination), AST and ALT in the mud eel exposed to air along 

with the physiological levels of activity of these enzymes in different tissues. The activity 

of GS increased maximally in liver of air-exposed fish by 171%, followed by kidney 

(96%)), muscle (68%o), stomach (60%)) and intestine (41%o) on the third day of exposure and 

continued till the sixth day, while in brain there was no significant change of GS activity 

(Table 17, Fig. 27). The specific activity of GS was found to increase maximally in liver 

(164%), followed by muscle (104%), kidney (59%), intestine (55%) and stomach (47%) 

following 6 days of air exposure, and in brain (26%)) on the third day (Table 17, Fig. 28). 
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The GDH activity in the reductive amination direction was found to increase 

maximally in liver (80%), followed by kidney (67%), muscle (55%) and stomach (45%) 

after three days of aerial exposure, which maintained till the sixth day (Table 18, Fig. 29). 

Whereas, the GDH activity in oxidative deamination direction no significant changes were 

noticed in any of the tissues of air-exposed fish except for a significant increase in muscle 

(33%) and stomach (48%) only after 6 days of aerial exposure (Table 19, Fig. 31). The 

changes of specific activity of GDH (both R. A. and O.D.) in the air-exposed fish followed 

almost the similar pattern to that of tissue activity. The percentage increase of the specific 

activity of GDH in reductive amination direction was maximum in kidney (76%), followed 

by liver (69%), muscle (46%) on the sixth day, with no significant changes in stomach, 

intestine and brain (Table 18, Fig. 30). However, there was no significant change in the 

specific activity of GDH in oxidative deamination direction during 6 days of aerial 

exposure in any of the tissues (Table 19, Fig. 32). 

The activity of AST (both tissue and specific) also changed significantly in the mud 

eel exposed to air for 6 days compared to control fish (Table 20, Figs. 33 &. 34). The tissue 

activity of AST increased maximally in liver (119%), followed by kidney (Jl%), muscle 

(65%), brain (47%) and intestine (39%) after 6 days of aerial exposure. The specific 

activity of AST increased maximally in liver (256%), followed by kidney (70%), muscle 

(57%), brain (53%) and intestine (39%) after 6 days of aerial exposure. 

The changes of both tissue and specific activity of ALT in the mud eel exposed to 

air for 6 days are shown in table 21 and figs. 35 & 36. The tissue activity of ALT increased 

maximally in liver (137%), followed by kidney (106%), muscle (56%), stomach (53%), 

intestine (46%) and brain (43%) either after 3 or 6 days of aerial exposure. Likewise, the 

specific activity of ALT also increased maximally in liver (153%), followed by kidney 
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(134%), stomach (66%), intestine (54%)), muscle (51%) and brain (32%) either after 3 or 6 

days of aerial exposure. 

2.5 Changes in the activity of OUC enzymes: 

The activity of the five OUC enzymes did not show any significant changes in both 

in liver and kidney tissues following 6 days of aerial exposure (Table 22, Fig. 37). 

2.6 Changes in concentrations of different FAAs: 

The concentrations of different non-essential FAAs increased significantly in most 

of the tissues of the mud eel following exposure to air compared to respective controls. In 

liver, the total concentrations of various non-essential FAAs increased significantly within 

the first day of exposure to air, followed by further increase by 125%) after 3 days exposure 

(Table 23, Fig. 38). This was mainly attributable due to the increase in concentrations of 

Asp (98%), Gly (55%), Ala (180%), Asn (92%), Glu (139%), Gin (292%) and Cit (61%) 

after 3 days of exposure. Significant increase of few essential FAAs such as Val (78%), 

Met (29%), He (100%), Phe (46%) and Om (44%) were observed mainly after 3 days and 

fiarther increase after 6 day of exposure. 

In kidney, the pattern of changes in the concentrations of different non-essential 

FAAs was almost the same as that of liver. The total non-essential FAAs increased 

maximally by 134%) after 5 days of exposure, which was mainly attributable due to the 

increase in the concentrations of Asp (169%), Gly (188%), Ala (125%), Ser (78%), Glu 

(352%) and Gin (174%) after 3 days aerial exposure which maintained till the sixth day of 

exposure (Table 24, Fig. 39). 

In muscle, the concentrations of total non-essential FAAs increased significantly 

after the first day of air exposure (36%), followed by fiirther increase up to 74% after 3 

days of exposure, which was mainly attributable due to the increase in the concentrations 
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of Asp (137%), Ala (110%), Asn (104%), Glu (125%) and Gin (172%) (Table 25, Fig. 40). 

There was no significant change in the concentration of essential FAAs in the muscle of 

mud eel following 6 days of aerial exposure. 

In brain, significant changes in the concentrations of total non-essential FAAs were 

observed on the third day of exposure to air (60%), which was further increased on the 

sixth day (87%) compared to control, which was mainly attributable due to the increase in 

the concentrations of Asp (49%), Ala (92%), Asn (350%), Glu (184%), Gin (73%) and Tau 

(68%) (Table 26, Fig. 41). The concentrations of essential FAAs remained unchanged 

throughout the experimental periods. 

The concentrations of total non-essential FAAs in plasma increased significantly on 

the first day of exposure by 52%, which further increased up to 85% on the sixth day. This 

was mainly attributable due to the increase in the concentrations of Gin (162%), Glu 

(78%), Asn (150%), Asp (63%), Ala (60%) (Table 27, Fig. 42). There were also 

significant changes in the total concentration of essential FAAs by 26% on the first day of 

exposure, followed by further increase by 31% after the sixth day. 

2.7 Changes ofGS enzyme protein and hsp70 concentrations: 

Western blot analyses indicated that there was significant increase of GS enzyme 

protein concentrations in different tissues of the mud eel following 6 days of aerial 

exposure (Fig. 44). The fold of increase of GS enzyme protein was maximum in intestine 

(2.9 fold), followed by stomach (2.7 fold), muscle (2.6 fold), liver (2.3 fold), kidney (2.1 

fold) and brain (1.6 fold). The hsp70 was seen to be expressed in all the tissues studied in 

the control fish, whose concentration increased further in most of the tissues of mud eel 

following 6 days of aerial exposure. The maximum increase was seen in stomach and least 

in kidney ranging the fold of increase by 2 to 3.1 fold in different tissues (Fig. 45). 
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3. NH4HCO3 Injection Experiment: 

3.1 Rates of excretion of ammonia-N and urea-N: 

The rates of excretion of total ammonia-N and urea-N by the control fish remained 

relatively stable over a period of 24 h and averaged to be about 47.3 and 5.9 ^moles/kg 

body wrt/h, respectively (Table 28, Fig. 46). The rate of excretion of ammonia-N increased 

significantly within 6 h of NH4HCO3 injection, which further increased to 39% during 12-

24 h of injection. However, the rate of excretion of urea-N by the fish injected with 

NH4HCO3 did not change significantly following NH4HCO3 injection except during 12-24 

h. 

3.2 Fluxes of ammonia-N, urea-N and glutamine-N by the perfused liver. 

The changes of efflux of ammonia-N, urea-N and glutamine-N from the perfused 

liver of the mud eel after 24 h of injection of NH4HCO3 are shown in table 29 and fig. 47. 

The rates of efflux of ammonia-N, urea-N and glutamine-N (calculated by taking 2N for 

each molecule of glutamine) by the perfused liver, following infusion of 0.5 mM NH4CI 

both in the control as well as in the NH4HCO3 injected fish were determined to assess the 

changes of efflux of these compounds as a consequence of upregulation of GS. In the 

control fish, the rates of efflux of ammonia-N, urea-N and glutamine-N by the perfused 

liver were recorded to be 1.32 ± 0.14, 0.22 ± 0.05 and 0.37 ± 0.07 ^moles/ g liver/min, 

accounting for 69%, 11% and 20% of the total-N efflux, respectively. Whereas in the 

NH4HCO3 injected fish, the rates of efflux of ammonia-N, urea-N and glutamine-N were 

recorded to be 0.85 ± 0.11, 0.27 ± 0.04 and 0.74 ± 0.07 ^imoles/ g liver/min, accounting for 

45%, 14% and 40% of the total-N efflux, respectively. However, comparing with the 

control fish with that of the treated fish, there was a significant decrease of ammonia-N 

efflux by 36%, increase of glutamine-N and urea-N by 100% and 23%, respectively after 

infusion of ammonia to the liver of treated fish. 
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3.3 Changes in the activity of some key amino acid metabolism-related enzymes: 

Tables 30-32 and figs. 48-52 represent the changes of tissue and specific activities 

of certain key amino acid metabolism-related enzymes such as GS, GDH (both R. A. and 

O. D.), AST and ALT in the NH4HC03-injected fish compared to respective controls. 

Significant increase of tissue activity of GS was observed NH4HC03-injected fish with 

maximum increase in the stomach (148%), followed by kidney (94%), muscle (75%), liver 

(73%) and intestine (20%) after 24 h of injection, while in brain no significant change of 

GS activity was observed (Table 30, Fig. 48). The changes of specific activity of 

NH4HC03-injected fish followed almost the similar pattern to that of tissue activity, with 

maximum percentage increase in stomach (177%), followed by liver (105%), kidney 

(71%), intestine (69%) and muscle (60%) and no change in brain after 24 h of NH4HCO3 

injection (Table 30, Fig. 48). 

The activity of GDH in reductive amination direction was fovmd to increase 

significantly in the NH4HCO3-injected fish with maximum in kidney (86%), followed by 

liver (60%), brain (34%), stomach (29%), muscle (27%), and intestine (20%) (Table 31, 

Fig. 49). However, for GDH in oxidative deamination direction no significant changes of 

activity was observed in any of the tissue except for liver (56%) (Table 31, Fig. 50). The 

changes of specific activity of GDH (both R.A. and O.D.) in the NH4HC03-injected fish 

followed almost the similar pattern to that of tissue activity with liver showing the highest 

activity. The percentage increase of the specific activity of GHD (R. A.) was maximum in 

liver (91%), followed by brain (73%) and stomach (50%); and that of GDH (O. D.) was 

significant only in liver (105%) (Table 31, Figs. 49 & 50). 

The tissue activity of AST increased significantly in different tissues of the mud eel 

injected with NH4HCO3 with a maximum increase in muscle (155%), followed by kidney 
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(79%), liver (43%) and brain (23%) (Table 32, Fig. 51). Similarly, the NH4HCO3 injection 

led to significant increase of tissue activity of ALT also, with maximum increase in muscle 

(77%), followed by brain (43%) and liver (34%) and kidney, stomach and intestine did not 

show any significant increase (Table 32, Fig. 52). 

3.4 Changes in the activity ofOUC enzymes: 

The physiological activities of the five OUC enzymes such as activity CPS, OTC, 

ASS, ASL and ARG were quite low in both liver and kidney of the mud eel, with no 

changes of activity in both the tissues after 24 h of NH4HCO3 injection (Table 33, Fig. 53). 

3.5 Changes in concentrations of different FAAs: 

Tables 34a & 34b, figs. 54-59 represent the changes in the concentrations of 

different FAAs in various tissues of the mud eel after 24 h of NH4HCO3 injection. The total 

concentrations of non-essential FAAs show significant changes in liver (96%), followed by 

kidney (60%), plasma (59%), stomach (38%), and brain (32%) after 24 h of NH4HCO3 

injection, while there was no change in muscle. The increase of non-essential FAAs in the 

liver was mainly attributable due to the increase in the concentrations of Gin (190%), Glu 

(183%), Ala (91%) and Asp (33%) (Table 34, Fig. 54). In kidney, the increase was mainly 

attributable due to the increase in the concentrations of Asp (174%), Gin (91%), Ser (85%), 

Cit (81%) (Table 34, Fig. 55). In stomach, the increase was mainly attributable due to the 

increase in the concentrations of Gin (94%), Glu (76%), Asp (63%), Ala (85%) and Pro 

(54%) (Table 34b, Fig. 57). In brain, the increase was mainly attributable due to the 

increase in the concentrations of Asp (146%), Gin (138%), Glu (65%) and Tyr (125%) 

(Table 35, Fig. 58). Whereas, the total concentrations of essential FAAs in all the tissues of 

the mud eel did not show any significant changes after 24 h of NH4HCO3 injection. 
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3.6 Changes ofGS enzyme protein concentration: 

The increase of the GS enzyme activity in the NH4HC03-injected fish was 

accompanied with significant increase in the GS enzyme protein concentrations in different 

tissues of the mud eel as evidenced by the western blot analysis after 24 h of NH4HCO3 

injection (Fig. 61). The fold of increase was maximum in intestine (2.3 fold), followed by 

kidney (1.8 fold), muscle (1.6) liver stomach (1.5 fold) and brain (1.2 fold). 

4. Cortisol Injection Experiment: 

4.1 Rates of changes in excretion of ammonia-N and urea-N: 

The pattern of changes in rates of excretion of ammonia-N and urea-N by the mud 

eel following intra-peritoneal injection of Cortisol (50 mg/kg body wt) are presented in 

table 36 and fig. 62. The total-N excreted as ammonia-N and urea-N increased significantly 

during 6-12 h of injection of Cortisol up to 24%, followed by further increase up to 51% 

during 24-48 h and remained more or less constant till 5 days of injection. The rate of 

excretion of ammonia-N increased significantly during 6-12 h by 27%, followed by further 

increase up to 61% during 24-48 h post injection and thereafter maintained more or less the 

same level till 120 h (5 days) of Cortisol treatment. However, the rate of urea excretion did 

not show any significant change except during 12-24 h (29%) and 72-96 h (23%). 

4.2 Changes of tissue levels of ammonia-N and urea-N: 

The tissue levels of ammonia-N and urea-N in different tissues of the mud eel after 

5 days of intra-peritoneal injection of Cortisol were presented in the table 37 and fig. 63. 

The ammonia-N concentration increase significantly in all the tissues of cortisol-injected 

mud eel except in brain. The accumulation of ammonia-N was maximum in liver (85%), 

followed by kidney (83%) and muscle (45%) as compared with control fish. The urea-N 
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level also significantly in liver (32%), kidney (50%), muscle (55%) and plasma (20%) in 

Cortisol treated fish (Table 37, Fig. 63). 

4.3 Fluxes ofammonia-N, urea-N and glutamine-N by the perfused liver: 

The changes of efflux ofammonia-N, urea-N and glutamine-N by the perfiised liver 

of the mud eel after 5 days of Cortisol injection with relation to controls are presented in 

table 38 and fig. 64. The rates of efflux ofammonia-N, urea-N and glutamine-N (calculated 

by taking 2N for each molecule of glutamine) by the perfiised liver following infiision of 

0.5 mM NH4CI both of the control as well as of the treated fish were determined to assess 

the changes of efflux of these compounds due to injection of Cortisol. In the control fish, 

the rates of efflux of ammonia-N, urea-N and glutamine-N by the perfused liver were 

recorded to be 1.32 ± 0.14, 0.22 ± 0.05 and 0.37 ± 0.07 |imoles/g liver/min, accounting for 

69%, 12% and 19% of the total-N efflux, respectively. Whereas, the rates of efflux of 

ammonia-N, urea-N and glutamine-N in the cortisol-injected fish were recorded to be 0.89, 

0.35 and 0.69 |^moles/g liver/min, accounting for 46%, 18% and 36% of the total-N efflux, 

respectively. However, while comparing with the control fish, there was a significant 

decrease of ammonia-N efflux by 33%), and increase of glutamine-N and urea-N efflux by 

86%) and 59%), respectively. 

4.4 Changes in the activity of some key amino acid metabolism-related enzymes: 

The activities of different amino acid metabolism related enzymes were measured 

after 5 days of intra-peritoneal injection of Cortisol and compared with respective controls 

(Tables 39-41 and figs. 65-69). The activity of GS increased significantly in most of the 

tissues after 5 days of Cortisol injection with maximum increase in muscle (103%)), 

followed by liver (90%), kidney (77%) and brain (53%) (Table 39, Fig. 65). The changes 

of specific activity of cortisol-injected fishes followed almost similar pattern to that of 
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tissue activity, with maximum percentage increase in kidney (63%), followed by liver 

(56%), brain (49%) and muscle (36%)) on the seventh day of exposure(Table 39, Fig. 66). 

The GDH (R.A.) also increased significantly in different tissues of cortisol-treated 

fish compared to respective controls with maximum increase in kidney (84%)), followed by 

liver (52%), intestine (30%), brain (24%), stomach (22%) and muscle (21%) (Table 40, 

Fig. 67). Percentage increase of specific activity of GDH (R. A.) was maximum in kidney 

(84%), followed by liver (52%), intestine (30%), brain (24%) and muscle (21%) after 120 h 

(5 days) of Cortisol injection (Table 40, Fig. 67). However, the tissue and specific activities 

of GDH (O. D.) did not show any significant change in any of the tissues of the mud eel 

following Cortisol injection (Table 40, Fig. 68). 

The activity of AST and ALT increase significantly in the treated fishes compared 

to their respective controls. Maximum increase of AST activity was observed in muscle 

(165%)), followed by stomach (105%)), kidney (68%) and liver (39%)) with no significant 

change in brain. Percentage change in the specific activity was maximum in stomach 

(83%), followed by muscle (74%), kidney (70%) and liver (35%) after 5 days of Cortisol 

injection (Table 41, Fig. 69). The activity of ALT increased maximally in muscle (45%) 

and stomach (44%)), followed by kidney (34%) and liver (33%)). In brain and intestine no 

significant change of ALT activity was observed after 5 days Cortisol injection. The 

specific activity of ALT increased maximally in kidney (54%), followed by stomach 

(38%)), muscle (37%)) and liver (25%)) after 5 days of injection with Cortisol (Table 41, Fig. 

69). 

4.5 Changes in the activity ofOUC enzymes: 

Out of the five OUC enzymes, the CPS, the rate limiting enzyme of OUC, was 

found to increase significantly by 37% and 38% in liver and kidney of the mud eel after 5 

days of intra-peritoneal injection of Cortisol (Table 42, Fig. 70). 
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4.6 Changes in concentrations of different FAAs: 

The concentrations of different FAAs increased significantly in various tissues after 

5 days of Cortisol injection. In liver, the total concentrations of non-essential FAAs increase 

significantly by 95% after 5 days of Cortisol injection, which was mainly attributable due to 

the increase in the concentrations of Gin (292%), Tau (122%), Glu (77%) and Ala (54). 

Significant increase in the concentrations of few essential FAAs was also observed in liver 

such as Trp (145%), His (119%), Arg (79%), Leu (77%) and Iso (61%), which 

consequently led to a significant increase in the concentration of total essential FAAs 

(39%) in liver of injected fish (Table 43, Fig. 71). 

In kidney, the concentrations of total non-essential FAAs increased significantly by 

73% in the cortisol-injected fish, which was mainly attributable due to increase in the 

concentrations of Gin (164%), Glu (123%), Asn (76%), Ala (75%), Asp (73%), Gly (52%) 

and Pro (32%) compared with respective controls. There was no significant change in the 

concentrations of total essential FAAs, except for change in Val (81%), Iso (82%) and Arg 

(55%) (Table 43, Fig. 72). 

In muscle, the concentrations of total non-essential FAAs increased significantly by 

86%, which was mainly due to the increase in the concentrations of Ala (319%), Gin 

(148%), Gly (140%), Glu (95%), Cit (63%) and Asp (28%). There was also a significant 

increase in the total concentration of essential FAAs by 39%, which was mainly 

attributable due to the increase in the concentrations of He (211%), His (154%), Thr 

(125%), Met (70%), Arg (44%), Phe (34%) and Lys (33%) (Table 43, Fig. 73). 

In stomach there was significant increase in the concentration of the total non­

essential FAAs by 41% due to Cortisol injection, which was mainly attributable due to the 

increase in the concentrations of Gin (177%), Pro (300%), Ala (125%), Tyr (103%), Gly 
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(100%) and Ser (100%), with no significant changes in the concentrations of essential 

FAAs (Table 44, Fig. 74). 

In brain of cortisol-injected fish the total non-essential FAAs increased by 75%, 

which was mainly attributable due to the increase in the concentrations of Gin (129%), Ala 

(154%), Asp (146%), Glu (54%) and Tyr (94%); while the concentrations of total essential 

FAAs did not change in the cortisol-injected fish (Table 44, Fig. 75). 

In plasma, the concentrations of total non-essential FAAs increased significantly by 

132% after 5 days of Cortisol injection, which was mainly attributable due to the increase in 

the concentrations of Gin and Glu (500% each), Ala (460%), Gly (417%) and Ser (100%). 

There was also significant increase in the concentrations of total essential FAAs by 39%, 

which was mainly attributable due to the increase in the concentrations of Thr (125%)), lie 

(211%), His (154%), Arg (44%), Met (70%) and Lys (33%) after 5 days of cortisol-

injection (Table 44, Fig. 76). 

4.7 Changes ofGS enzyme protein: 

As evidenced by the western blot analysis, treatment with Cortisol (50mg/ kg body 

wt) led to a significant increase of GS enzyme protein concentrations in different tissues of 

the mud eel compared with respective control (Fig. 78). The fold of increase of GS enzyme 

protein was maximum in liver (1.5 fold), followed by brain (1.3 fold) with no significant 

changes in other tissues. 
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Table 2: The fluxes of ammonia-N, urea-N and glutamine-N (nmoles/g liver/min) by the 
perfused liver of both control and ammonia-treated mud eel during infusion 
with 0.5 mM NH4CI. Values are presented as mean ± SEM (n=5). 

Control Ammonia-treated 
(n,moles/g liver/min) (|^moles/g liver/min) 

Ammonia-N 1.32±0.14 (69) 0.62±0.10'(33) [-53] 

Urea-N 0.22±0.05 (12) 0.28±0.04' (15) [+27] 

Glutamine-N 0.37±0.07 (19) 0.99±0.07' (52) [+167] 

Total-N 1.91±0.14 1.89±0.16 

Percentage of N efflux out of the total-N efflux in different forms are given within first 
bracket. 
Percentage of increase (+) / decrease (-) of fluxes of different metabolites with respect to 
controls are given within third bracket. 
Livers of both control and ammonia-treated fish were initially perfused with the standard 
isotonic medium containing 0.5 mM ornithine for 30 min, followed by infusion of 0.5 mM 
NH4CI. Values were obtained between 20 and 30 min of infusion of NH4CI when 
ammonia-N, urea-N and glutamine-N fluxes already reached a steady state concentration. 
The efflux of glutamine-N was calculated by multiplying the glutamine concentration with 
2 since each molecule contains 2 N. NH4CI infusion at a concentration of 0.5 mM 
corresponds to the infusion of ammonia-N at the rate of 2.15 ^imoles/g liver/min. 
^'^: significant at P <0.05, <0.001 levels, respectively, compared to respective controls 

(One way ANOVA). 
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Ŝ  
w 

^ 
d 
-H 
i n 

t N 

I D 

(N 
-H 
0 0 

J 3 

d 

5i 

ON 
( N 

(̂  -H 
•o 
( N 

/—N 
0 0 

+ 

• ^ 
CO 
-H 
<^ JC' 
^ O^ o> r̂  ro + 

d i -

o 
v-i "n 

2i 

tN 

^ + 

SO 
o 
d 
-H 

(N 
tN 

o 
d 
-H 
0 0 

d 

1^ 
00 
tN 
-H 
OS 

O 

-H 
\0 ' ^ 
O (-^ 

11 + 

tN 

d 
^ ON 

^ 4? 

vq 

m J. 

ON O 

o 

-H 
m 

(J 

tN 

d 
-H 

tN 

-H 

O 

-H 

o 
d 
-H 

tN 

ro 
-H 
t^ / ^ 

• 0 0 oo » 
ri + 

tN 

f«1 w 

O 

NO 
-H 

• r*^ >n o) n + 

NO 
tN 

^' 
-H 
ON 

o 

<u 
•*-» 

c 

ON 

o 

NO 

-H 
tN 

0 0 
o 
d 

;̂ - + f ^ >—' 

oo q 
-H 
NO 

o 
NO 

OO 
O 

d 
-H 

00 
NO 
>o 
-H 

tN 

NO 

d 
-H 
>n 

til 

p d 
-H 

2£ 
oo 

t N 
-H 

0 0 ^ 

' w 

o 
d 
-H 
•n 

--
d 
-H 

t N 

( N 

-H 
oo 
NO 

o 

o 
d 
-H 
o 

t N 

^^ 

t N 

—̂̂  

O 

d 
-H 
t N 
NO 
^™ 

r~ 

-H 
NO 

ON 

f N 
O 

d 
-H 

+ 

oo 

-H 

c 

pa 

CO 

c 

D 
kH 

3 
U O 

-C T3 
^ 1 ^ 

. (U " ^ 
en 0 , fc-

CO ' O '^^ 

jc H o 
C O t i U w C 

•S O ^ 

c o 
o 

2 ° 
§ 0 

1) T3 -O 

o " H 

•H-S I" 
U • 1 - ' C 

!rt <u o 

|i .̂ 
O S (U 

" S > 
> '^ (U 

.111 *-" CL 

y 3 u en 

CO 

C + - ' — 
« CO ^ 

C CO o 
•-" -O O 

« '^ -
CO I J _ _ 
CO T3 Q 

v ^ CO y 
(L> U CU 

S E *-

CO ti C 7 

u 3 1/3 ^ 

CJ 
CO 

o 

"o 
CO 

< 

O 
CO 
<u 
3 
CO 
CO 

< 

H 
(LT 
CO 
CO 
C u 
00 
o 

(U 
T3 

E 
CO 

•4—t 

3 
"ob 
II 

X 
Q 
O 

4> 
Q: O ^ ' 92 



O 
Q. 
X 
u 
(SO 

c 

o 

3 
E 

U 
3 

I 
H 
C/3 
< 
^ 
O 
IZI 

_U 
• * - » 

_> 
'-J2 y 
C3 

_'c' 
'5 s 
sx 
00 

^ 
en 

3 
^̂—̂  

to 

-o 
c IS 
-̂̂  

^ 
• * - • 

<1> 

(50 

-̂̂  t n 
II 

c s 
ui 
oi 
+1 
(Zl 
C 
(U 

E 
C3 

T3 
(U 
-4-» 

c CO 

a, (D 
l - i 

CS 
1/) 
(U 

3 
IJS 

> 
t/5 

to r ^ 
to <J 

O 
X 

H 

-a 

c 
o 
U 

o 
a. 
(L> 

Q 

< H 

m 
-H 
t s ir> —: "̂  2 ^ 
• * + 
^ H ^ _ ^ 

( N 
( N 
-H 
rn 

(̂  VO 
ro 

^ 
u^ 

+ ^̂ ' 

3 

o 
+1 
00 

i n 
-H 
f S 
so 

o 
-H 

o 
ts 

ON 

-H 
o 
00 

o 
-H 

i n 

+1 
•n 
o 
OS 

-H 

5 + 

-H 

5 i 

o 

IT) 

OS 

o 

m 

t s 

o 

o 
O 

^ ^ 
-̂ + lO O 

tN 

• ON 

1 0 

o 

«n ^ 

O 
fN 
-H 
Tt ' 

ON + 

o 

-H 

o 
-H 

00 

fN 

T3 

O 
00 
O 
-H o 

9 0 

o 
o 00 
fN f^ 
00 i^ 

fN 
fN 

S 00 

S i 

O 

fN t-~ 

06 i -

CN 
+1 

• +. 

(N 
-H 
cs 
o 

o 
-H 

so 

-H 
C N 

fN 
ON 

o 

ON 
i n 

00 
ON 

o 
-H 
00 
fN 

O 
-H 
o ^ 
00 "^ 

a^ + 

f̂  + 

ON 
ON 
fN 
-H 

VO 
ON 

CN 
o 
-H 
O 

NO 

NO + 

o 
ro 
-H 

00 + 
ON C-

ON 
o 
-H 
00 

I? 

CN 
-H 
ON 
'̂  
00 
00 

NO 

d 
O N 
O 

CN 
-H 

x: o 
e3 
E 
o 

d 
tN 
fN 

r f 
ON 

ON 
NO 
CN 

O 

^ + 

>n 
f N 
-H 
•^ C~ 
d (N 
00 + 
ON w 

>n 
d -H 
m <> U ^ NO 

f N 
r - ^ 

HH 

NO 
0 0 
N O 

CO 

i-~: 

d -H 
ON 
0 0 

NO 

+ 

^̂  • * 

NO 
fN 
+1 

® + 
NO W 

fN 

d 
-H 
00 '^ 

• • * 

m 
fN 
-H 

NO i -

d 
-H 

ON ( ^ 

o + 

o 

ON —, 

ON 
fN 

-H 
NO 

N O 

ON 

NO 
fN 
tN 
-H 
i n 
tN 
fN 

N O 

q 
+1 
00 
CN 

CN 

i n 

i n 
NO 
tN 

5 1 

f̂  + 

fN 

O 

0 0 t;>» 

NO 

^ . ^ 
00 (N 
•n + 

O 

^? i n w 

NO 

d 
i n 

ON 
tN 

d 
tN <P 

fN 
CN 
-H 
00 "̂"̂  

• 00 
2? <^ 
ON + 

d 
-H o 

-H 

i n 

c 
'5 
CQ 

(U 
c 
o 

3 
to 
O 
Q -
X 
ti 
to 
>^ 
ca 

•o 

to t ^ 

S o c2 
Si o 
"S S "O 
(u * j - t: 
5s =« S 

•S « >p 
c ^ - § 

- ^̂  o 

to o — 

o i> 2 

5 S -o o 
(U 

o o 
>N 
ca 

T3 
to 

to 03 *^ 

" 2 g 

O S (U « § > 
> » t<_l ' .n 

> '-' « . - -s n. 
H = u 
c3 o ^ 
E « -u 
>-> a> > 
N ^ g 
C - w — 
<1> to ^ 
C W O 

•-" "O O 

3 g d 
CO U ^ 
IS T3 S 

T3 .ti -

^ <s V 
(U (U " 
to E 

O S C 
.£ (U g 

t« 2 •?: C3 t i C 

§ 3 to 
O (U • • 

ea 
o 

to 

< 

• > 

O 

3 
CO 
CO 

< 

CO 

c 
ca 

o 
c 

u 5> a- ta ca 
ce 
a . 
to 
ca 
II 

h-

< 

93 



3 
t / i 
O 
a. X 
<u 
60 
c 

'$ 
o 
o « 

^^ u lU 

T3 
3 
E 
(U 

J = 
- * - » Ct^ 

o 
1/3 
(U 
3 
1/1 
C/5 

-•-• 

• « - » 

C 
(D 
La 

5 H 

T3 
C 

• ^N 

H 
J 
< 
<<-H 

o 
t/5 

u 
'-H 
• > 

'-^ 
o CC 

c 
'53 
o 
D, 
00 

!« 
• * - » 

' c 3 

U 
I S 

'o 
u 

c 

? 
4> 

^ 
~5? Crt 

• ^ ^ 

'H 3 
<U 
3 
(/> 
C/3 

'-4-t 

C4-H 

o-
00 

60 

CS 
j n 
U 
r-' 
ii 

'Z a 
H 

m II 
_£̂  

S 
W 
or5 
-H 
to 

CO 

S 
CO 
« 

T3 
ll> 

• * - » 

C 
u t/) 
(U 

a. 

CO 
1/3 

_ 3 

> 
tn 
>, 
03 

•o 
t ^ 
fc_ 

^ 
- - M 

u T f 

X 

s s 
o 
o 

> 1 

o a. 
X 

o 

n 

< 
H 

< 
00 

VO 
OS 
-^ f^ Tt 2 
"X — 
(N + 
<n O 

y 

(N 
O 

+1 -^ 

T3 

C 
o 

U 

3 

(S 
(N 
O 
+1 
t~-
•* 

VO 
p 
o 
-H 
<N 
m 

o 

o 
-H 
c> 
CN 

t ^ 
p 
o 
-H 
V-) 
ro 

O 
m 
d 
-H 
o 
0 0 

r-
^̂  
d 
-H 
ov 
r̂  

-H 
d 

0< 

p 
-H 

+ 

p 
d 

oo -

OO 

00 
-H 

O 
d 

o 

> 

(N 

-H 
00 

Xi 

T 
o 

0^ 

o 

d 

-H 

oo 

-H 2 

d 
^ + 

<N w 

ON + 

00 
so 
-H 

o 
o 

o 
-H 
oo 

0\ 

>ri 
-H 
so 
OS 

c 

O 
-H 

OS 

-H 

SO 

I 

00 

00 
00 

OS 

5 7 

>/̂  oo 

X3 
O 
^̂  d 
-H 
cs 
• * 

• * 

+ 

f ^ 

+ 

T f 

-n 
• ^ ^ 
<N OS 

2 + • * w 

^ M 

o 
d iTs 
-H 2 
1/1 T 
-J + d w 

m 

-H 
rn 
r i so 
en 

o 
d 
-H 
0 0 

r^ 

/-^ 
o 

"+ 

,—V 
OS 
m 
+ 

"1 
vi -H 
so 
>/̂  c^ 

V l 
o 
d 
-H 
m 
<N 

<N 

SO 
0 0 

+ 

/—^ so 
<o 
+ 

oo 
»—< 
^ (N 
I- "̂  E^ + 
t-~ O 

^̂  d 
+1 ^ 
f^ S 
so «° 
• + 

tN 
-H 
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Table 16: The effluxes of ammonia-N, urea-N and glutamine-N (|imoles/g liver/min) by the 
perfused liver of both control and air exposed mud eel during infiision with 0.5 mM 
NH4Cl.Values are presented as mean ± SEM (n=5). 

Control Aerial exposure 
(|imoles/g liver/min) (|amoles/g liver/min) 

Ammonia-N 1.35±0.12 (69) 0.59±0.05 "(31) [-56] 

Urea-N 0.23±0.05 (12) 0.27±0.06' (14) [+17] 

Glutamine-N 0.36±0.06 (19) 1.06±0.08 "(55) [+194] 

Total-N 1.94+0.12 1.92+0.13 

Percentage of N efflux out of the total-N efflux in different forms are given within first bracket. 
Percentage increase (+) / decrease (-) of efflux of different metabolites with respect to controls are 
given third bracket. 
Livers of both control and ammonia-treated fish were initially perfused with the standard isotonic 
medium containing 0.5 mM ornithine for 30 min, followed by infiision of 0.5 mM NH4CI. Values 
were obtained between 20 and 30 min of infusion of NH4CI when ammonia-N, urea-N and 
glutamine-N fluxes already reached a steady state concentration. The efflux of glutamine-N was 
calculated by multiplying the glutamine concentration with 2 since each molecule contains 2 N. 
NH4CI infiision at a concentration of 0.5 mM corresponds to the infiision of ammonia-N at the 
rate of 2.15 [imoles/g liver/min. 
^'^: significant at P <0.05, <0.001 levels, respectively, compared to respective controls (One way 

ANOVA). 
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Table 28: Changes in rates of excretion of ammonia-N, urea-N (lamoles/ kg body wt) by 
the mud eel following 24 h intra-peritoneal injection of NH4HCO3 (10 
mmoles/kg body wt). Values Eire presented as means ± S.E.M. (n=5). 

Ammonia-N 

Urea-N 

Total-N 

Control 
Treated 

Control 
Treated 

Control 
Treated 

Period after intra-peritoneal injection of NH4HCO3 

0-6 h 

45.00± 1.9 
55.75±2.32 
(+24) 

5.65± 0.48 
6.65± 0.88 
(+18) 

50.65+2.38 
62.40+3.20 
(+23) 

6-12 h 

50.9+3.9 
63.32+3.45 
(+24) 

6.13+0.43 
7.23+1.03 
(+18) 

57.03+4.33 
70.55 ±4.48' 
(+24) 

12-24 h 

46.16+3.86 
63.20+3.5' 
(+39) 

5.89+ 0.78 
7.40+0.40' 
(+26) 

52.05+4.64 
70.60+3.90' 
(+36) 

Percentage increase (+) / decrease (-) in ammonia-N and urea-N excretion compared to 
respective controls are given in parentheses. 
^''' '̂  : significant at P< 0.05, <0.01, <0.001 levels, respectively, compared to controls (One 

way ANOVA) 
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Table 29: The fluxes of ammonia-N, urea-N and glutamine-N (jamoles/g liver/min) from 
the perfused liver of both control and NH4HC03-treated mud eel during 
infusion with 0.5 mm NH4CI. Values are presented as mean ± SEM (n=5). 

Control NH4HC03-treated. 
(|imoles/g liver/min) (^moles/g liver/min) 

Ammonia-N 1.32±0.14 (69) 0.85±0.11 " (46) [-36] 

Urea-N 0.22±0.05 (12) 0.27±0.04' (16) [+23] 

Glutamine-N 0.37±0.07 (19) 0.74±0.07'(40)[+100] 

Total-N 1.91±0.14 1.86±0.12 

Percentage of N efflux out of the total-N efflux in different forms are given within first 
bracket. 
Percentage increase (+)/ decrease (-) of fluxes of different metabolites with respect to 
controls are given within third bracket. 
Livers of both the control and NH4HC03-treated fish were initially perfiised with the 
standard isotonic medium containing 0.5 mm ornithine for 30 min, followed by infusion of 
0.5 mm NH4CI. Values were obtained between 20 and 30 min of infusion of NH4CI when 
ammonia-N, urea-N and glutamine-N efflux already reached a steady state concentration 
and presented as mean ± SEM (n=5). The fluxes of glutamine-N was calculated by 
multiplying the glutamine concentration with 2 since each molecule contains 2 N. NH4CI 
infiision at a concentration of 0.5 mM corresponds to the infusion of ammonia-N at the rate 
of 2.15 |xmoles/g liver/min. 
'̂'"'̂ : significant at P< 0.05,< 0.01, < 0.001 levels, respectively, compared to control (one 

way ANOVA). 
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Table 30: Changes in tissue (|xnioles/g wet wt) and specific (units/mg protein) activities of 
GS in different tissues of the mud eel following 24 h intra-peritoneal injection of 
NH4HCO3 (10 mmoles/kg body wt). Values are presented as means ± S.E.M. 
(n=5). 

Tissues 

Liver 

Kidney 

Muscle 

Stomach 

Intestine 

Brain 

( 

T.A. 

28.30 ±3.48 

49.59 ±3.38 

26.16±2.18 

88.76±5.00 

81.9±4.67 

328.75±14.82 

Control 

S.A. 

0.41 ±0.05 

0.62 ±0.03 

0.35 ±0.03 

2.23 ±0.16 

2.36 ±0.12 

3.54 ±0.10 

Enzyme activity 

T.A. 

48.88 ±5.73'' 
(+73) 

96.00± 5.58*= 
(+94) 

45.88 ±3.21'' 
(+75) 

219.97+15.26" 
(+148) 

98.62+ 14.00 
(+20) 

345.13 + 9.53' 
(+5) 

Treated 

S.A. 

0.84 ±0.06' 
(+105) 

1.06+0.09*' 
(+71) 

0.56 ±0.04'' 
(+60) 

6.17+0.40' 
(+177) 

3.98 ±0.36'' 
(+69) 

3.84 ±0.20 
(+9) 

Percentage increase (+) / decrease (-) in enzyme activity compared to respective controls 
are given in parentheses. 
GS= glutamine synthetase; T.A.= tissue activity; S.A.=specific activity 
One unit of enzyme activity is defined as the amount of enzyme that catalyses the formation 
of 1 |imole of y-glutamyl hydroxamate/ h at 30°C. 
^'^''^: significant at P< 0.05, <0.01,< 0.001 levels, respectively, compared to controls 

(One way ANOVA). 
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Table 36: Changes in rates of excretion of ammonia-N, urea-N dumoles/ kg body wt) of 
the mud eel after 5 days of intra-peritoneal injection of Cortisol (50 mg/kg 
body wt). Values are presented as means ± S.E.M. (n=5) 

Ammonia-N 

Urea-N 

Total-N 

Control 

reated 

Control 

Treated 

Control 

Treated 

12h 

48.94 ±1.4 

62.4 ±5.3^ 
(+27) 

8.29 ±1.74 

6.32 ±1.89 
(-24) 

57.23 ±1.6 

68.7 ± 3.6' 
(+20) 

Time after cotisol treatment (50 mg/kg body wt) 

24 h 

56.52 ±1.1 

71.9±3.1* 
(+27) 

16.9 ±1.52 

2 1 . 8 ± l . r 
(+29) 

73.42 ±1.3 

93.6 ± 2 . r 
(+27) 

48 h 

47.53 ±2.8 

76.6 ±5.0*' 
(+61) 

13.23 ±3.9 

15.01 ± 1.9 
(+13) 

60.76 + 3.4 

91.61 ±3.6 
'(+51) 

72 h 

40.95 ± 0.6 

65.0 ±2.5"' 
(+59) 

7.89+1.24 

9.56+1.20 
(+21) 

48.84 + 0.9 

74.59 ±1.8 
'' (+53) 

96 h 

47.19 + 2.1 

63.6 ± 3 . 3 ' 
(+35) 

9.76 ± 0.91 

11.9±2.1' 
(+23) 
56.95 + 1.5 

75.6 ± 2.7' 
(+33) 

120 h 

48.94 + 2.78 

69.71+2.53' 
(+42) 

5.71 ±0.41 

6.73 ± 0.95 
(+18) 

54.65+1.59 

76.44 ±1.74' 
(+40) 

Percentage increase (+) / decrease (-) in ammonia-N and urea-N excretion compared to 
respective controls are given in parentheses. 
^'^''^: significant at P< 0.05, <0.01,<0.001 levels, respectively, compared to controls (One 

way ANOVA). 
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Table 37: Changes in concentrations of ammonia-N and urea-N (^moles/ g wet wt) in 
different tissues and plasma (}imoles/ml) of the mud eel after 5 days of intra­
peritoneal injection of Cortisol (50 mg/kg body wt). Values are presented as 
means ± S.E.M. (n=5) 

Tissues 

Liver 

Kidney 

Muscle 

Stomach 

Intestine 

Brain 

Plasma 

Control 

25.56±1.37 

25.24 ±1.14 

25.21 ±1.25 

26.19±1.62 

26.39 ±1.25 

22.72±0.15 

2.61 ±0.24 

Ammonia-N 

Treated 

47.39 ± 1 . 5 r 
(+85) 

46.11 ±1.28' 
(+83) 

36.62 ±2.15" 
(+45) 

32.51 ±1.76 
(+24) 

30.43 ±1.49 
(+15) 

24.22 ±1.53 
(+7) 

3.02 ± 0.73 
(+16) 

Control 

1.64+0.19 

1.16±0.15 

1.38±0.17 

1.51 ±0.14 

1.48 ±0.44 

0.58 ±0.10 

0.05 ±0.02 

Urea-N 

Treated 

2.41+0.24" 
(+47) 

1.74 + 0.23" 
(+50) 

2.11 ±0.20'' 
(+55) 

1.61 ±0.18 
(+7) 

1.35 + 0.41 
(-9) 

0.53± 0.05 
(-9) 

0.06 ±0.03" 
(+20) 

Percentage increase (+) / decrease (-) in ammonia-N and urea-N concentrations 
compared to respective controls are given in parentheses. 
^'^''^•. significant at P< 0.05, <0.01,<0.001 levels, respectively, compared to controls 

(One way ANOVA). 
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Table 38: The fluxes of ammonia-N, urea-N and glutamine-N (nmoles/g liver/min) by 
the perfused liver of both control and cortisol-treated (50 mg/kg body wt) mud 
eel during infusion with 0.5 mM NH4CI. 
Values are presented as mean ± SEM (n=5). 

Control Cortisol-treated 
(|imoles/g liver/min) (|jmoles/g liver/min) 

Ammonia-N 1.32±0.14(69) 0.89±0.12''(46) [-33] 

Urea-N 0.22±0.05 (12) 0.35±0.06 *" (18) [+59] 

Glutamine-N 0.37±0.07 (19) 0.69±0.06 '(36) [+86] 

Total-N 1.91±0.14 1.93+0.11 

Percentage of N efflux out of the total-N efflux in different forms are given in within first 
bracket. 
Percentage increase (+)/ decrease (-) of fluxes of different metabolites with respect to 
controls are given within third bracket. 
Livers of both control and cortisol-treated fish were initially perfused with the standard 
isotonic medium containing 0.5 mm ornithine for 30 min, followed by infusion of 0.5 mM 
NH4CI. Values were obtained between 20 and 30 min of infusion of NH4CI when 
ammonia-N, urea-N and glutamine-N efflux already reached a steady state concentration. 
The fluxes of glutamine-N was calculated by multiplying the glutamine concentration with 
2 since each molecule contains 2 N. NH4CI infusion at a concentration of 0.5 mM 
corresponds to the infiision of ammonia-N at the rate of 2.15 j^moles/g liver/min. 
*' '̂  : significant at /'<0.05,<0.01, <0.001 levels, respectively, compared to controls (one 

way ANOVA). 
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Table 39: Changes of tissue (units/g wet wt) and specific (units /mg protein) activity of 
GS in different tissues of the mud eel after 5 days of intra-peritoneal of 
injection of Cortisol (50 mg/kg body wt). Values are presented as means ± 
S.E.M. (n=5). 

Tissues Enzyme activity 

Control Treated 

T.A. S.A. T.A. S.A. 

Liver 

Kidney 

Muscle 

Stomach 

Intestine 

Brain 

27.87 ±1.24 0.36 ±0.003 

38.95 ±0.94 0.56 ±0.003 

35.02 ±2.15 0.64 ±0.11 

167.51 ±7.16 4.85 ±0.62 

104.35 ±5.95 2.77 ±0.19 

287.29 ±11.4 3.18 ±0.07 

52.88 ±1.89' 
(+90) 
68.96 ± 3.05' 
(+77) 

71.11 ±5.45' 
(+103) 

206.43+ 13.44 
(+23) 

118.61 ±10.66 
(+14) 

439.52 ±17.15"' 
(+53) 

0.56+0.02'' 
(+56) 

0.91+0.024' 
(+63) 
0.87+0. i r 
(+36) 

5.30+0.31 
(+9) 

2.38+0.17 
(-14) 

4.74+0.17" 
(+49) 

Percentage increase (+) / decrease (-) in enzyme activity compared to respective controls 
are given in parentheses. 
GS= glutamine synthetase; T.A.= tissue activity; S.A.=specific activity 
One unit of enzyme activity is defined as the amount of enzyme that catalyses the 
formation of 1 ixmole of y-glutamyl hydroxamate/ h at 30°C. 
^'^''^: significant at P <0.05,< 0.01, <0.001 levels, respectively compared to controls (One 

way ANOVA). 
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Ĵ  u 
NO 

d 
-H 
r o 
m 

r-' 

^.^ 
r->n 
+ s — • 

n 
OO 

^̂  d 
-H 
" n 
0 0 

d 

, , 
-—, fN 
NO q^ 

^ o 
ON O N 
O O 

d d 
+1 -H 
0 0 — 
r-; ON 

—> d 

,—V 
d 

cs 
+ 
^ M 

o 

d 
-H 
t~-
( S 

d 

NO 

O N 

^ -H 
«s 
l~; 

<S 

" O m O N N O — N O N O N O r O O O — t ~ 

N o r - < N i ~ - N o m o o - « t ^ O N ( N f » i 
p r - ; - ^ o o ' < i i - r - . p - - w - i — . l o t S p j 
— d " d d — ( N d o i d d - ' 

+ -^i + 
— • * t s r o 

(S p -^ p 
<s d> di <i 
+1 -H -H -H 
r o f<i —' —^ 
r n - ^ —; • * 

<N d -^ d 

O ( S 

d d 
oo ON 
ON (S 

d "n 

t N 
O N 

4 ^ 

r o 
<N 

^ +1 
ON 
NO 

( S 

oo 

CO 
ON 
O 

d 
-H 
<s 
oo 

d 

TT NO 

CO 

r- o 
p — 
d d 
-H -H 
NO • * 
f S 0 0 

d d 

,,-̂  

—̂̂  j j 

t--

-̂d 
•« 0 0 
ON 

"̂  

ON 

T t 

^̂  r5 
-H 
• * 

-̂< ON 
f ^ 

OO 
p 
d 
+1 
<N 

f ~ . _ ^ ^ u - , r ~ - ^ c s f s o N w 
o r - ; o r N i p r N i ^ p ^ o ^ 
d)d><~>cidid>diSd><6>->/[ 
- H - H - H + l - H - H + 1 4 1 - H + l n 
O N r ~ C S r ^ 0 0 T t 0 O — — O N © 
NONOc^SSONir i incNrnoo 
d f N d ' - ( N w - > ' ^ d — ' d o 

o 
o 
c 

< 

•CS 

i 
I 

ea u • -

t S S 

u 
"ob 2 
ca a 

•S g 

mil 

fNl 

+ ^ 

O O 

d d 
o o 

o o o o 

m m o « 
T + "T + 
^ ^ c o • ' o 

r<-) O t-~ — 

p —. p p 
d> d> d> <6 
+1 +1 -H -H 
— ON VO 0 0 
r - t-^ O N t S 

<s d> d> di 

e 
NO 
d 
-H 

NO 

d —• ^ NO 

o o 
d d 
-H -H 

(N O 

- H t S C N m O O f N C S f N — m O N i n 
O O O O O O O O O O O f J 

d>d>d><Sd><6dd'd>d)d>si 
- H + l - H - H - H i J - H - H - H - H - H H 
C M O N O O O C S O N t - - - ^ ^ — O O N 
_ ^ _ „ \ 0 v^ 00 ^ fsj t~~-
didid><Sd>d><id>d>di 

+ ^ 
— o 
m o 
d d 
-H -H 
r - ON 
00 tN 
(N d 

CN| 

m + ^ ? ^ f ^fQ + t 
"T I + T- I ^ - ^ ^—^ ^ ^ \ 0 ^ - - ^ - ^ - — " — ' ^ - ^ CO CO f f j 

O N O " O O O N ( N t ~ - T f « ' V 

p p - ^ p r n - ^ p p t N ^ 
d d d d d d d d d +| 
- H + I - H - H + I - H - H - H - H O O 
r-~ — — < c s ( N t - - T t N O f S O N 
p r n p - ^ ^ r n — o O N O c ^ ^ 
—' d —' —•' —' ^ d d fN — 

m " n ( ^ r^ f<i 
T t o — O O 

m f - O N O N 0 0 
t S —' O ( ^ O 

NO 

ON ^ 

O N O r o r ~ ~ r o N O r - r - - O N r « i o o t ^ 
<~0 — CN — O N —; f N O N p Tj- p ^ 

fNd—'dd—'-^d—^d'rrw 

ON m 

+ + 

o o 

d d 

-H -H 
NO (̂  

d d 

m fS 

o p 

d d 

-H -H 
NO NO 
f-v NO 

>n ON 

+ + 

CN fN 

o o 

d d 
-H -H 
r~ NO 
f N •* o o o o o 

/—^ ON 
•* t~-
<N + + ̂ -̂  
^— '£ i 
ON Tt 

p o 
d d 
(N «n 

d d 

r«-i — f N o O N o r < i f N C N O O r o 
o p p p p p p p p p 

+ I - H - H - H - H - H - H - H - H - H r t c ^ N O m r ^ m ^ - — r~-m 
N O ' ^ ' n f N T l - i n ^ f N — rr^ 

d>d>d>d>d><Sd)d><6d> 

.—, ON 
ON tr, 

? i 
T t NO 
• ^ ao 
d d 
-tl -H 
r~- o 
f N 9 0 

^ ON 

d d 
-̂ ^ 

— (^ 
tN \rt 

c 

S2 

9> 

c 

sis-i 
it CI. c .5 

^ « ^ - ^ « 5 r ^ ^ . t i ? > y « 0 « ^ c a » i o 

c -J 
c c p 

c 

a. 

c 
> 

« O 

o 
o 

> - 4 > ^ 

o. 
crt 

. > 1 

« C 

O 
C/5 
P 

S 2 

g ^ 

.2 8 
^ >; 
• 4 — » ' — ' c u 
1) > 

C O 
o u 
u o. 

- . I « 

• o • -
« to' 

o 13 
.S > 
E ^ 

.S8 
3? 
u 
CO o 

• a UT-

^ o 

c« td 

" S 
C 03 

. — O 
D < G 
O f l - = 

s S) 
S '^ 
1) ja 

129 



2 -H 
• 4 - * C/5 

o ts 

?^ 
O (U 

s ^ 

— 3 

^2 
(B 00 

c S 
•"" o 
< ^ 

PH en 

C ' ^ 

u o 
Q O 

^ c 
o -^ 

u — 
% cS 
"* (U 

~̂  2 
^ -c 

o u 

c I 

I ° 
1) TD 
a 
c "^ 
o S 
c <C 

•- « c 
1/1 — ^—' 
00 D ' ^ l a w 

U E (/) 

H 

w-> 

3 

03 

6 

c 
o 
U 

CQ 

u 

c 
o 
O 

o 
OS 

s o 
• * - » 

T3 

c 
o 
U 

o 
c 

"E 

^-v 

oo 
+ 

£> 

^ H 

' ' o 
-H 
-̂  t-~ 

r-
^ H 

T f 

+ ̂  
U 

ro 
O 

O 
-H 
o v^ 

o 
^ T t 
4^ 

u 

^ ' — 1 

o 
-H 
o T f 

-̂̂  
o _, "f v^ 
—̂' T o ^—^ 

^ « f—< 

o o 
o o -» -H 
0 0 m 
o m 

o 
© •n 
+ 

O 

<N 

i 
cs 0 ^ 

o 
o V~l 

+ ^ « - ^ u 
CN 
^ H 

d 
+1 
VO 
O 

,̂ ^ o 
^̂  "̂  ^ + 1 ^ ^ 

*̂—'« 
^ ^ ^ H 
P - H 

d d -H -H 
o\ r-oo fs 

o 
1—1 

f S 

+ 
u 

m 
o 
d 
-H 
f N 
f N 

,*—.̂  t-~ 
+ -̂̂  t~-
' — 1 

d 
-H 
oo r-~ 

»s 
f i 

w 
t -
TT 

© 
^ 
^N 
• ^ 

<N —' — m o o o — -H 

c s f - o o ^ o o t S ' t i n o c s i / ) 
^ ^ p p p p p p o p o v o 
d d d d d d d d d d d d 
-Hi-H-H+I-H-H-H-H-H-Hil 
— d d d d d d d d d ^ v o 

VO 

•* 1 - H 

+̂  
£ 

1 — 4 

f N 

d 
-H 
>o 
"1 
-̂  

•̂  
«-> ''"̂  ^̂  T + 

^•^x) 
ON t N 
^ >n 
d d 
-H -H 
( N — 

^ "1 
—" ro 

T, 
"/̂  CN 

d 
• » 

0 0 

p 
^ 

^ - N 

»o 
4;̂  

r̂  
'—" d 
-H W-) 

^ d 

^ ^ •<t 
•r> 
+̂  
• * 

r-
d 
-H f-~ 

r--
<o 

ON 
( N 

T, 
(̂  >o 
d 
-t< VO 
ON 
0 0 

/*—V 

^ ^ ON 

4 ^ ^ 
^ '.o 
Vt O 

o — 
d d 
-H -H 

• * — 

VO ON 

d d 

, - 1 ^ 

u-> «-l 
4^ 

^ ̂— r—' 

d 
-H 
VO 

'̂ 

^ ^ VO 
T j -

4^ 
t o 

rn r»̂  
d 
-H ON 

vq 
rn 

V5 

r~ 
+ 
w^ 

^ 
TT 
«S 

Cv 
«s 

r ^ T t o o > o v o o r o > r i i o O — rt 

^ ^ ^ ^ ? ? ^ ^ ^ ? ^ ^ 
( ^ o o o o r o ( N v o ^ ^ r - « / - > t N r -
v q ( N r o O N " o r ~ - O N v q ' ^ t ~ ; > o , ^ 
d — " ' ^ d d r o r o d d d c s ^ N 

o 
o 

G" + 
^ ' o 

<o <o 
o o 
d d 
-H •« 
VO ( N 
r-- • * 

d d 

t N 

u 
1 — 1 

p 
d 
-H 
r-
cs 
d 

1^ 
+ T ^ * - ^ s—• 

— ^ p p 
d d 
-H -H 
O VO 

— p 
d d 

VO 

+ 
CQ 

cs 
I — " 

d 
-H 
oo 
<> d 

u 
V^ 

^̂  d 
+1 t -
CNj 

( N 

Xi 

v~i m 
1 — ^ « 

d d 
-H -H 
0 0 tn 
0\ v~> 

d d 

o o 
+ 

X) 
, — 1 

O 

d 
•ti 
oo 
cs 
d 

vo" + 
o 
r<̂  
d 
+1 
m •<r 

^ 

+ 
n 
O 
l ~ 

d 
^ 
ad 

o o o o p - H c s j c s p p o r ~ ; d d d d d d © 
-H -H -H -H -H -H -H 
tN cs t~ r~ r- m VO 
t-^ oo tN tN o ro r^ 
d d —' d d -H' V3 

o o o o o 
+1 -H -H -H -H 
™ — fN "o r-
00 tN —_ p p 
d d d d d 

I u 
<L> .s s e ,u 

2 £ E •= a ^ ^ 
>><•= &:3:5B ^ 

< <OoD.c^<aou 

u 

o b -

>-. H 
'"* o 
D-

*c 3 
cQ 
H 

.J 
H 
O 
H 

in 
tN 

^ o o r - - ^ w ^ v o o o 
p — o p p p t N v © 

' d d d d d © 
-H -H -+̂  +1 -H -H 

_ VO oo tN CN VO r-
r - P - O N t N t N p ' ^ V O 

d d d --̂  -^ VO 

— t N t N r n o o f N t N t N — < m O N « « o o o o o o o o p p o t ^ 

f N O N O O O t N O v P - — — ^ d O v 
—I —« —> — VO >/̂  OO — tN t - — t~; 

, ^ 0 0 , - ^ v o — m O N ^ _ ^ O N S > ° ; 
vD.-^ON — — ( ^ m 3 ( o ^ < ^ S o 
s_^ ^_^ ^ . ^ S..^ S_^ ^_^ ^_^ S..^ S_^ S_^ ^_^ 1 ^ 

t N m o v o v o r » i o o t N O w ^ o a e 
O p - ^ p p t N O t N t N p r n « 5 
i i - H - H - H - H - H - H - H i j - H - H - H 
• ^ v o m o o — tN>o<oONm — t -
• T i t N o o p ' o m t N t N O N ' / ^ r o o e 

' 0 " / ^ v o o < n o t N ^ ' O T t o o t s 

O O O t N O f N O — " ^ O O O e 

™ t N v o ^ o v o t J ^ o o v o u ^ o o w ^ O ^ 

•AtNt-^ovTrov — Ttor^^oor--
d d d d d d d — ' - ^ d ^ o o 

ON 
1 

s—.' 

*̂  o 
d 
-H 
o ' — 1 

d 

o 
+ v — ' 

« t N 

p 
d 
-H 
t N 

d 

1 

-̂̂  a 
? - « 

O 

d 
-H 
v~t 
p 
d 

o 
o 
d 
-H 
p 
d 

+ 
t N 
O 

d 
-H 

•* d 

^ 
-̂̂  t N 

O 
d 
-H 
oo VO 

d 

a 
t N 
O 

d 
-H 
t~-

d 

t - ^ 

^̂—̂  ^̂  o 
d 
-H 
•/̂  o 
d 

ON 
I N 

+ -̂̂  CN 

p 
d 
-H 
r-CN 

d 

+ 
CO 

m 
p 
d 
-H 

T — 

d 

>n 
CN 

+ 
CN 
p 
d 
4< 
•n 
d 

t - ^ 

+ 
o\ 
wm 

d 
-H 
i - H 

<s 
<N 

— ' C N t N O — f ^ — - - ^ m ^ — ve 
o p p p p o o o o o o - " 

- H - H 4 i - H + I - H - H - H - H - H 4 1 - H 
- x v ^ — • — • O N — c ^ v o ^ t - c N r -
~ - ^ — < p r n t - ~ — p t N p ^ © 

d d d d d d d d d d d r i 

5 

I 5 •-= • « - ^ 75 « o 

> s ̂  

J ^ « a « 
•£ ">. 2 ^ •£ -I 

J £ H X O < J H 



FIGURES 



e 
o -M 
C3 
U 
-M 
e a> 

o 
U 

60 

40 

20 

0 

60 

40 

20 

0 

50 
40 
30 

, Liver 

Kidney 

Stomach 

• • Day 0 control 
I 1 Day 1 
E 3 Day 3 
d l D a y S 
^ Day? 

Day 7 control 

Fig. 1: Changes in concentrations of ammonia-N (^moles/g wet wt) in different 
tissues and in plasma (^moles/ml) of the mud eel following exposure to 
100 mM NH4CI for 7 days. Values are presented as means ± S.E.M. 
(n=5) 
'^^'"i significant at P <0.05, <0.0l and <0.001 levels, respectively, 

compared to 0 day control and to 7 day control (One way 
ANOVA). 

131 



d 
o 
e9 
u 
d 
d o 
U 

• I Day 0 control 
l~1 Day 1 
^ Day 3 
CZIDayS 
IM Day? 

Day 7 control 

Muscle 

Intestine 

Plasma 

Days of exposure Days of exposure 

Fig.2 : Changes in concentrations of urea-N (^moles/g wet wt) in different 
tissues and in plasma (fimoles/ml) of the mud eel following exposure to 
lOOmM NH4CI for 7 days. Values are presented as means ± S.E.M. (n=5) 
a-b.c: significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day control and 7 day control (One way ANOVA). 
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Fig. 3: The effluxes of ammonia-N, urea-N and glutamine-N (|amoles/g 
liver/min) by the perfused liver of both control and ammonia-treated 
mud eel during infusion with 0.5 mM NH4CI. Values are presented as 
mean ± SEM (n = 5). 
^b.c; significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to control (One way ANOVA). 
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Fig. 4 : Changes in tissue activity (units/g wet wt) of GS in different tissues of 
the mud eel following exposure to 100 mM NH4CI for 7 days. Values are 
presented as mean ± SEM (n = 5). 

'^^'^: significant at P<0.05, <0.01 and <0.001 levels, respectively, 
compared to 0 day control (One way ANOVA). 
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Fig. 5 : Changes in specific activity (units/mg protein) of GS in different tissues 
of the mud eel following exposure to 100 mM NH4CI for 7 days. Values 
are presented as mean ± SEM (n = 5). 

*̂'''=: significant at P<0.05, <0.01 and <0.001 levels, respectively, 
compared to 0 day control and 7 day control (One way ANDVA). 
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Fig. 6: Changes in tissue activity (units/g wet wt) of GDH (reductive amination) in 
different tissues of the mud eel following exposure to 100 mM NH4CI for 
7 days. Values are presented as mean ± SEM (n = 5). 
^^'^: significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day control and 7 day control (One way ANOVA). 
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Fig. 7: Changes in specific activity (units/mg protein) of GDH (reductive 
amination) in different tissues of the mud eel following exposure to 100 
mM NH4CI for 7 days. Values are presented as mean ± SEM (n = 5). 
'̂'''=: significant at ?<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day control and 7 day control (One way ANOVA). 
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Fig. 8: Changes in tissue activity (units/g wet wt) of GDH (oxidative 
deamination) in different tissues of the mud eel following exposure to 
100 mM NH4CI for 7 days. Values are presented as mean ± SEM (n = 5). 

'̂'''=: significant at P<0.05, <0.01 and <0.001 levels^respectively,^ 
compared to 0 day control and 7 day control (One way ANOVA). 
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Changes in specific activity (units/mg protein) of GDH (oxidative 
deamination) in different tissues of the mud eel following exposure to 
100 mM NH4CI for 7 days. Values are presented as mean ± SEM (n = 5). 

^^'^: significant at P<0.05, <0.01 and <0.001 levels, respectively, 
compared to 0 day control and 7 day control (One way ANOVA). 
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Changes in tissue activity (units/g wet wt) of AST in different 
tissues of the mud eel following exposure to 100 mM NH4CI 
for 7 days. Values are presented as mean ± SEM (n = 5). 
'̂'''=: significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day control and 7 day control 
(One way ANOVA). 
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Changes in specific activity (units/mg protein) of AST in 
different tissues of the mud eel following exposure to 100 mM 
NH4CI for 7 days. Values are presented as mean ± SEM (n = 5). 
'̂'''=: significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day control and 7 day control (One way 
ANOVA). 
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Fig. 12: Changes in tissue activity (units/g wet wt) of ALT in different 
tissues of the mud eel following exposure to 100 mM NH4CI for 
7 days. Values are presented as mean ± SEM (n = 5). 
^^''': significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day control and 7 day control (One way 
ANOVA). 
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Fig. 13: Changes in specific activity (units/mg protein) of ALT in 
different tissues of the mud eel following exposure to 100 mM 
NH4CI for 7 days. Values are presented as mean ± SEM (n = 5). 
'̂'''=: significant atP<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day control and 7 day control (One way 
ANOVA). 
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Fig. 14: Changes in tissue activity (units/g wet wt) of OUC enzymes in the 
liver and kidney of the mud eel following exposure to 100 mM 
NH4CI for 7 days. Values are presented as mean ± SEM (n = 5). 
CPS= carbomyl phosphate synthase; OTC= ornithine 
transcarbomylase; ASS= argininosuccinate synthase; ASL= 
argininosuccinate lyase; ARG= arginase. 
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Fig. 23: Changes in excretion rates of ammonia-N and urea-N 
(ixmoles/kg body wt/h) by the mud eel following aerial exposure 
for 6 days and upon re-immersion. Values are presented as mean 
± SEM (n - 5). 
'̂''C; significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to controls (One way ANOVA). 
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Changes in concentrations of ammonia-N (p,moles/g wet wt) in 
different tissues and in plasma (iJ,moles/ml) of the mud eel 
following aerial exposure for 6 days. Values are presented as 
means = SEM. (n=5) 

'̂''<=: significant P at <0.05, <0.01 and <0.001 levels, 
respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Changes in concentrations of urea-N (^imoles/g wet wt) in 
different tissues and in plasma ((imoles/ml) of the mud eel 
following aerial exposure for 6 days. Values are presented as 
means = SEM. (n=5) 
:̂ significant at P<0.05, levels, respectively, compared to 0 day 

and 6 day controls (One way ANOVA). 
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Fig. 26: The effluxes of ammonia-N, urea-N and glutamine-N ((imoles/g 
liver/tnin) by the perfiised liver of both control and air-exposed mud 
eel during infusion with 0.5 mM NH4CI. Values are presented as 
mean ± SEM (n = 5). 
^^'^•. significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to controls (One way ANOVA). 
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Fig. 27: Changes in tissue activity of GS (units/g wet wt) in different 
tissues of the mud eel following aerial exposure for 6 days. 
Values are presented as mean ± SEM (n = 5). 
'̂''<=: significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Changes in specific activity of GS (units/mg protein) in different 
tissues of the mud eel following aerial exposure for 6 days. 
Values are presented as mean ± SEM (n = 5). 
*̂''<=: significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig.29: Changes in tissue activity of GDH (reductive amination) (units/g 
wet wt) in different tissues of the mud eel following aerial exposure 
for 6 days. Values are presented as mean ± SEM (n = 5). 
^b.c; significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One 
way ANOVA). 
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Fig. 30: Changes in specific activity of GDH (reductive 
amination) (units/mg protein) in different tissues of the mud eel 
following aerial exposure for 6 days. Values are presented as mean 
± SEM (n = 5). 
'̂'''=: significant atP<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig. 31: Changes in tissue activity of GDH (oxidative 
deamination) (units/g wet wt) in different tissues of the mud eel 
following aerial exposure for 6 days. Values are presented as 
mean ± SEM (n = 5). 
b̂̂ c; significant at i'<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig. 32: Changes in specific activity of GDH (oxidative 
deamination) (units/mg protein) in different tissues of the mud eel 
following aerial exposure for 6 days. Values are presented as mean ± 
SEM (n = 5). 
•̂''"'=: significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig. 33: Changes in tissue activity of AST (units/g wet wt) in different 
tissues of the mud eel following aerial exposure for 6 days. 
Values are presented as mean ± SEM (n = 5). 

'̂''<=: significant at P<0.05, <0.01 and <0.001 levels, 
respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig. 34: 
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Changes in specific activity of AST (units/mg protein) in different 
tissues of the mud eel following aerial exposure for 6 days. Values are 
presented as mean ± SEM (n = 5). 
'̂ ''•'=: significant atP<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig. 35: Changes in tissue activity of ALT (units/g wet wt) in 
different tissues of the mud eel following aerial exposure for 6 
days. Values are presented as mean ± SEM (n = 5). 
'̂''<=: significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to 0 day and 6 day controls (One way ANOVA). 
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Changes in specific activity of ALT (units/mg protein) in 
different tissues of the mud eel following aerial 
exposure for 6 days. Values are presented as mean ± SEM (n = 5). 
^b.c; significant at P<0.05, <0.01 and <0.001 levels, 

respectively, compared to 0 day and 6 day controls (One way 
ANOVA). 
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Fig. 37: Changes in tissue activity (units/g wet vvt) of OUC enzymes in 
liver and kidney of the mud eel following aerial exposure for 6 
days. Values are presented as mean ± SEM (n = 5). 
CPS= carbomyl phosphate synthase; OTC= ornithine 
tremscarbomylase; ASS= argininosuccinate synthase; ASL= 
argininosuccinate lyase; ARG= arginase. 
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Fig. 46: Changes in excretion rate of ammonia-N and urea-N 
(|4,moles/kg body wt/h) by the mud eel following 24 h intra­
peritoneal injection of NH4HCO3. Values are presented as means 
± S.E.M. (n=5) 
'̂'''=: significant at P<0.05, <0.01, <0.001 levels, respectively, 

compared to controls (One way ANOVA). 
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Fig. 47: The effluxes of ammonia-N, urea-N and glutamine-N (^moles/g 
liver/min) by the perfused liver of both control and NH4HCO3-
treated mud eel during infusion with 0.5 mM NH4CI. Values are 
presented as mean ± SEM (n = 5). 
^^'^: significant at P<0.05, <0.01 and <0.001 levels, respectively, 

compared to controls (One way ANOVA). 
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Fig. 48: Changes in tissue (units/g wet wt) and specific 
(units/mg protein) activity of GS in different tissues of the 
mud eel following 24 h intra-peritoneal injection of 
NH4HCO3.Values are presented as means ± S.E.M. (n=5). 
a-b.c; significant at P<0.05, <0.01, <0.001 levels, 

respectively, compared to controls (One way ANOVA). 
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• Control 
• NH4HCO3 

Fig. 49: Changes in tissue (units/g wet wt) and specific 
(units/mg protein) activity of GDH (reductive amination) in 
different tissues of the mud eel following 24 h intra­
peritoneal injection of NH4HCO3 Values are presented as 
means ± S.E.M. (n=5). 
^b.c; significant atP<0.05, <0.01, <0.001 levels 

respectively, compared to controls (One way ANOVA). 
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Fig. 50: Changes in tissue (units/g wet wt) and specific 
(units/mg protein) activity of GDH (oxidative deamination) in 
different tissues of the mud eel following 24 h intra-peritoneal 
injection of NH4HCO3. Values are presented as means ± 
S.E.M. (n=5). 
^b.c; significant at P<0.05, 0.01, <0.001 levels, 

respectively, compared to controls (One way ANOVA). 
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• Control 
M NH4HCO3 

Fig. 51: Changes in tissue (units/g wet wt) and specific 
(units/mg protein) activity of AST in different issues of the mud 
eel following 24 h intra-peritoneal injection of NH4HCO3. 
Values are presented as means ± S.E.M. (n=5). 
*̂''<̂ : significant at P<0.05, <0.01, <0.001 levels, 

respectively, compared to controls (One way ANOVA). 
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Fig. 52: Changes in tissue (units/g wet wt) and specific (units/mg protein) 
activity of ALT in different issues of the mud eel following 24 h 
intra- peritoneal injection of NH4HCO3. Values are presented as means 
± S.E.M. (n=5). 
^ ''• <=: significant at P<0.05, <0.001 ,<0.001 levels, respectively, 

compared to controls (One way ANOVA). 
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Fig. 53: Changes in the tissue activity (units/g wet wt) of urea cycle enzymes 
in liver and kidney of the mud eel following 24 h intra peritoneal 
injection of NH4HCO3. Values are presented as means ± S.E.M. 
(n=5). 
CPS= carbomyl phosphate synthase; OTC= ornithine 
transcarbomylase; ASS= argininosuccinate synthase; ASL= 
argininosuccinate lyase; ARG= arginase. 
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Fig. 62: Changes in rates of excretion of ammonia-N and urea-N (^moles/kg body 
wt) by the mud eel after 5 days of intra-peritoneal injection of Cortisol. 
Values are presented as means ± S.E.M. (n=5). 
^''•'^: significant at P<0.05, <0.01,<0.001 levels, respectively, compared 

to respective controls (One way ANOVA) 
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Fig. 63: Changes in concentrations of ammonia-N and urea-N ((xmoles/g 
body wt) in different tissues and in plasma (j^moles/ml) of the mud 
eel after 5 days of intra-peritoneal injection of Cortisol. Values are 
presented as means ± S.E.M. (n= 5) 
^ ^' =: significant at P<0.05, <0.01,<0.001 levels, respectively, 

compared to respective controls (One way ANOVA). 
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Fig. 64: The effluxes of ammonia-N, urea-N and glutamine-N (|imoIes/g 
liver/min) by the perfused liver of both control and cortisol-treated 
mud eel during infusion with 0.5 mM NH4CI. Values are presented 
as mean ± SEM (n - 5). 
^'''''=:significantatP<0.05, <0.01 and <0.001 levels, respectively, 

compared to controls (One way ANOVA). 
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Changes in tissue (units/g wet wt) and specific (units/mg protein) 
activity of GS in different tissues of the mud eel after 5 days of intra­
peritoneal injection of Cortisol. Values are presented as means ± 
S.E.M. (n=5). 
T. A.= tissue activity; S.A.= Specific activity. 
'̂''<=: significant at P<0.05, <0.01, <0.001 levels, respectively, 

compared to respective controls (One way ANOVA). 
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Changes in tissue (units/g wet wt) and specific (units/mg protein) 
activity of GDH (reductive amination) in different tissues of the 
mud eel after 5 days of intra-peritoneal injection of Cortisol. Values 
are presented as means ± S.E.M. (n=5). 
T. A.= tissue activity; S.A.= Specific activity. 
^ ''' <= : significant at P<0.05, <0.01, <0.001 levels, respectively, 

compared to respective controls (One way ANOVA). 
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Fig. 67: Changes in tissue (units/g wet wt) and specific (units/mg protein) 
activity of GDH (oxidative deamination) in dififerent tissues of the 
mud eel after 5 days of intra-peritoneal injection of Cortisol. Values 
are presented as means ± S.E.M. (n=5). 
T. A.= tissue activity; S.A.= Specific activity. 
^^'^: significant at i'<0.05, <0.01, <0.001 levels, 

respectively, compared to respective controls (One way 
ANOVA). 
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Fig. 68: Changes in tissue (units/g wet wt) and specific (units/mg protein) 
activity of AST in different tissues of the mud eel after 5 days of 
intra-peritoneal injection of Cortisol. Values are presented as means 
± S.E.M. (n=5). 
T. A.= tissue activity; S.A.- Specific activity. 
^''''=: significant atP<0.05, <0.01, <0.001 levels, 

respectively, compared to respective controls (One way 
ANOVA). 
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Fig. 69: Changes in tissue (units/g wet wt) and specific (units/mg protein) 

activity of ALT in different tissues of the mud eel after 5 days of 
intra-peritoneal injection of Cortisol. Values are presented as means 
± S.E.M. (n=5). 
T. A.= tissue activity; S.A.= Specific activity. 
'̂'><=: significant atP<0.05, <0.01, <0.001 levels, 

respectively, compared to respective controls (One way 
ANOVA). 
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Fig. 70: Changes in tissue activity (units/g wet wt) of OUC enzymes 
in liver and kidney of the mud eel after 5 days of intra- peritoneal 
injection of Cortisol. Values are presented as means ± S.E.M. (n=5) 
CPS= carbomyl phosphate synthase; OTC= ornithine 
transcarbomylase; ASS= argininosuccinate synthase; ASL= 

argininosuccinate lyase; ARG= arginase. 
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DISCUSSION 

Exposure to high environmental ammonia flOO mM NH4CI) for 7 days 

The mud eel normally lives in muddy ponds, swamps, canals and rice fields (Rainboth, 

1996), where it burrows in moist earth in dry season and survives for long periods without 

water during summer (Davidson, 1975). It would encounter high environmental ammonia 

concentrations (HEA), which may increase to about 90 mM (Freney et ah, 1981) during 

agricultural fertilization in rice fields. Moreover, during drought, water dries up in ponds and 

rice fields, and it is likely that ammonia would be concentrated in the external medium. 

Therefore, in the present investigation the mud eel was exposed to 100 mM NH4CI for 7 days, 

and studied the possible strategies to avoid the ammonia toxicity in this mud eel. 

One of the strategies adopted by this mud eel to avoid the ammonia toxicity is the 

capacity to tolerate a very high ambient ammonia. Under laboratory conditions, it has been 

observed that this mud eel could survive up to 200 mM NH4CI without any mortality for at 

least 2 weeks. In contrast, typical water-breathing fishes have comparatively very low 

tolerance to external ammonia (for review, see Saha and Ratha, 1998, 2007a). Iwata (1988) 

reported that when five water-breathing tdeosts were exposed to 10 mM NH4CI, all died 

within 24 h. However, certain air-breathing catfishes such singhi catfish {H. fossilis) and 

walking catfish (C. batrachus) have been reported to tolerate up to 75 mM NH4CI 

concentration in the water for months without any mortality (Saha and Ratha, 1990, 1994, 

1998). The high tolerance of the mud eel to environmental ammonia correlates well with 

conditions of the natural habitats, where it might encounter HEA during application of 

fertilizer and/or drying up to the external media in dry seasons. 
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Another possible strategy adopted by this fish to adapt in HEA is to allow high 

accumulation of ammonia in vivo in various tissues while exposing to HEA. Accumulation of 

ammonia was tissue specific with a maximum accumulation in liver and kidney, followed by 

muscle, intestine, stomach and plasma, and least in brain (Table 1 and fig.l). This was 

possibly due to total inhibition of ammonia excretion as a result of decrease or reversal in 

blood-to-water diffusion gradient of ammonia through gills and skin as reported in walking 

catfish (C. batrachus) (Saha et ah, 2003), accompanied with the net uptake of ammonia by the 

mud eel from the HEA. The capacity for ammonia accumulation in this mud eel was found to 

be much higher than many teleosts, gobiid fishes (Dabrowska and Wlasow, 1986; Iwata, 1988; 

Jow et al., 1999; Iwata et al., 2000) and even higher than the two air-breathing catfishes (//. 

fossilis and C. batrachus) (Saha and Ratha, 1994; Saha et al., 2003). Although ammonia 

accumulation was not maximum in muscle under exposure to high environmental ammonia, it 

appears to be a main storage tissue for ammonia since it constitutes >50% of the body mass. 

This probably would serve in lowering down the level of circulating ammonia in the blood that 

resulted from ammonia loading. In this mud eel, about 1.8 fold increase of ammonia 

concentration was observed from day 3 and continued till 7 days of exposure. Significant 

accumulation of ammonia in various tissues including plasma, which appears to be much 

higher in many other teleosts (Dabrowska and Wlasow, 1986; Iwata, 1988; Jow et al., 1999; 

Iwata et al., 2000; Ip et al., 2004a) during exposure to HEA, is possibly due to net influx of 

ammonia through the gills as well as through the scale less skin of the mud eel from the 

external medium. Thus the increase accumulation of ammonia in vivo appears to be another 

possible strategy adopted by the mud eel to tolerate HEA, as observed in the gobiid fish (Iwata 

et al, 2000), swamp eel (Ip et al, 2004c), and the oriental weather loach (Tsui et al, 2002). 
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We also looked at one of the most potential mechanisms to avoid ammonia toxicity, 

such as active conversion of accumulated ammonia to various non-essential FAAs enabling 

the mud eel to survive in such high ambient ammonia. Interestingly, it was found that there 

was a significant accumulation of various non-essential FAAs in different tissues and also in 

plasma of the mud eel exposed to 100 mM NH4CI. Liver is the most important organ with 

relation to nitrogen metabolism and also in governing the amino acid homeostasis in fish 

(Campbell, 1991). Significant increase in the concentration of total non-essential FAAs was 

observed in the NH4Cl-exposed fish liver (121% on the fifth and seventh day), 92% of which 

were mainly attributable to the increase of Asp, Ala, Glu, Gin and Tau on the first day of 

exposure, and increased further after seven days of exposure. Similar observation was also 

made in kidney of the mud eel while exposing to HEA for seven days. The total non-essential 

FAAs increased to approximately 100%, which were attributable mainly to the increase of 

Asp, Gly, Ala, Glu, Gin, Pro and Tau concentrations, taken together accounted for 69% on day 

1 of exposure, which was maximum on day 5 of exposure. It is known that the synthesis of 

Glu by assimilating ammonia with a-ketoglutarate by GDH (reductive amination) plays a 

crucial role in preventing ammonia reaching to a toxic level that is generated endogenously 

from the catabolism of amino acids and tissue proteins in various tissues including the brain 

(Cooper and Plum, 1987; Jurss and Bastrop, 1995). In this fish, the activity of GDH enzyme in 

the ammonia utilizing direction was found to be approximately 1.5-2 fold higher in liver, 

kidney and stomach of treated fish comparable to other ammoneotelic teleosts (Wilson, 1973; 

Chew and Ip, 1987; Iwata, 1988; Walton and Cowey, 1977; Peng et al, 1998). Non-essential 

FAAs were also reported to increase significantly in different non-ureogenic ammoniotelic 

teleosts such as the carp (Dabrowska and Wlasow, 1986), mudskippers (Iwata et al., 1981; 
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Iwata and Deguchi, 1995; Ip et al., 1993; Kok et al., 1998; Peng et al., 1998), goldfish (Levi et 

al, 1974), Indian air-breathing catfish (Saha et al., 2002b) under hyper-ammonia stress. 

The activities of all the amino acid metabolism related enzymes in muscle were 

comparatively lower than other tissues. However, considering its size, muscle is the main 

organ for ammonia detoxification as suggested in another teleost fish such as walking catfish 

(Saha et al., 2002a). The mechanism(s) by which these enzymes are induced in this fish under 

hyper-ammonia stress cannot be explained at this moment with the available data. The increase 

in ammonia concentration in muscle accompanied by approximately 2 fold increase in the 

concentrations of total non-essential FAAs as seen on 7 days of NH4CI exposure, was mainly 

due to increase of Asp, Gly, Ala, GIu and Gin concentrations, which together accounted for 

more than 84% increase. Significant increase in concentrations of non-essential FAAs was also 

recorded in plasma of the NH4Cl-exposed fish. It was probably due to the inter-organ 

transportation of amino acids synthetised in other tissues during high ammonia loading. 

The increase in concentrations of various non-essential FAAs in different tissues was 

probably due to upregulation of the amino acid metabolism related enzymes such as GS, GDH 

(reductive amination), AST and ALT. The basal levels of activity of these key amino acid 

metabolism-related enzymes were also quite high in this fish as compared to many 

ammoneotelic teleosts including the gobiid fishes (Wilson, 1973; Waarde and Kesbeke, 1982; 

Chew and Ip, 1987; Iwata, 1988; Walton and Cowey, 1977; Peng etal., 1998; Anderson, 2001; 

Lim et al., 2001), with further simulation in their acfivities in different tissues of NH4CI-

treated fish. It is believed that the higher accumulation of ammonia in different tissues in HEA 

is the possible cause of induction of activities of these enzymes in the mud eel as suggested in 

the walking catfish (Saha et al., 2002b). 
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Further, parallel to the increase of Gin concentration, GS activity also increased 

significantly in ammonia-treated fish. The western blot analysis in the present study certainly 

indicated that the increase in GS activity was mainly due to upregulation of GS enzyme 

protein concentration in the mud eel while exposing to HEA, since the fold of increase of 

enzyme activity was almost equal to increase in enzyme protein concentration. Therefore, it is 

believed that the induction of GS activity in this fish is primarily by translational activation, 

and possibly also by transcriptional activation during exposure to HEA. This is in contrast to 

the situation in some non-ureogenic teleosts (Levi et al., 1974; Arillo et al., 1981; Peng et al, 

1998) and ureogenic marine toad fishes (Wang and Walsh, 2000), where GS activity did not 

increase in HEA, although there was an increase of Gin level. However, similar to the present 

observation in the mud eel, significant increase of GS activity, GS protein and/or GS mRNA 

levels in different tissues has been reported during exposure to HEA in the walking catfish 

(Saha et al, 2007b), in the sleeper (Anderson et al., 2002), and in the marble goby (Iwata et 

al, 2000). Whether the GS of this mud eel could additionally be regulated by allosteric 

modification of pre-existing enzyme needs to be investigated, although there was a suggestion 

that the fish GS is normally not regulated by this process (for a review, see Mommsen et al., 

1999). Recently, possession of multiple genes for GS and their variable levels of tissue 

expression in adults (Murray et al, 2003) and in early developmental stages (Essex-Fraser et. 

al, 2005) of rainbow trout (O. mykiss), in the adults of Gulf toadfish (Walsh et al, 2003) have 

been reported. It is more likely that the mud eel also possesses multiple GS genes with the 

possibility of different levels of tissue expression under HEA, since the increase of GS activity 

varied among different tissues. However, a detailed study must be considered to know the 
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possible occurrence of multiple GS genes and their possible transcriptional activation under 

hyper-ammonia stress. 

The liver perfusion experiment provided evidences of enhancing the capacity of 

incorporation of more exogenous ammonia-N to Gln-N and to a lesser extend to urea-N by the 

ammonia-treated fish liver as supported by the fact that the efflux of ammonia-N, which was 

69% of the total-N infused in the control fish liver, was reduced to 33% and the fluxes of Gln-

N and urea-N increased from 19 to 167% and 12 to 15% respectively, in ammonia treated fish 

without causing any change of efflux of total-N (Table 2 and fig. 3). It was believed that this 

was mainly because of upregulation of GS enzyme activity. 

The brain is the most sensitive organ to ammonia toxicity (Cooper and Plum, 1987). 

The most efficient way of ammonia detoxification in vertebrate brain is to convert ammonia to 

Gin by the enzyme GS (for review, see Anderson, 2001), and like most other fishes, brain 

tissue of mud eel was found to have an exceptionally high level of GS activity. Unlike that of 

other fishes, brain of the mud eel accumulated quite a bit of ammonia in HEA. The mode of 

ammonia detoxification in vertebrate brain was suggested to be through Glu and subsequent 

Gin synthesis through the coupled steps of GDH and GS (Cooper and Plum, 1987; Mommsen 

and Walsh, 1991; Wright and Wright, 1996). The activities of these two enzymes in brain of 

the mud eel were very high, and ammonia did not induce further in their activities, which 

suggest that their activities are always at the saturation level. Due to these two reasons, it is 

believed that this fish has a higher tolerance limit to ammonia loading than other fishes. The 

high levels of activity of these two enzymes led to fixing the loaded ammonia into non­

essential FAAs such as Glu and Gin and some other non-essential FAAs, which were seen to 

increase linearly during the 7 days of treatment. Increase in Gin concentration in brain due to 
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exposure to HEA has also been reported in some non-ureogenic teleosts like rainbow trout 

{Oncorhynchus gairdneri) (Arillo et al., 1981), goldfish {Carassius auratus) (Levi et al., 1974) 

and common carp {Cyprinus carpio) (Dabrowska and Wlasow, 1986). Although the Gin 

concentration in the muscle of ammonia-treated mud eel increased by 5.5 fold, it remained 

lower than in brain, liver and kidney. However, the overall capacity for ammonia storage as 

Gin in muscle would be much higher than in other tissues considering that muscle comprises 

>50% of the total body mass. 

Thus, it is evident from this experiment that active synthesis and accumulation of 

various non-essential FAAs in the mud eel play a significant role for the detoxification of 

accumulated ammonia under hyper-ammonia stress. Further, it has the capacity to accumulate 

ammonia in different tissues and also in plasma as another strategy to tolerate such a high 

ambient ammonia. Although a full compliment of OUC enzymes were detected in liver and 

kidney of the mud eel (Table 8 and fig. 14), the levels of activity of all the five OUC enzymes 

were found to be quite low as compared to other ureogenic teleosts (Saha and Ratha, 1989; 

Mommsen and Walsh, 1989; Randall et al, 1989; Iwata et al, 2000). Further, there was no 

significant increase of activities of any of the OUC enzymes in HEA as reported in two air-

breathing catfishes (Saha and Ratha, 1994; Saha et al, 1995, 2003, 2007b), with no significant 

change in the levels of urea-N in any of the tissues of the mud eel (Table 1 and fig. 2). Thus, it 

appears that the conversion of ammonia-N to urea-N via the OUC is not the major strategy 

adopted by this mud eel to tackle the problem of ammonia toxicity in HEA. 

Exposure to HEA also led to upregulation of hsp70 expression (Fig. 22), the major 

molecular chaperone, in the mud eel probably to defend against the ammonia-mediated 

stressors. As has been discussed earlier, ammonia gets diffused inside body of the fish during 
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exposure to HEA and has various toxic effects particularly causing ionic and acid-base 

imbalances in different cell types. All these would result in the mis-folding, unfolding or 

denaturation of protein molecules. The hsps are self protective proteins that maintain cell 

homeostasis against various forms of stress as an adaptive response (Lindquist and Craig, 

1988), and play some vital roles inside the cell including the maintenance of protein integrity, 

preventing premature folding and aggregation of proteins, protein translocation, and mediating 

steroid and receptor binding (Iwama et ah, 1999). Therefore, the increase in the concentration 

of hsp70 in different tissues of the ammonia-treated fish observed in the present study is 

believed to be primarily for preventing the ammonia-mediated cytotoxic effects during 

exposure to HEA. 

Thus, it can be concluded that the mud eel is able to tolerate very high ambient 

ammonia that it faces in its natural habitat by adopting the strategies of (i) allowing the in vivo 

accumulation of ammonia in different tissues, and (ii) active conversion of accumulated 

ammonia to various non-essential FAAs and to store as such in different tissues. The 

conversion of ammonia to urea via the active ureogenesis, as has been reported in some Indian 

air-breathing catfishes, is not possible in this mud eel to neutralize the ammonia toxicity. 

Further, the higher expression of hsp70, the major molecular chaperone, probably helps this 

mud eel to defend the ammonia toxicity and to adapt in a better way in HEA. 
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Aerial exposure experiment 

Air breathing is one of several adaptive responses utilized by fishes that dwell in 

habitats where O2 supplies may be severely depleted (Sayer and Davenport, 1991). The 

tropical aquatic environment is warm and often hypoxic; hence, air breathing is a common 

occurrence in tropical fishes (Graham, 1997). Many tropical fishes have evolved mechanisms 

to deal with ammonia toxicity during aerial exposure (Ip et al., 2001b; Chew et ah, 2005). 

These mechanisms include the active excretion of ammonia (NH4 )̂ (Randall et al., 1999; Ip et 

al, 2004d), prevention of ammonia production in general through a reduction in amino acid 

catabolism and/or partial amino acid catabolism leading to the formation of Ala (Ip et al., 

2001c, 2005c; Loong, 2005), the conversion of ammonia to less toxic compound such as Gin 

(Ip et al, 2004d) or urea (Jenssens and Cohen, 1968; Saha and Ratha, 1994; Saha et al, 1995, 

2001, 2003), and excretion of ammonia into air by volatilization (Frick and Wright, 2002; Tsui 

et al, 2002). All these mechanisms can be found in various species of tropical air-breathing 

fishes, which can survive on land for various periods without water. The responses of tropical 

fishes to impediment of ammonia excretion on land are many and varied, determined by the 

behavior of the fish and the nature of environment in which they live (Ip et al, 2004a). 

In the tropics, the capacity for air breathing facilitates the exploitation of terrestrial 

environment by many fish species in certain extreme cases- e.g. the weather loach (Chew et 

al, 2001) and the mud eel (Graham, 1997). They are capable not only of locomotion on land 

(in normoxia) but also of burrowing into the mud and surviving for a long period during 

drought. As mentioned in the introduction, mud eel lives in muddy ponds, swamps, canals and 

rice fields (Graham, 1997), where it burrows in the moist earth in dry season, surviving for a 

long period without water during summer (Shih, 1940; Davidson, 1975). During prolong 
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drought, it burrows deeper into the mud to remain in contact with the water table (Liem, 1987). 

The mud eel, while living in the air or inside the mud during drought, will face the problem of 

ammonia toxicity since ammonia excretion by the gills and scale less cutaneous surface is not 

possible without the availability of sufficient water in the surrounding habitat. Furthermore, 

most teleost fishes depend mainly on catabolism of tissue proteins and amino acids for energy 

generation. Therefore, ammonia is being continuously generated inside their body through the 

process of transdeamination mainly in liver (Wilkie, 1997). Therefore, the present 

investigation was aimed at determining the pattern of nitrogen excretion and also the handling 

of toxic ammonia in the mud eel while living in air for 6 days. 

The mud eel is ammoniotelic in water excreting ammonia as the major nitrogenous 

end product (Table 14). The total nitrogen excretion (ammonia-N and urea-N) by the fish 

under control conditions averaged to be about 58 |j,moles/kg/h, out of which 88% was excreted 

as ammonia-N and 12% as urea-N. Whereas, the ammonia-N excretion by the mud eel, while 

keeping outside the water, found to reduce significantly with 30% reduction in the first day 

itself, followed by fiirther decrease to about 62% on the sixth day. Aerial exposure also 

affected the rate of urea-N excretion, which decreased to about 34% on the first day of 

exposure and continued till the third day, after which it is more or less the same as control. The 

decrease of ammonia-N excretion was accompanied by significant accumulation of ammonia-

N in different tissues of the mud eel during exposure to air, with maximum accumulation in 

liver, kidney and muscle, followed by intestine, stomach, brain and plasma (Table 15). This is 

a unique phenomenon, because in mammals, the brain ammonia level of >1 ^mole/g wet wt 

leads to encephalopathy (Brusilow, 2002; Felipo and Butterwoth, 2002; Rose, 2002). By 

contrast, ammonia in different tissues of the mud eel built up to very high levels upon aerial 
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exposure reaching about 42 ^moles/g wet wt in liver, Icidney and muscle, 25 fimoles/g wet wt 

in brain, 5 ^imoles/ml in plasma. It would appear that resistance to aerial exposure for longer 

duration by the mud eel is associated with its high tolerance of ammonia at the cellular and 

sub-cellular levels. To our knowledge, this is the only fish which can accumulate ammonia in 

plasma to such a high level while on land without any feasible damage of ammonia toxicity. 

The mud eel muscle attributes by > 50% of the total body weight and the level of ammonia 

increased significantly by 76% in muscle after 6 days of aerial exposure, thereby suggesting 

that major ammonia accumulated in muscle tissue. However, how the cells and fissues of the 

mud eel tolerate such a high ammonia levels is not clear at present. Whereas, when we looked 

at the accumulation of urea-N level in different tissues of the mud eel during aerial exposure, 

no significant changes were observed in any of the tissues and plasma (Table 15). This 

indicated that conversion of ammonia to urea, as reported in Indian air-breathing catfishes 

(Saha et al., 2001, Datta, 2006), is not the major strategy adopted by the mud eel to avoid the 

accumulation of ammonia to a toxic level during aerial exposure. 

The possible conversion of the accumulated ammonia to some non-essential FAAs was 

also looked into as another major strategy adopted by the mud eel during aerial exposure. The 

pattern of changes in the levels of different FAAs in different tissues of the air-exposed fish 

was almost similar to the NlljCl-exposed fish along with the changing pattern of all the amino 

acid metabolism-related enzymes. There was significant accumulation of various non-essential 

FAAs in different tissues and plasma of the mud eel while exposing to air for 6 days. The 

cause of enhancement of synthesis and accumulation of non-essential FAAs during aerial 

exposure would also probably be the same with NH4Cl-exposed fish, i.e., to avoid the in vivo 

accumulation of ammonia to a lethal concentration. In liver, the concentration of the total non-
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essential FAAs increased significantly by 80% on the first day of exposure, which was mainly 

attributable due to the increase of Asp, Gly, Ala, Glu, Gin, Pro concentrations, followed by 

further increase by 125% on the fifth day. Similarly, in kidney of mud eel, the concentrations 

of total non-essenfial FAAs increased approximately to by 100%, 90% of which was mainly 

attributable due to the increase in concentrations of Asp, Gly, Ala, Glu, Gin and Pro. 

The increase in the concentrations of FAAs was accompanied with increase in activity 

of certain key amino acid metabolism-related enzymes such as GS, GDH, AST and ALT in 

different dssues of the mud eel (Tables 17-21 and Figs. 27-36). The activity of GS, which 

assimilate ammonia with Glu to form Gin, increased significantly in all tissues of this fish 

during aerial exposure for 6 days. Ammonia toxicity can be avoided by converting ammonia to 

Gin, since formation of one mole of Gin molecule assimilates two ammonia molecules 

(Campbell, 1973). One mole of ATP is required for the production of every amide group of 

Gin via GS, whereas 2.5 moles of ATP is needed for every mole of nitrogen detoxified via the 

OUC (Ip, et al., 2001a). Hence, Gin synthesis would be more efficient than ureogenesis in 

term of energy expenditure. Moreover, excretion of urea requires water to flush out from the 

branchial and cutaneous surfaces, whereas Gin can be retained inside the body and the 

requirement of water does not arise. In addition. Gin, stored within the body after its synthesis, 

can be used for the anabolism of purine, pyrimidine etc. when favourable environmental 

condition prevails (Tay et al., 2003). Gin has been found to play a significant role in the 

detoxification of endogenously generated ammonia in different fish species exposed to air for 

different time periods (Chew et al., 2001; 2003a). There was a significant accumulation of Gin 

in all fissues including plasma of the mud eel exposed to air with maximum accumulafion in 

liver, followed by brain, plasma, stomach, and muscle. Even though. Gin concentration in 
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muscle is lower than that in other tissues, but the capacity of total storage of Gin in muscle 

would be much higher than in other tissues, as it constitutes >50% of the total body mass. 

Therefore, muscle acts as a good reservoir for Gin accumulation in the mud eel, as suggested 

in the walking catfish (Saha et al., 2002b), marble goby {O. marmoratus) and sleeper {B. 

sinensis) (Jow et ah, 1999; Ip et o/., 2001b; Anderson, et al, 2002). The brain of the mud eel 

has the highest activity of GS as compared to other tissues studied, and this would probably 

contribute to the extreme tolerance to high ammonia concentration in the body. The Gin 

content in brain of the mud eel reached up to 8.55 ^moles/g wet wt after 6 days of aerial 

exposure. Ironically the high Gin synthesis and storage in the brain contribute to toxicity, 

causing brain ATP and a-KG depletion (Campbell, 1973; Cooper and Plum, 1987), and 

astrocyte cell volume increase, leading ultimately to brain edema and death (Brusilow, 2002; 

Felipo and Butterworth, 2002; Rose, 2002). How the brain of fish tackles this problem of high 

Gin accumulation is unknown, but it opens up for future studies. Elevated tissue ammonia 

levels are associated with increased Gin levels in brains of many vertebrates (Ip, et al, 2001b; 

Brusilow, 2002). A similar phenomenon of ammonia detoxification to Gin on aerial exposure 

has also been reported in loach (M anguillicaudatus) (Chew et al., 2001), sleeper {B. sinensis) 

(Ip, et al, 2001b), swamp eel (M albus) (Tay et al, 2003), lungfish {P. dolloi) (Chew et al, 

2003), African sharptooth catfish (C. gariepinus) (Ip, et al, 2005), and walking catfish (C. 

batrachus) (Saha et al, 2007b). Thus, it appears that Gin formation is adopted as one of the 

important strategies to defend against endogenously generated ammonia in the mud eel. 

The liver perfusion experiment provided further evidences of enhancing the capacity of 

incorporation of more endogenously built ammonia-N to Gln-N and to a lesser extent to urea-

N by the air-exposed fish liver as supported by the fact the efflux of ammonia-N, which was 
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70% of the total-N infused in the control fish liver, was reduced to 28%, and the fluxes of 

Gln-N and urea-N increased from 19% to 55% and 12% to 14%, respectively, in air-exposed 

fish without causing any change of total-N (Table 16 and Fig. 26). It is believed that this was 

mainly because of upregulation of GS enzyme activity. 

The activity of GDH in ammonia utilizing direction was found to be very high in this 

fish, which further enhanced by 88% and 80% in liver and kidney, respectively. Glu formed by 

GDH can also undergo transdeamination with pyruvate, catalyzed by ALT producing a-KG 

without the release of ammonia (Ip et al., 2001c). In the mud eel, the concentration of Ala 

increased significantly in liver, kidney and muscle (94%, 104%, and 132%, respectively) on 

the first day of exposure, accompanied by the increase in activity of the enzyme ALT in these 

tissues. Thus, the formation of Ala or partial amino acid metabolism without releasing of 

ammonia could be one possible strategy to lower down the concentration of endogenously 

build ammonia concentration in this mud eel during aerial exposure as suggested in C. asiatica 

during 48 h of aerial exposure (Chew et al., 2003b). This would allow the utilization of certain 

amino acids as energy sources, and at the same time minimize the ammonia accumulation in 

this fish. Further, the AST activity was also upregulated by aerial exposure. The increase in 

the activity of all these enzymes helps in fixing the accumulated ammonia to Glu, Gin, Ala and 

others non-essential FAAs under the ammonia-stress. In order to slow down the buildup of 

tissue ammonia concentrations during decrease ammonia excretion on land, fish can decrease 

the rate of ammonia production by reducing the rate of amino acid catabolism. The steady state 

concentrations of FAAs in tissues are maintained by the balance between the rate of anabolism 

and catabolism of tissue proteins and amino acids. Any alteration of these two rates would lead 

to changes in the concentrations of FAAs, and the ability to alter these rates is important for a 
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fish that is often exposed to terrestrial condition, because it slows down the buildup of 

endogenous ammonia (Ip et al., 2004a). It was earlier suggested that the mudskippers reduce 

the rate of nitrogen metabolism in response to aerial exposure (Gordon et al., 1969; 1970; 

1978), although they did not provide any data to support this proposition. In contrast, Ip et al. 

(1993) observed an increase in total FAA levels in different tissues of P. schlosseri after 24 h 

of aerial exposure but not in those of 5. boddaerti. They attributed this difference between the 

two species of the mudskippers to the greater activity of P. schlosseri on land. In addition, they 

speculated that P. schlosseri increased the rate of amino acid catabolism to sustain its activity 

on land. However, Lim et al. (2001) suggested a reduction in the rates of protein and amino 

acid catabolism to slow down the accumulation of endogenous ammonia in two mudskippers 

rather than enhanced synthesis during aerial exposure. However, with the present data it is 

difficult to say whether the protein and amino acid catabolism went down in the mud eel 

during aerial exposure. 

The western blot analysis certainly indicated that the GS enzyme protein concentration 

in different tissues of mud eel increased significantly by 1.6-3.0 fold after 6 days of aerial 

exposure, which was parallel to the increase of GS enzyme activity. Therefore, it is believed 

that the induction of GS activity in this fish is primarily by translational activation, and 

possibly also by transcriptional activation during aerial exposure as suggested during HEA 

exposure. The cause of induction is probably the same, i.e. higher accumulation of ammonia in 

situ, which was generated endogenously during aerial exposure. Further, it is suggestive that 

the mud eel possesses more than one mRNA transcripts for GS and that probably leads to 

synthesis of more than one isoforms of GS enzyme as evidenced from the western blot 

analysis. In muscle, there were two bands for GS both in control and air-exposed fish (Fig. 
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44), which was accompanied with different levels of tissue expression during aerial exposure 

since the increase of GS activity varied among different tissues. 

Exposure to air for 6 days also led to upregulation of hsp70 expression (Fig. 45), the 

major molecular chaperone, in the mud eel probably to defend against the ammonia-mediated 

stressors that resulted due to accumulation of endogenously built ammonia and also due to 

dehydration stress. All these would result in the mis-folding, unfolding or denaturation of 

various stress-sensitive protein molecules. The hsps are self protective proteins that maintain 

cell homeostasis against various forms of stress as an adaptive response (Linquist and Craig, 

1988), and play some vital roles inside the cells including the maintenance of protein integrity, 

preventing premature folding and aggregation of proteins, protein translocation, and mediating 

steroid and receptor binding (Iwama et al., 1999). Therefore, the increase in the concentration 

of hsp70 in different tissues of the air-exposed fish, observed in the present study, is believed 

to be primarily for preventing endogenously built ammonia-mediated cytotoxic effects and 

also to prevent the dehydration mediated stressors during aerial exposure. 

Thus, it can be concluded that the mud eel is able to survive for longer duration either 

in the air or inside the mud in semidry conditions by adopting the strategies of (i) allowing the 

in vivo accumulation of ammonia in different tissues that is generated endogenously, (ii) the 

formation of Ala or partial amino acid metabolism without releasing ammonia, and (iii) active 

conversion of accumulated ammonia to various non- essential FAAs and to store as such in 

different tissues. The conversion of ammonia to urea via the OUC is not adopted in this fish 

during aerial exposure. Further, the higher expression of hsp70, the major molecular 

chaperone, probably helps this mud eel for better adaption to desiccation stress. 
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Ammonium bicarbonate injection experiment 

In the first experiment, the external ammonia got loaded inside the body of fish by 

reverse partial pressure of external ammonia, and in the second experiment the excretion of 

endogenously generated ammonia was impeded due to lack of water in the surrounding 

medium to flush the branchial and the scale-less cutaneous surfaces. In both cases, ammonia 

concentration built up inside the body of stressed fish. In the former case, the fish encountered 

retention of endogenously generated ammonia and loading from the external source, while in 

the latter case, they encountered only with retention of endogenously generated ammonia, 

which accumulated inside the body due to impediment of its excretion. In contrast, in this 

experiment, ammonia in the form of NH4HCO3 was injected directly in the peritoneal cavity of 

the mud eel. The idea was to increase the level of ammonia concentration artificially inside 

the body offish and aimed at investigating the role of endogenous ammonia in controlling the 

nitrogen metabolism in this fish. Further, bicarbonate of ammonia was used instead of NH4CI, 

because it can be utilized in the OUC pathway. Since the injected fishes were again kept back 

in water, ammonia excretion would not be impeded, as the partial pressure was greater in the 

outwardly direction. 

The total-N (ammonia-N and urea-N) excreted by the mud eel under normal 

physiological condition averaged to be 53.24 |imoles/kg body wt over a period of 24 h, out of 

which ammonia-N excretion accounted for 89% (47.35 ^moles/kg body wt) and urea-N 11% 

(5.89 i^moles/kg body wt), suggesting again that the mud eel is ammoniotelic while living in 

the normal aquatic habitat. However, significant increase in excretion of ammonia-N (24%) 

was observed after 6 h post injection and increased further up to 37% after 24 h, and urea-N 

excretion during these periods was not significantly increased. The conversion of loaded 
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ammonia to urea was not possible via the existing OUC in liver and kidney to avoid the toxic 

effects of the accumulated ammonia since the activities of OUC enzymes are as such low with 

no further induction of activities of any of the enzymes by ammonia injection (Table 33, fig. 

53). Thus, the nitrogen excretion pattern did not change from ammoniotelism to ureotelism as 

reported in the Indian air-breathing catfishes which have relatively high activity of the OUC 

enzymes in the hepatic and non-hepatic tissues (Saha and Ratha, 1989; Saha et al., 1999; 

2003). Thus, this experiment again proves that the conversion of ammonia-N to urea-N via the 

OUC is not the major strategy adopted by this mud eel to tackle the problem of ammonia 

toxicity. 

Several recent studies, however, have suggested that ureotelism is not the universal 

response of fishes to survive under various adverse ecological conditions that interfere with 

ammonia excretion (Ip et al., 2004a). Few more strategies to ameliorate the ammonia toxicity, 

either generated endogenously or coming from the external sources, have been suggested by 

various workers in certain fishes and mentioned in earlier chapters. The mud eel, when 

confronted with intra-peritoneal injection of NH4HCO3, did not detoxify accumulated 

ammonia to urea, instead ammonia was excreted as such in the surrounding medium by simple 

diffusion from their branchial and scale-less cutaneous surfaces. Further, since not all 

ammonia injected was excreted out by the fish during 24 h, the majority of ammonia was 

retained inside the body of the fish. As has been discussed in the previous experiments, this 

fish has a very high tolerance to accumulated ammonia at cellular and sub-cellular levels. 

Hence, the injected ammonia retained by the fish was apparently assimilated with other 

defense mechanisms for detoxification such as active conversion to non-essential FAAs by 

226 



upregulating various amino acid metabolism-related enzymes to prevent the accumulation of 

ammonia to a lethal level. 

NH4HCO3 injection significantly increased the activity of various amino acid 

metabolism related enzymes such as GS, GDH, AST and ALT. The OS activity was 

upregulated in all tissues of the mud eel except in brain, where its activity was already at a 

very high level. The maximum induction was recorded in stomach of the treated fish after 24 h 

of injection, increasing from 88.76 |imoles/g wet wt to 219.97 |imoles/g wet wt (148%), 

followed by kidney from 49.59 jimoles/g wet wt to 96.00 j^moles/g wet wt (94%), muscle 

from 26.16 fimoles/g wet wt to 45.88 ^moles/g wet wt (73%), and liver from 28.3 jimoles/g 

wet wt to 48.88 ^moles/g wet wt (73%). As evidenced by the western blot analysis (Fig. 61), 

the upregulation of GS activity in different tissues of the treated fish was accompanied by 1.5 

to 2.0 fold increase of the GS enzyme protein concentration in liver, kidney, stomach and 

muscle as compared to respective controls. Corresponding to the increase in the GS enzyme 

activity, the concentration of Gin also increased significantly in all tissues including plasma 

(324%) of the injected fish. The accumulation of Gin in plasma was maximum, followed by 

liver (190%), brain (138%), stomach (94%), kidney (91%) and muscle (88%). From the result, 

it was observed that Gin concentration in muscle was the least, but again as discussed earlier, 

considering its mass, much of Gin was safely stored in this tissue. Thus, the upregulation of 

GS activity helped to convert much of the injected ammonia to Gin for safe storage in muscle 

and other tissues, which appears to be one of the major strategies adopted by the mud eel to 

avoid the accumulation of toxic ammonia to a lethal level. In addition, the perfusion 

experiment provided evidence of the enhanced capacity of GS to incorporate more exogenous 

227 



ammonia-N to Gln-N in liver from the treated fishes (Table 29). This was mainly due to 

upregulation of GS activity induced by the injected ammonia in the liver of the fish. 

Significant increase in tissue concentrations of various non-essential FA As was also 

observed in different tissues of treated fish. The total concentrations of non-essential FAAs 

increased significantly in liver (96%) after 24 h, followed by kidney (60%), plasma (59%), 

stomach (38%) and brain (32%). The increase was mainly attributable to the increase in 

concentrations of Asp, Ala, Ser, Glu, and Gin, which together accounted for about 63% of the 

total FAAs in liver of the treated fish. Similarly in kidney, plasma, stomach and brain the 

increase in the total concentrations were due to the increase of these few non-essential FAAs. 

These results indicated that a decrease in the rate of FAA catabolism, as suggested by Ip et al. 

(2003) in the swamp eel accompanied with the increasing rate of their synthesis by the 

increase in the activity of the amino acid metabolism related enzymes apart from GS such as 

GDH (in ammonia utilizing direction), AST and ALT almost in all tissues studied. The GDH 

activity in the reductive amination direction (forming Glu from a-KG and NH4 )̂ increased 

significantly in kidney and liver of the treated fish after 24 h (Table 31). Iwata et al., (1981) 

reported a significant increase in GHD activity (assayed in the Glu forming direction) in the 

mud-skipper {P. schlosseri) under increase ammonia content. Peng et al., (1998) also reported 

significant increase of GDH (reductive amination) and ALT activities in liver and brain of P. 

schlosseri under hyper-ammonia stress. Accompanied with the increase of activity of GDH 

(ammonia utilizing direction), the ALT activity was also upregulated by the injected ammonia 

in this fish. 

Thus, it is clear from this experiment that the extra loading of ammonia in different 

tissues of the mud eel is the major cause of upregulation of GS enzyme at the translational 
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level and possibly also at the transcriptional level along with induction of activities of other 

amino acid metabolism related enzymes, which may involve in detoxification of endogenously 

built ammonia. This probably results in detoxification of ammonia to Gin and other non­

essential FAAs as one of the major strategies to handle the ammonia toxicity in this fish. 

Further, it is clear from this experiment that ureogenesis via the OUC does not play any role in 

detoxification of ammonia to urea in the mud eel. 
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Cortisol injection experiment 

Cortisol is the metabolic hormone in fish (Vijayan et ah, 1991; 1994) and limited 

investigations have reported that it increases the metabolic rate offish (Chan and Woo, 1978). 

The circulating Cortisol level in teleost fishes rises drastically during exposure to stress and is 

the major regulator of intermediary metabolism and normal physiological parameter 

(Mommsen et al., 1999). Therefore, it is one of the most commonly used indicators of stress in 

fish. Certain studies, have also demonstrated that Cortisol might contribute to the regulation of 

ureogenesis in fish (for review, see Mommsen et al., 1999), and suggested a link between the 

hormone and the OUC (Vijayan et al., 1996). Increase in plasma Cortisol level during 

confinement/crowding has been suggested to be the primary cause of induction of GS enzyme 

in the gulf toadfish (Hopkins et al., 1995). Similarly, the intraperitoneal injection of Cortisol 

stimulated the in vivo GS activity in sea-raven (Hemitripterus americanus) (Vijayan et al., 

1996), tilapia (Mommsen et al., 2003a) and rainbow trout (McDonald and Wood, 2004). A 

sharp rise in the plasma Cortisol level was also observed in the walking catfish within 24 h of 

HEA exposure, which could be as a result of high ammonia stress as a consequence of 

ammonia accumulation in body tissues and plasma (Saha et al., 2007b). Moreover, amino 

acids are known to be the main catabolic substrates for the energy generation in teleost fish 

(van Waarde, 1983), and in the process of amino acid catabolism ammonia is generated by 

transdeamination. Hence, the main objective in this study was to investigate the effect or the 

involvement of Cortisol on the pattern of nitrogen metabolism and induction of various 

enzymes related to nitrogen metabolism in the mud eel. 

The total-N excretion (ammonia-N and urea-N) by the mud eel in control condition 

averaged to be about 58.64 jimoles/kg body wt/day over a period of 5 days, out of which 82% 
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(48.35 ^moles/kg body wt/day) was excreted as ammonia-N and 18% (10.3 î moles/kg body 

wt/day) as urea-N, thus suggesting again that this fish is ammoniotelic in nature while living in 

normal aquatic habitat as suggested in other teleosts (for review, see Wilkie, 1997). However, 

ammonia-N excretion by the cortisol-injected fish increased significantly up to 27% after 12 h 

and further increased after 48 h and 72 h of injection accounting for about 61% and 59%, 

respectively. The urea-N excretion increased to some extend following injection of Cortisol. As 

a result, the total-N excrefion increased significantly following 120 h of Cortisol injection. This 

indicated that nitrogen catabolism increased by the Cortisol treatment as suggested by 

Mommsen et al., (2003) leading to an increase in nitrogen turn-over. Elevation of endogenous 

Cortisol in fishes was reported to enhance hepatic gluconeogenesis from amino acids (Freeman 

and Idler, 1973; Whiting and Wiggs, 1977; Chan and Woo, 1978; Leach and Taylor, 1982; 

Davis et al., 1985; Vijayan et al., 1996; 1997). Cortisol also elevates plasma amino acids 

rapidly and is likely to act through elevated proteolysis in liver being the primary target for 

Gortisol-mediated release of amino acids (Milligan, 1997). Consequently, in many teleosts, a 

rise in endogenous Cortisol is reported to elevate in circulating glucose and an increase in 

ammonia production and excretion (Chan and Woo, 1978). 

Accompanied with enhanced rate of excretion of ammonia-N, there was significant 

accumulation of ammonia-N almost in all tissues of the cortisol-treated fish. The ammonia-N 

concentration increased maximally in liver (85%), followed by kidney (83%), muscle (45%) 

and stomach (24%). Urea-N was also found to increase significantly in muscle (55%), kidney 

(50%) and liver (47%) with slight increase of urea-N excretion rate. All these indicated that the 

N turn-over rate increased significantly in the mud eel due to Cortisol injection. Recent 

evidences indicated that Cortisol may contribute to the regulation of urea production in fish 
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(Hopkins et al., 1995; Vijayan e/ al., 1996; for review see Mommsen et al., 1999). Vijayan et 

al., (1996) showed that Cortisol enhances liver arginase activity in ammoniotelic marine sea 

raven (//. americanus) with a 3 fold increase in plasma urea concentration, and suggested a 

link between the hormone and the OUC. Rainbow trout {O. mykiss), treated with Cortisol, had 

a 3 fold elevation in plasma and urine urea concentrations, and a 2-3 fold elevation in 

branchial and urinary urea excretion rates. Similarly, Cortisol injection also stimulated the 

ureogenesis in the walking catfish (Dutta, 2006). However, in the mud eel, where very low 

level of activities of different OUC enzymes was reported, Cortisol injection could not cause 

any significant induction in any of the OUC enzymes. In rats (mammal), treatment with 

Cortisol caused an upregulation of three out of five OUC enzymes, viz. CPS, ASS, and ARG 

(Christowitz et al, 1981). Hence, it can be suggested that Cortisol treatment affected the 

nitrogen metabolism in general and amino acid metabolism in particular that in turn would 

result in increased availability of amino acid-derived carbon for oxidation or anabolic 

pathways in this fish. 

Cortisol exerts a proteolytic role, especially on the fish white muscle and possibly in 

the liver as part of its wide spread catabolic activities (Barton et al., 1987; Vijayan et al., 

1997). The plasma amino acid concentration tends to increase in fish implanted with Cortisol 

(Andersen et al., 1991; Vijayan et al., 1997). In the present investigation, it was noticed that 

intra-peritoneal injection of Cortisol caused significant increase of different non-essential 

FAAs in all the tissues including plasma of the mud eel with the maximum percentage increase 

in plasma (132%), followed by liver (95%), muscle (86%), kidney (76%) and brain (75%,). In 

liver, the increase of non-essential FAAs was mainly due to the increase of Gin, Glu, Ala and 

Tau, which together contributed about 84% of the total increase. The amino acid 
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concentrations are influenced by the two processes, viz., their cataboHsm and synthesis. The 

levels of FAAs concentration can be increased by the enhanced rate of proteolytic process of 

tissue proteins by Cortisol as suggested in fish muscle (Barton et al., 1987). The catabolic 

pathways lead to the production of ammonia and flux of amino acid carbons into glycogen and 

gluconeogenesis under the influence of the hormone resulting in the reduction of their 

concentrations. Conversely, as observed in this fish, the plasma and other tissue concentrations 

of non-essential FAAs increased significantly, thereby suggesting that probably the rate of 

synthesis out balanced their rate of catabolism under the influence of exogenous Cortisol. 

However, the rate of proteolysis might had also increased as supported by the fact that the 

concentrations of total essential FAAs also increased significantly in liver, muscle and plasma. 

Liver has been suggested to be the primary target of cortisol-mediated release of amino acids 

(Milligan 1997). Same might be true in the case of the mud eel. Though muscle proteolytic 

activity is also affected by Cortisol (Barton et al., 1987), but it is characterized by slow 

metabolic rate (Mommsen et al., 1999) as compared to other tissues such as liver. But the role 

of Cortisol on proteolysis is based on numerous indirect observations, mainly plasma amino 

acid concentrations (Vijayan et al., 1997), and very little piscine evidences have been proposed 

in direct support of its role (Mommsen et al., 1999). Moreover, it is rather difficult to establish 

its proteolytic role experimentally, unless protein and amino acid turnover are investigated, 

which till date only one study has been done in this direction (Andersen et al., 1991). 

Increase in the levels of FAAs concentrations, following Cortisol injection, was 

accompanied with significant increase in the activity of some key amino acid metabolic 

enzymes especially involving the processing of Glu such as GS, AST, ALT and GDH 

(ammonia utilizing direction). Significant increase in GS enzyme activity was observed in 
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various tissues such as liver (90%), kidney (77%), muscle (103%) and brain (53%). Cortisol 

has been shown to stimulate the hepatic GS enzyme activity in the ureogenic toadfish (O. beta) 

(Hopkins et al., 1995), ammoniotelic sea raven (H. americanus) (Vijayan et al, 1996), tilapia 

(Oreochromis niloticus) (Mommsen et al., 2003b), rainbow trout {O. mykiss) (Anderson, et al., 

1991; McDonald and Wood, 2004) and Indian walking catfish (C batrachus) (Saha et al, 

2007b). GS is the feeder enzyme controlling the entry of nitrogen into the OUC in ureogenic 

teleosts (Mommsen and Walsh, 1991), and is considered as the key regulatory or rate limiting 

step for the ureogenic toadfish (Walsh et al., 1994). However, the OUC enzymes in the mud 

eel are not induced significantly following Cortisol injection, more so as discussed earlier that 

ureogenesis is not adopted as the strategy to avoid ammonia toxicity in this fish. Hence, it can 

be said that Cortisol in the mud eel induced GS activity only to assimilate the ammonia 

generated from the enhanced rate of amino acids catabolism by Cortisol, suggesting its main 

role for ammonia detoxification. Increase in GS enzyme activity was accompanied with the 

increase in the concentration of GS enzyme protein as evidenced by western blot analysis (Fig. 

78), which probably might be due to increase in ammonia level by Cortisol injection, as 

suggested in the walking catfish (Saha et al., 2007b). In addition, the perfusion experiment 

provided evidences of enhanced capacity of GS to incorporate more of ammonia-N to 

glutamine-N by the cortisol-injected fish liver. All these clearly indicated that Cortisol injection 

resulted in the upregulation of GS enzyme protein at the translation level and/or probably also 

at the transcriptional level. Since fish hepatic GS does not seem to be activated allosterically 

(Shankar and Anderson, 1985), Cortisol must be regulating transcription of GS gene in fish 

(Mommsen et al., 1999). Preliminary studies with isolated Gulf toadfish hepatocytes indicated 

that treatment with Cortisol induces GS mRNA expression (Ip et al., 2001a). As suggested in 
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the case of mammalian and avian GS genes (Zhang and Young, 1991; Fahmer et al, 1993), 

the GS gene(s) of the mud eel also might contain upstream glucorticoid-response elements. 

Therefore, it opens a future field of investigation on the possible involvement of Cortisol in the 

transcriptional regulation of GS with the possibility of multiple GS transcripts and their 

regulation in the mud eel. Now a day, the investigation on GS activity is not only restricted to 

liver but extended to other fish extra-hepatic tissues such as intestine, stomach and muscle 

(Anderson et al., 2002; Mommsen et al., 2003a). Like in most other fishes (Anderson and 

Walsh, 1995; Chakravorty et al., 1989; Felkie et al., 1998; Wang and Walsh, 2000), presence 

of exceptionally high level of activity of GS in brain tissue of the mud eel, reported here, must 

be playing an important role in detoxifying endogenous ammonia to Gin, resulting in 

significant increase in the concentration of Gin by about 129% (Table 44), following Cortisol 

injection. 

The effects of Cortisol on the activity of amino acid metabolism related enzymes are 

tissue and species specific. Coticosteroids have been shown to increase aminotransferase 

activities in some fish species such as goldfish {Carassius auratus) (Storer, 1967), eels 

{Anguilla japonica and A. rostrata ) (Chan and Woo, 1978; Foster and Moon, 1986), brook 

charr {Salvelinus fontinalis) (Freeman and Idler, 1973; Whiting and Wiggs, 1977; Vijayan et 

al., 1991), channel catfish {Jctalurus punctatus) (Davis et al., 1985), rainbow trout {O. mykiss) 

(Freeman and Idler, 1973; Barton et al, 1987; Morales et al, 1990), toadfish {O. beta) 

(Mommsen et al., 1992) and sea raven {H. americanus) (Vijayan et al., 1996). In the mud eel, 

the activity of GDH (ammonia utilizing direction), AST and ALT increased significantly 

following cortisol-treatment. The GDH activity in the ammonia assimilation direction 

increased maximally in kidney and liver (84% and 52%, respectively), followed by brain 
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(24%), intestine (30%), stomach (22%) and muscle (21%) (Table 40). The increase in hepatic 

GDH activity in sea raven following Cortisol treatment suggests a role for Cortisol in the 

enhanced hepatic capacity for ammonia production (Vijayan et al., 1996) as proposed also in 

Japanese eel {A. japonica) (Chan and Woo, 1978). Also, toadfish showed higher GDH activity 

in isolated hepatocytes with dexamethasone treatment (Mommsen et al, 1992). The activity of 

ubiquitous enzymes such AST and ALT also are upregulated by the Cortisol treatment, 

suggesting the higher rate of amino acids metabolism. The fact that higher activity of ALT and 

GDH could potentially increase the flux of Ala through the transdeamination pathway, as 

evidenced from the isolated sea raven and trout hepatocytes (Mommsen et al., 1992; 1999) and 

enhances Ala oxidation and gluconeogenesis in rainbow trout hepatocytes (Vijayan et al., 

1993; 1994), as a consequence resulting in higher production of ammonia. Thus, our results 

supported that the increase in tissue ammonia concentration finally stimulated the amino acids 

metabolic enzymes for clearing the excess ammonia generated endogenously. However, there 

are inconsistencies and confusion in the literature regarding the action of Cortisol during stress 

in fish. Much of the confusion probably arises due to differences in the method of 

administration of the hormone (Mommsen et al, 1999), species differences (Vijayan and 

Moon, 1994) among the many factors that influence Cortisol levels in fishes. Nevertheless, it 

would be interesting to look at the compartmentalized induction of Cortisol especially AST and 

ALT, which are locating both in the cytosolic and mitochondrial compartments in fish 

hepatocytes. Further, it would be interesting to study the possible induction of different mRNA 

transcripts of GS in the mud eel. 
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CONCLUSION 

The mud eel, Amphipnous cuchia is an obligatory air-breather, and lives in muddy 

ponds, swamps, canals and rice fields, where it burrows in moist earth during dry seasons and 

survives for long periods without water during summer. Thus, it faces the problem of ammonia 

toxicity in its natural habitats and due to build up of high ammonia during exposure to high 

external ammonia (HEA) and also during desiccation stress. It possesses various adaptational 

strategies to adapt to these unique environmental conditions. Therefore, the main aim in the 

present study was to find out the possible biochemical strategies related to nitrogen 

metabolism adopted by this mud eel to survive under various environmental stresses that it 

faces in its natural habitats with special emphasis on amino acid metabolism under high 

environmental ammonia and desiccation stress. 

The mud eel is primarily ammoniotelic while living in water excreting ammonia as the 

major nitrogenous excretory end product. It tolerates a very high ambient ammonia (upto 200 

mM NH4CI), which is much higher than any other teleosts reported till date. It has the capacity 

to allow accumulation of ammonia at high level in different body tissues including plasma, 

while encountering the problem of HEA and also to terrestrial conditions for longer duration in 

its natural habitats, as one of the strategies to tackle the problem of ammonia toxicity. 

Though the mud eel possesses a full complement of OUC enzymes in liver and kidney, 

but the levels of activity of all the five OUC enzymes are quite low as compared to other 

ureogenic teleosts. Further, exposure to HEA and to terrestrial conditions does not cause the 

induction of activity of the OUC enzymes as a consequent of higher accumulation of 

ammonia. Therefore, the conversion of accumulated ammonia to urea is not possible in this 

mud eel, as has been reported in some Indian air-breathing catfishes. Thus, ureogenecity is 
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ruled out in this fish, as a strategy to neutralize and ameliorate ammonia toxicity. However, 

active conversion of accumulated ammonia to various non-essential FAAs and to store as such 

in different tissues are seen as the major strategy adopted by the mud eel in HEA and also in 

terrestrial habitats. The activities of GDH and GS in brain and other tissues of the mud eel are 

as such very high, which further get induced in HEA and terrestrial habitat along with the 

induction of two important transaminase enzymes, AST and ALT. All these enzymes due to 

induction help in fixing the accumulated ammonia into Gin, Glu, Asp, Ala and some other 

non-essential FAAs in different tissues. Further, the higher accumulation of Ala in various 

tissues might be due to partial amino acid metabolism, which could be another important 

strategy to avoid ammonia toxicity, whereby, no ammonia is released in the process to cause 

ammonia-pollution in internal environment of the animal. Furthermore, the higher expression 

of hsp70, the major molecular chaperone, in all the tissues studied, probably helps the mud eel 

to defend against ammonia-mediated stressors and aid to adapt in a better way of dealing with 

high accumulation of ammonia encountered during exposure to various environmental 

constraints, and can be seen as another important strategy to avoid the toxic effects of 

ammonia. 

The role of GS, a very important enzyme for detoxification of toxic ammonia and the 

key enzyme in nitrogen metabolism, has been explored in the present study in this fish. GS 

enzyme was found to be widely distributed at relatively high levels in different tissues of the 

mud eel, with maximum activity in brain, followed by stomach, intestine, kidney, liver and 

muscle. Interestingly, a high level of GS enzyme activity was found in stomach and intestine 

of this fish, where the enzyme may have a role unrelated to that in the liver and kidney. 

Exposure to HEA and terrestrial habitat causes upregulation of GS enzyme activity and also 
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the GS enzyme protein concentrations in different tissues of the mud eel. It is suggested that 

high ammonia load causes upregulation of GS enzymes at translational, and possibly also at 

transcriptional level in this mud eel. Upregulation of GS activity leads to the detoxification of 

accumulated ammonia to Gin. With Gin serving as the primary nitrogen donating substrate for 

urea synthesis via the OUC in ureogenic teleosts, it is interesting to note that the activity of GS 

in this non-ureogenic fish is mainly for detoxification of ammonia accumulated inside tissues 

of stressed fishes. Upregulation of GS activity on exposure to HEA and terrestrial habitat is 

further evidenced by the fact that there is an increase in the efflux of glutamine-N by the 

perfused liver of the fish kept in HEA and terrestrial habitat, compared to the control fish. 

High accumulation of ammonia in vivo due to hyper-ammonia stress, caused during exposure 

to HEA and terrestrial habitat, believed to be the primary cause of induction of GS enzyme 

activity, is further evidenced by the fact that the intra-peritoneal injection of NH4HCO3 causes 

upregulation of GS enzyme activity, increase of GS enzyme protein concentrations and high 

Gin accumulation, along with increased efflux of glutamine-N by the perfused liver. 

Further, the injection of Cortisol, which is one of the most important stress hormones in 

fish and also is known to stimulate the proteolytic activities, is reported to enhance the rate of 

N excretion mainly in the form of ammonia-N with no changes of urea-N excretion, more 

accumulation of ammonia and non-essential FAAs in different tissues with concomitant 

increase of activities of GS and other amino acid metabolism-related enzymes in the mud eel. 

This again emphasizes the fact that whatever may be the cause of accumulation of ammonia in 

vivo in this mud eel, but its accumulation is the primary cause of induction in the synthesis of 

various non-essential FAAs in this mud eel as an adaptation to avoid the accumulation of 

ammonia to a toxic level. 

239 



Thus, it can be concluded that the mud eel (A. cuchia) is uniquely adapted to nitrogen 

metabolism using multiple strategies to tackle the problem of ammonia toxicity, thus enabling 

them to survive in extreme habitats that are totally unsuitable for any typical teleost. 
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Influence of Cell Volume Changes on Autophagic 
Proteolysis in the Perfused Liver of Air-Breathing 
Walking Catfish (Clarias batrachus) 
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ABSTRACT Exposure of perfused liver of walking catfish (Clanas batrachus) to hypotonicity 
(—80mOsmol/L) caused swelling of liver cells as evidenced by the increase in liver mass by 11.5%, 
and inhibition of [^H]leucine release (as a measure of proteolysis) by 37% from the radiolabeled 
perfused liver. Whereas, exposure of perfused liver to hypertonicity (+80mOsmol/L) caused 
shrinkage of liver cells as evidenced by the decrease in liver mass by 10.4%, and stimulation of 
[^HJleucine release by 24%. Infusion of amino acids such as glutamine plus glycine (2mM each) also 
caused increase in liver cell volume as evidenced by the increase in liver meiss by 8.9%, and inhibition 
of [^H]leucine release by 29%. Adjustment of anisotonicity of the media without changing the NaCl 
concentration in the media had almost similar effects on proteolysis in the perfused liver. A direct 
correlation of cell volume changes or hydration status of liver cells with that of proteolysis was 
observed in the perfused liver regardless of whether the cell volume increase/decrease was evoked by 
anisotonic perfusion media or by the addition of amino acids. Thus, it appears that the increase/ 
decrease in hepatic cell volume could be one of the importeint modulators for adjusting the 
autophagic proteolysis m walking catfish probably to avoid the adverse affects of osmotically induced 
cell volume changes, to preserve the hepatic cell function and for proper energy supply under osmotic 
stress. This is the first report of cell volume-sensitive changes of autophagic proteolysis in hepatic 
cells of any teleosts. J. Exp. Zool. 311A:115-124, 2009. © 2008 Wiley-Liss, Inc 

How to cite this article: Biswas K, Khongsngi JL, Haussinger D, Saha N. 2009. Influence of 
cell volume changes on autophagic proteolysis in the perfused liver of air-breathing 
walking catfish {Clarias batrachus). J. Exp. Zool. 311A:115-124. 
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In comparison with mammals, teleost fishes face 
more problems of osmotic stress primarily owing 
to osmolarity changes in their external environ­
ment, other than intestinal absorption of amino 
acids and other metabolites. Looking at the 
enormous importance of osmoregulation in fishes, 
some reports on this line are already available 
concerning the cell volume regulatory mechan­
isms in red blood cells (Fugelli and Thoroed, '86; 
Motais et al., '91; Ha3Ties and Goldstein, '93; 
Cossins et aL, '94), renal cells (Kanli and Terreros, 
'97; Kanli and Norderhus, '98), intestinal cells 
(Lionetto et al., 2001, 2002, 2005; Trischitta et al., 
2004), and few reports in fish hver cells (Bianchini 
et al., '88; Ballatori and Boyer, '92; Fossat et al., 
'97; Espelt et al., 2003). More recently, it has been 
demonstrated that the liver cells of air-breathing 
walking catfish iClarias batrachus), as observed in 
other cell t3T)es, possess very efficient volume 
regulatory mechanisms, but remain in partly 
swollen or shrunken state as long as they are 
exposed to anisotonicity (Goswami and Saha, 
2006). These minute changes of cell volume owing 
to anisotonicity have been reported to cause 
changes of glucose, pyruvate and lactate efflux 
along with the changes of glycogen metabolism 
(Goswami and Saha, '98), hexose monophosphate 
pathway (Saha and Goswami, 2004), and also on 
gluconeogenesis (Goswami et al., 2004) in the 
perfused liver of walking catfish. Hallgren et al. 
(2003) also reported similar effects of cell volume 
changes at least on glycogen metabolism in the 
hepatocytes of three fish species. 

In mammalian livers, change of cellular hydra­
tion has been identified as one of the major factors 
controlling proteolysis (for review, see Haussinger, 
'96), as hypotonic cell swelling causes inhibition of 
proteolysis and hypertonic cell shrinkage causes 
stimulation of protein breakdown in rat liver 
(Haussinger et al., '90,'91; Hallbrucker et al., 
'91). Apparently, various amino acids such as 
glutamine and glycine, and hormones such as 
insulin and glucagon are suggested to exert their 
effects on proteolysis in rat liver, in part by a 
modification of cell volume i.e., a change in 
hydration status of hepatocytes (Hallbrucker 
et al., '91). Further, reports have indicated that 
the nutritional state also influences hepatic pro­
teolysis by modifying the swelling potencies of 
hormones and amino acids (Hallbrucker et al., '91; 
vom Dahl and Haussinger, '96). The molecular 
mechanisms of cell volume-sensitive proteolji;ic 
changes have also been studied in great detail in 

mammalian system (Haussinger et al., '94; 
vom Dahl et al., 2003, Schliess et al., 2004). 

However, compared with mammals, no concrete 
reports are available on the role of hepatocellular 
hydration on autophagic proteolysis in teleost 
fishes in spite of the fact that they are challenged 
more with osmolarity changes in the external 
environment. The air-breathing walking catfish 
(C. batrachus), found predominantly in tropical 
Southeast Asia, is reported to be more resistant 
against various environmental challenges such as 
high environmental ammonia, hypoxic and desic­
cation stresses (for reviews, see Saha and Ratha, 
'98, 2007). Further, they are reported to be 
euryhaline, inhabiting fresh and brackish water 
as well as muddy marshes, thus facing the external 
osmolarity variation of about 100-200 mOsmol/L 
in their natural habitat (Sen, '85). Moreover, they 
frequently encounter the problems of osmolarity 
changes in the same habitat during different 
seasons of the year, especially in summer when 
the ponds and lakes dry up, thus compelling them 
to migrate inside the mud peat to avoid the total 
dehydration, and in monsoon when the water in 
the SEmie habitat gets diluted. They are capable of 
surviving in 100 mM NaCl and 200 mM mannitol 
under the laboratory conditions for months with­
out having any mortality, but with a rise of blood 
osmolarity from 265 to about 340-350 mOsmol/L 
(unpublished observations from our laboratory). 
Thus, looking at their extreme habitat, this study 
was undertaken to elucidate the possible effects of 
hepatic cell volume changes or hydration status on 
autophagic proteolysis in the perfused liver of 
walking catfish. 

MATERIALS AND METHODS 

Experimental animals 

The walking catfish (C batrachus, weighing 
150 ± 15 g body mass) were purchased from com­
mercial sources and acclimatized in the laboratory 
approximately for 1 month at a room temperature 
of 28 ± 2°C in plastic aquaria with 12 hr:12 hr light 
and dark photoperiod before using for experi­
ments. No sex differentiation of fishes were done 
while performing these studies. Minced pork liver 
and rice bran (5% of the body wt) were given as 
food, and the water was changed on alternate 
days. Food was withdrawn 24 hr before the 
experiment. 
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Liver perfusion technique 

Fishes were anesthetized in neutralized 
3-aminobenzoic acid ethyl ester (MS222, 0.2 g/L) 
for 5min before operation to perforin the liver 
perfusion. The isolated livers were perfused via 
the portal vein in a noncirculating manner with 
hemoglobin-free medium following the method 
described by Saha et al, ('95). The isotonic medium 
(265 mOsmol/L, determined by freezing point 
depression method) contained 119 mM NaCl, 
5mM NaHCOa, 5.4mM KCl, 0.35 mM Na2HP04, 
0.81 mM MgS04, 0.44 mM KH2PO4 and 1.25 mM 
CaCl2 as a basic solution for perfusion. The 
perfusate was gassed with O2/CO2 (99:1, v/v) and 
its pH was adjusted to 7.6. Livers were perfused at 
a flow rate of 4-5mL/g liver/min and at a 
temperature of 30°C. 

The hypotonic medium (—80mOsmol/L) was 
prepared by removing the equivalent amoimt of 
NaCl, and the hypertonic medium (+80mOsmoI/L) 
was prepared by adding equivalent amount of NaCl 
to the standard perfusion medium as mentioned 
above. In another set of experiments, the anisoto-
nicity of the medium was adjusted with mannitol in 
place of NaCl, i.e., the hypertonic medium was 
prepared by adding 80mOsmol/L equivalence of 
mannitol to the standard perfusion medium, and 
the hypotonic medium was prepared by withdraw­
ing 80mOsmol/L equivalence of mannitol from the 
standard medium, where 80 mOsmol/L equivalence 
of NaCl was already replaced with mannitol, there­
by causing no change of NaCl concentration 
throughout the experiment. In another set of 
experiments, glutamine (2mM), glycine (2mM) 
and glutamine plus glycine (2 mM each) were added 
separately to the isotonic medium before infusing 
into the perfused Uver. 

Measurements 

The rate of proteolysis under different experi­
mental conditions was assessed by measuring the 
^H release from isolated perfused livers, after 
prelabeling of liver proteins in vivo by intraper­
itoneal injection of [4,5-^H]leucine (200 nCi, dis­
solved in 0.5 mL normal saline) at least 18-20 hr 
before perfusion experiments. In all experiments, 
5pM cycloheximide was also infused in perfused 
livers to prevent the re-use of released leucine for 
new protein synthesis. 

To study the effects of anisotonicity on proteo­
lysis, the prelabeled livers were initially perfused 
with isotonic media containing 5)iM cyclohexi­
mide for 80min so as to achieve the steady state 

flow of ^H release from the perfused liver (about 
600 c.p.m./min per g of liver), which continued at 
least for another 100-120 min, More than 95% of 
^H released in the effluent was identified as the 
[^H]leucine as determined by chromatographic 
analysis. After initial perfusion for 80 min, the 
isotonic perfusion was continued for another 
20 min, followed by perfusion with hypo- or 
hypertonic medium separately for 40 min, and then 
again with isotonic medium for 30 min. Fmlher, 
the proteolytic rates, owing to perfusion of livers 
with different ranges of anisotonicity, were also 
evaluated to find out a correlation between the 
hepatic proteolysis and cell volume changes. 

To each 1.2 mL of effluents, collected at 2 min 
intervals, 20 (xL of 2M perchloric acid (PCA) was 
added, followed by the addition of 20 |iL of 2 M 
KOH, and centrifuged for 10 min at 12,000^ in a 
microcentrifuge. To each 1 mL of the supernatant, 
4mL of scintillation cocktail (Ultima Gold xR, 
PerkinElmer, Massachusetts) was added and kept 
overnight at 4°C, and ^H radioactivity was 
determined in a liquid scintillation spectrophot­
ometer (Packard, 1600 TR, PerkinElmer, Massa­
chusetts). Reagent blank was also prepared by 
mixing 1 mL of perfusion medium, pretreated with 
2 M PCA and 2 M KOH in the same ratio as in the 
case of effluents, with 4 mL of scintillation cock­
tail. The steady state [^H]leucine release, obtained 
between 92 and 110 min of perfusion with isotonic 
medium was taken as control value for each set of 
experiments. The labeling of fish livers with 
[^H]leucine in situ was not uniform (results not 
shown), thus resulting to wide variations of ^H 
release in effluents even at control perfusion 
conditions. This un-uniformity of labeling of liver 
with [^H]Ieucine could be owing to differences in 
the rate of protein S3aithesis and/or owing to un-
uniform distribution of [^H]leucine from intraper­
itoneal tissue to liver through blood circulation in 
individual fish. Therefore, in individual perfusion 
experiments the release of radioactivity was set to 
100% during control conditions, and subsequent 
percentage changes under different experimental 
conditions were calculated. 

Liver mass changes, as measures of cell volume 
changes, were continuously monitored by placing 
the perfused livers on a specially constructed 
balance pan (Sartorius, (Jottingen, Germany), 
which allowed continuous drainage of bile and 
extra-hepatic fluid (Wettstein et al., '90). The 
hydration status of perfused liver cells was also 
determined by oven drying method in a separate 
set of experiments (Goswami and Saha, '98). 
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The lactate dehydrogenase (LDH) release, as a 
measure of cell damage while perfusing the liver 
under iso- and anisotonic conditions, was assayed 
in the effluent collected at 5 min intervals follow­
ing the method of Vorhaben and Campbell ('72) 
with certain modifications of substrate concentra­
tion (Saha and Goswami, 2004). 

The leucine release in effluents from un-labeled 
perfused livers was analyzed with Shimadzu 
HPLC amino acid analysis system (LC-lOA) with 
postcolumn derivatization method using o-phthal-
dehyde reagent as a fluorescent dye, following 
Saha et al. (2000). 

Chemicals 

[4,5-^H]Leucine was obtained from the Board of 
Radiation and Isotope Technology, BARC, Mum-
bai. The other chemicals used were of analytical 
grades and obtained from local sources. Deionized 
and double glass distilled water was used in all 
preparations. 

Statistical analysis 

The data, collected from different replicates, 
were statistically analyzed and presented as 
mean+SEM in), where n equals the number of 
animals in each set of experiment. Comparisons of 
the unpaired mean values between the experi­
mental and respective controls were made using 
Student's ^test and differences with P<0.05 were 
regarded as statistically significant. Linear regres­
sion analysis was also done in one experiment to 
find a correlation between proteolysis and liver 
mass or cell volume changes. 

RESULTS 

Effects of anisotonicity on autophagic 
proteolysis 

As shown in Figure 1, the exposure of perfused 
livers to hypotonicity, owing to change of osmo-
larity of perfusate from 265 to 185 mOsmol/L by 
lowering the NaCl concentration, led to significant 
(P<0.05) decrease in leucine release from 45 ±4.2 
to 32±3.4nmol/g liver/min (29 ±4%, ra = 5) in the 
effluent. Whereas, hypertonic exposure of per­
fused liver, owing to change of osmolarity of 
perfusate from 265 to 345 mOsmol/L by increasing 
the NaCl concentration, led to significant 
(P<0.05) increase in leucine release from 
42 + 3.7 to 52±4.5nmol/g liver/min (24 ±3%, 
n = 5) in the effluent. The decrease/increase in 
leucine release by perfused livers under 

hypo-/hypertonic situation was fully reversible to 
the normal level after restoration of isotonic 
perfusion conditions. As branched-chain amino 
acid leucine is not catabolized in fish hepatocjrtes 
(Walton and Cowey, '82), its release into effluent 
perfusate from the perfused fish liver can be used 
as a measure of autophagic proteolytic rate as was 
used in the case of rat liver (Haussinger et al., '90; 
Hallbrucker et al., '91). Further, as leucine is a 
neutral amino acid, its transmembrane transfer is 
possible through facilitated diffusion (Guidotti 
and Gazzola, '92). 

Thus, in another set of experiments the rate of 
[^HJleucine release into the effluent from the 
perfused liver was taken as a measure of proteo­
lysis, when liver proteins had been prelabeled in 
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Fig. 1. Effects of hypotonic and h3T)ertonic perfusions 
(adjusted by changing the influent NaCl concentration) on 
leucine release (nmoVg liver/min) from the perfused liver of 
walking catfish. Values are plotted as mean+SEM (n = 5). 
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Fig. 2. Effect of hypotonicity (adjusted by lowering the 
influent NaCI concentration) on liver mass changes (A) and 
[*H]leucine release (B) from the perfused liver of walking 
catfish. Plot "A" is a representative original tracing from a 
series of five similar experiments. Data (B) sire plotted as 
mean±SEM (n = 5). 

situ by intraperitoneal injection of [^HJleucine, 
along with changes of liver mass and hydration 
status as measures of cell volume changes. 
Hypotonic exposure of perfused liver (from 265 
to 185 mOsmol/L by lowering the NaCl concentra­
tion in the perfusate) led to a rapid swelling of 
liver cells as evidenced by the increase in liver 
mass by about 55% within 1-2 min, followed by a 
gradual decrease in cell volume owing to release of 
water (Fig. 2A) by the RVD mechanism (Goswami 
and Saha, 2006). But the liver remained signifi­
cantly swollen as the liver mass and cell water 
content remained significantly (P<0.05) increased 
by 11.5 + 0.65 and 10.6 + 0.37%, respectively, as 
long as the liver was exposed to hypotonic medium 
(Fig. 2A; Table 1). Hypotonic swelling also 
resulted to a gradual decrease in [^HJleucine 
release from the perfused liver for a period of 

about 25-30 min, followed by no further decrease 
at later stages of hypotonic exposure (Fig. 2B). The 
maximum significant (P<0.01) decrease in 
[^HJleucine release owing to hypotonicity was 
recorded to be 37 ±3.2% between 30 and 40 min 
of perfusion, when compared with isotonic perfu­
sion conditions (Table 1). In contrast, hypertonic 
exposure of perfused liver (from 265 to 345 mOs-
mol/L by increasing the NaCl concentration in the 
perfusate) caused immediate shrinkage of liver 
cells as evidenced by the decrease in liver mass by 
48% within 3-4 min, followed by a gradual 
increase in cell volume owing to uptake of water 
(Fig. 3A) by the RVI mechanism (Goswami and 
Saha, 2006). But the liver remained significantly 
shrunken as the liver mass and the cell water 
content remained significantly (P<0.05) de­
creased by 10.4 + 0.41 and 9.7±0.32%, respec­
tively, as long as the liver was exposed to 
hypertonic medium (Fig. 3A; Table 1). This was 
accompanied by a gradual increase in [^H]leucine 
release from the perfused liver over a period of 
about 25-30 min, followed by no further increase 
at later stages of perfusion (Fig. 3B). The 
maximum significant (P<0.05) increase in 
[^HJleucine release owing to hypertonicity was 
recorded to be 24 ±2.7% between 30 and 40 min of 
perfusion, when compared with isotonic perfusion 
conditions (Table 1). The changing pattern of 
[^H]leucine efflux returned to the basal level after 
restoration of isotonic perfusion conditions in both 
the hypotonic and hypertonic experiments. 

In another set of experiments, when the anisoto-
nicity of the mediiun was adjusted with mannitol 
instead of NaCl, similar effects on [^HJleucine efflux 
from the perfused Uver were observed (graphs not 
shown). Hypotonic (—80mOsmol/L) perfusion led to 
35 ±3.5% decrease in [^HJleucine release from the 
perfused Uver that was accompanied by an increase 
in liver cell mass and cell water content by 
11.4±0.55 and 10.7±0.28%, respectively (Table 1). 
Whereas, hypertonic (+80mOsmol/L) perfusion 
condition increased the [^HJleucine release from 
the perfused hver by 25 ±2.6%, which was accom­
panied by a decrease in liver cell mass and cell water 
content by 10.5 ±0.35 and 10.1 ±0.29%, respectively 
(Table 1). 

Effects of glutantine and glycine on 
autophagic proteolysis 

Infusion of gluteimine and glycine along with the 
isotonic perfusion medium is known to increase 
the hepatic cell volume of walking catfish with 
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TABLE 1. Effects of anisotonicity and glutamine plus glycine (2mM each) on the changes of proteolysis, liver mass and 
hydration status in the perfused liver of C. batrachus 

•% change of proteolysis % cheinge of liver mass % change of water content 

Hypotonic 
-SOmOsmol/LNaCl 
—80mOsmol/L mannitol 

Hj^ertonic 
+80mOsmol/LNaCl 
+80mOsmol/L mannitol 

Gin + Gly (2mMeach) 

-37 + 3.2'' 
-35 + 3.5'' 

+24 + 2.7° 
+25 + 2.6" 
-29 + 3.1" 

+ 11.5 + 0.65" 
+ 11.4 + 0.55" 

-10 .4 + 0.41" 
-10 .5 + 0.35" 

+8.9 + 0.37" 

+ 10.6 ±0.37" 
+ 10.7 ±0.28" 

- 9 . 7 + 0.32" 
-10 .1 + 0.29" 

+8.5 + 0.25" 

Values are expressed as mean+SEM (n = 3). Positive values (+) indicate percentage increase and negative values (-) indicate percentage 
decrease of proteolysis, liver mass and hydration status from respective control values. 
'•^P values significant at < 0.05 and < 0.01 levels, respectively. 
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Fig. 3. Effect of hypertonicity (adjusted by increasing the 
influent NaCl concentration) on hver mass changes (A) £md 
[^H]leucine release (B) from the perfused liver of walking 
catfish. Plot "A" is a representative original tracing from a 
series of five similar experiments. Data (B) are plotted as 
mean + SEM (ra = 5). 

maximum effects on cell volume changes when 
these two amino acids are infused together (2 mM 
each) (Saha and Goswami, 2004). Thus, in another 

set of experiments, the swelling of hepatocytes 
were evoked by infusing these two amino acids 
along with the perfusate, and their effects on 
[̂ H] leucine efflux (as a measure of proteolysis) 
was studied. Addition of glutamine plus glycine 
(2 mM each) into the perfusate led to a significant 
increase (P<0.05) in liver mass and cell water 
content (as measures of cell volume) by 8.9 + 0.37 
and 8.5 + 0.25%, respectively. This was accompa­
nied by a significant decrease (P<0.05) of [^H]leu-
cine release from the perfused liver by 29 + 3.1% 
between 30 and 40 min of perfusion (Fig. 4; 
Table 1). The rate of [^H]leucine efflux, 
however, returned to the basal level when gluta­
mine and glycine were withdrawn from the 
perfusate. 

Proteolysis and cell volume changes of the 
perfused liver 

As shown in Figure 5, the efflux of [^H]leucine 
from the perfused liver of walking catfish progres­
sively decreased/increased with the increase/de­
crease in liver cell mass, respectively, irrespective 
of liver cell mass changes were evoked by changing 
the osmolarity of the perfusion medium or by 
addition of amino acids. Linear regression analysis 
of the data presented revealed the following 
relationship between the cell volume changes and 
proteolytic efflux by the perfused liver of walking 
catfish: Y= -1.74-1.86x (n = 13; r = -0.994). 

DISCUSSION 

It is now well established that the hepatocytes of 
walking catfish (C batrachus) remain in partly 
swollen and partly shrunken states during hypo-
and hypertonic exposures, respectively, although 
they possess a very efficient volume regulatory 
mechanisms (Goswami and Saha, 2006). These 
slight changes of cell volume owing to alterations 
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Fig. 4. Effect of glutamine plus glycine on liver mass 
changes (A) and [^H]leucine release (B) from the perfused 
liver of walking catfish. Plot "A" is a representative original 
tracing from a series of five similar experiments. Data (B) are 
plotted as mean + SEM (n = 5). 

of hydration status were reported to cause various 
metabolic changes related to carbohydrate and 
oxidative metabolism in the perfused liver of this 
catfish (Goswami and Saha, '98; Saha and 
Goswami, 2004; Goswami et al., 2004). Further, 
our results in the present investigation suggest 
that cell volume changes, after anisotonic expo­
sures, influence also the autophagic proteolysis in 
hepatoc3i;es of this catfish. Increase in liver cell 
mass (as a measure of increasing hepatic cell 
volume, Goswami and Saha, 2006), while perfus­
ing the liver with hypotonic medium, was parallel 
to the increase in cell water content, and led to a 
significant decrease in proteolytic rate as evi­
denced by the decrease in [^HJleucine release, 
(Fig. 2; Table 1). Whereas, decrease in liver cell 
mass (as a measure of decreasing cell volume, 

-20 
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8 a. 

-20 

-30 
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A Anisotonlclty without altering [NaCI] 
• Gin 
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Fig. 5. Relationship between autophagic proteolysis and 
liver mass changes as a measure of cell volume changes of the 
perfused liver of walking catfish during anisotonicity, and also 
under the influence of glutamine and glycine. Values are 
plotted as mean±SEM (re = 3-5). Anisotonic cell volume 
changes were achieved by exposing the livers to hypo- and 
hypertonic perfusion media, which were adjusted either by 
altering the influent NaCl concentration in the media or with 
mannitol, but without altering the influent NaCl concentra­
tion. Liver cell volume changes were also achieved by adding 
glutamine and glycine separately and also in combination in 
the isotonic perfusion medium at a concentration of 2mM 
each. 

Goswami and Saha, 2006), while perfusing the 
liver with hypertonic medium, was parallel to the 
decrease in cell water content, and led to a 
significant increase in proteolytic rate as evi­
denced by the increase in [^HJleucine release 
(Fig. 3; Table 1). One might argue that the 
decrease in leucine release from the perfused liver 
could be owing to inhibition of leucine transport 
out of the cell during hypotonic cell swelling. This 
possibility seems unlikely because there was no 
overshoot of leucine release both from the un­
labeled £uid prelabeled liver with [^H]leucine eifter 
restoring isotonic perfusion condition, as one 
might expect whether leucine accumulated intra-
cellularly during hypotonic cell swelling. Further, 
leucine being a neutral amino acid, it can pass 
through the membrane by facilitated diffusion 
immediately after its formation through proteo­
lysis (Guidotti and Gazzola, '92). 

Further, one may argue that changes in NaCl 
concentrations, varied to adjust the osmolarity of 
the medium rather than changes of cell volume 
owing to anisotonicity, may affect [^HJleucine 
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release from the perfused liver, as earlier reports 
in rat hepatocytes have shown that alterations of 
NaCl concentrations could have some effect on the 
membrane potential (Graf et al., '88). However, in 
another set of experiments, when the anisotonicity 
was obtained by subtracting mannitol instead of 
NaCl (without changing the NaCl concentration 
throughout the experiment), the same effects of 
osmotically induced cell volume changes on au­
tophagic proteolysis were observed (Table 1). This 
indicated that the changes of proteolysis were 
mEiinly owing to changes of cell volume, and not 
owing to the change of extracellular Na^ or CI" 
activity. Hence, the change in the hydration status 
of walking catfish hepatocytes during anisotoni­
city appears to be one of the major regulatory 
processes to control the rate of autophagic proteo­
lysis in hepatocytes. 

Glutamine plus glycine is known to cause 
swelling of hepatocytes in walking catfish (Saha 
and Goswami, 2004). Thus, when the liver of this 
fish was perfused with these two amino acids 
together (2mM each) along with the isotonic 
medium, a significant inhibition of autophagic 
proteolysis was observed as evidenced by the 
decrease in [^HJleucine release, with an accom-
panjdng increase in liver mass and hydration 
status of the perfused liver cells (Fig. 4; Table 1). 
The increase in hepatic cell volume probably 
occurred as a result of concentrative uptake of 
these amino acids via the Na^-dependent amino 
acid transporters present in the plasma membrane 
of hepatocytes as suggested in rat hepatocytes 
(Wettstein et al., '90). Thus, it is clear that cell 
swelling inhibits autophagic proteolysis in 
the hepatocytes of walking catfish, regardless of 
whether swelling was evoked by hypotonicity or 
amino acids. On the contrary, cell shrinkage 
stimulates autophagic proteolysis (Fig. 3). 

Further, it is to be noted that proteolytic rates in 
the fiver of walking catfish varied with changes of 
fiver mass or ceU volume, caused either owing to 
anisotonicity or owing to addition of glutamine and 
glycine separately, or in combination (Fig. 5). Thus, 
a direct correlation exists (r = —0.994) between the 
proteolytic activity and the accompanying hepatic 
cell volume changes in this fish, regardless of 
whether hepatic proteolysis was modified by 
anisotonicity or amino acids, thereby suggesting 
that proteolysis is critically dependent on 
the hepatocellular hydration state in walking 
catfish. 

The hypo- emd hypertonic treatments do not 
compromise the cell integrity as judged from the 

observation that the leakage of cytosolic LDH into 
the effluent from the perfused liver was very 
negligible and always remained within the range 
of 2-3 units/L throughout individual experiments 
both in iso- and anisotonic conditions (results not 
shown). Therefore, we may conclude that the 
noted effects are indeed attributable to changes of 
cell volume and not to the partial physical damage 
to the cells. 

In euryhaline fish species, which face a severe 
osmotic stress while traveling between freshwater 
and seawater, amino acids have been suggested to 
play two key roles during metabolic adjustments 
to these different environments. First, as an 
important intracellular solutes, their levels are to 
be adjusted to maintain cell volume (King and 
Goldstein, '83), and second, as metabolic energy 
source, amino acids are to be oxidized to provide 
ATP as additional cost for osmoregulation 
(Ballantyne and Chamberlin, '88). There are 
various reports on the rise of tissue amino acid 
levels and also the enhanced oxidation of amino 
acids in response to elevated ambient salinity both 
in euryhaline and stenohaline teleosts (for review, 
see Ballantyne, 2001). Increase in the levels of 
both essential and nonessential amino acids in 
different tissues, probably as a result of stimula­
tion of autophagic proteolysis, and also the 
increasing rates of amino acid oxidation were 
observed at least in the liver of walking catfish 
after in situ exposure to hypertonic environment 
(Saha and Bhattacharjee, unpublished results). 
However, the changing rate of proteolysis during 
osmotic stress might not be only to control the 
intracellular amino acid pool as a means to adjust 
the cell volume, as the decreasing/increasing rate 
of proteolysis was maintained even after 
20-25 min, the time required for RVD and RVI 
processes in this walking catfish (Goswami and 
Saha, 2006). Further, different inorganic ions and 
taurine were reported to play more significant 
roles in cell volume regulation during osmotic 
stress in walking catfish liver (Goswami and Saha, 
2006). 

In conclusion, however, it is very much clear 
from our experiments that cell swelling inhibits 
and cell shrinkage stimulates autophagic proteo­
lysis in the liver of air-breathing walking catfish. 
This is just the opposite effect reported recently 
with respect to cell volume-sensitive changes of 
hepatic protein synthesis in isolated cells of this 
fish, i.e., cell swelling stimulates protein sjTithesis 
whereas cell shrinkage inhibits it (Biswas et al., 
2008). Thus, it appears that the increase/decrease 
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in hepatic cell volume could be one of the 
important modulators for adjusting the autopha­
gic proteolysis in walking catfish probably to avoid 
the adverse affects of osmotically induced cell 
volume changes, to preserve the hepatic cell 
function and for proper suppljdng of energy under 
osmotic stress other than its possible role in 
maintaining the cell volume. Under hypertonic 
stress, in addition to increased requirements of 
intracellular solutes for maintaining the cell 
volume, the energy requirement by this fish is 
probably high, thereby leading to a stimulation of 
autophagic proteolysis mainly to divert some of 
the amino acids to oxidative pathways via the 
induced gluconeogenic pathway as reported re­
cently (Goswami et al., 2004). This is the first 
report of cell volume-sensitive changes of autop­
hagic proteolysis in hepatic cells of any teleosts. 
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