The Journal of Experimental Biology 206, 2473-2486
© 2003 The Company of Biologists Ltd
doi:10.1242/jeb.00464

2473

The swamp eeMonopterus albugeduces endogenous ammonia production and
detoxifies ammonia to glutamine during 14+ of aerial exposure

Angeline S. L. Ta¥, Shit F.

Chewand Yuen K. Ip*

1Department of Biological Science, National University of Singapore, Kent Ridge, Singapore 117543, Republic of
Singaporeand2Natural Sciences, National Institute of Education, Nanyang Technological University, 1 Nanyang
Walk, Singapore 637616, Republic of Singapore

*Author for correspondence (e-mail: dbsipyk@nus.edu.sg)

Accepted 22 April 2003

Summary

The swamp eel Monopterus albus inhabits muddy
ponds, swamps, canals and rice fields, where it can burrow
within the moist earth during the dry summer season, thus
surviving for long periods without water. This study
aimed to elucidate the strategies adopted bil. albus to
defend against endogenous ammonia toxicity when kept
out of water for 144h (6days). Like any other fish, M.
albus has difficulties in excreting ammonia during aerial
exposure. In fact, the rates of ammonia and urea
excretions decreased significantly in specimens throughout
the 144h of aerial exposure. At 144, the ammonia and
urea excretion rates decreased to 20% and 25%,
respectively, of the corresponding control values.
Consequently, ammonia accumulated to high levels in the
tissues and plasma of the experimental specimens.
Apparently, M. albus has developed relatively higher
ammonia tolerance at the cellular and subcellular levels
compared with many other teleost fish. Since the urea
concentration in the tissues of specimens exposed to air
remained low, urea synthesis was apparently not adopted
as a strategy to detoxify endogenous ammonia during
144h of aerial exposure. Instead, ammonia produced
through amino acid catabolism was detoxified to
glutamine, leading to the accumulation of glutamine in the
body during the first 72h of aerial exposure.
Complimenting the increased glutamine formation was a
significant increase in glutamine synthetase activity in the

liver of specimens exposed to air for 144. Formation of
glutamine is energetically expensive. It is probably
becauseM. albusremained relatively inactive on land that
the reduction in energy demand for locomotory activity
facilitated its exploitation of glutamine formation to
detoxify endogenous ammonia. There was a slight
decrease in the glutamine level in the body of the
experimental animals between 7B and 144h of aerial
exposure, which indicates that glutamine might not be the
end product of nitrogen metabolism. In addition, these
results suggest that suppression of endogenous ammonia
production, possibly through reductions in proteolysis and
amino acid catabolism, acts as the major strategy to avoid
ammonia intoxication in specimens exposed to air for
>72h. It is concluded that glutamine formation and
reduction in ammonia production together served as
effective strategies to avoid the excessive accumulation of
ammonia in the body ofM. albus during 144 h of aerial
exposure. However, these strategies might not be adequate
to sustain the survival ofM. albusin the mud for longer
periods during drought because ammonia and glutamine
concentrations had already built up to high levels in the
body of specimens exposed to air for 144
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Introduction

Ammonia is mainly produced in fish through catabolism of

In this report, NH represents un-ionized molecular

amino acids, and ammonia production occurs mainly in thammonia, NH* represents ammonium ions, and ammonia
liver of fish (Pequin and Serfaty, 1963), although other tissuegfers to both Nkland NHy*. Ammonia is usually excreted as
are also capable of doing so (Walton and Cowey, 1977NH3 across the body surface, usually the gills, of fish into the
Ammoniagenesis is achieved mainly by the transamination afurrounding water (Wilkie, 1997). Under acidic environmental
amino acids followed by the deamination of glutamate and/oconditions, NH diffusing across the gills is converted to INH
adenylates in fish muscle during severe exercise (Driedzic amehd trapped in the water. Thus, acidic conditions in the
Hochachka, 1976). Most aquatic animals keep body ammon&nvironment augment ammonia excretion. The diffusion of
levels low by simply excreting the excess ammonia that haammonia into the environment is inhibited if the pH of the

been produced through digestion and metabolism.

environment is high, and ammonia subsequently accumulates
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in the body. Decomposition of organic matter or the use afhe marble gobyOxyeleotris marmoratuand the four-eyed
fertilizers will increase ammonia levels in the water and thisleeper (Jow et al., 1999; Ip et al., 2001a,b); (5) actively
will result in elevated ammonia levels in the fish. Finally,excreting NH* into water trapped between secondary lamellae
excretion is also reduced if the fish moves out of wateof the gills, as in the giant mudskipper (Randall et al., 1999;
(reviewed by Ip et al., 2001a). Chew et al., 2003a); and (6) excreting Nhto air, as in the
The swamp eeMonopterus albugZuiew 1793) is a bony blenny Alticus kirki, the weather loach and the mangrove
fish (family Synbranchidae; order Synbranchiformes; claskillifish (Rozemeijer and Plaut, 1993; Tsui et al., 2002; Frick
Actinopterygii). It is not really an eel because it does not belongnd Wright, 2002b). The responses of tropical fish to aerial
to the family Anguillidae of the order Anguilliformesl. albus  exposure are many and varied, determined by the behaviour of
can be found in the tropics (34° N to 6° S) from India tothe fish and the nature of the environment in which it lives.
southern China, Malaysia and Indonesia. It has an anguilliformihus, the additional aims of this study were to examine
body reaching a maximal length of 16@ at maturity, with no  whether M. albus would (1) volatilize NH, (2) detoxify
scale and no pectoral and pelvic fins, and the dorsal, caudal aamehmonia to urea when exposed to terrestrial conditions, (3) be
anal fins are confluent and reduced to a skin Mldalbuslives  capable of suppressing endogenous ammonia production by
in muddy ponds, swamps, canals and rice fields (Rainbotheductions in proteolysis and amino acid catabolism, (4) be
1996), where it burrows in moist earth in dry season, survivingapable of undergoing partial amino acid catabolism leading
for long periods without water during summer (Shih, 1940to the formation of alanine without releasing ammonia, and (5)
Davidson, 1975). During prolonged drought, it burrows deejpe capable of detoxifying ammonia to glutamine while it is out
into the mud to remain in contact with the water table (Liempf water. It was hypothesized thilt albushad adopted one
1987). WhileM. albuscan tolerate the seasonal draining of riceor more of these strategies to survive h4zf aerial exposure.
patties in the mud, it can survive only several days in the market
without water (Wu and Kung, 1940). At present, the reason ,
behind this discrepancy in the capabilityhbf albusto survive Materials and methods
in mud and in air is not clear. Preliminary observations made Collection and maintenance of specimens
in our laboratory confirmed that the mortality of specimens Monopterus albug(Zuiew 1793; 200-4C@ body mass)
exposed to air rose from 0% afted®ys to 30% after Bays. were purchased locally from a fish farm in Singapore. They
Therefore, this study was undertaken to examine the strategi@gre maintained in plastic aquaria in freshwater (1%o salinity)
adopted byM. albusto defend against ammonia toxicity during at 25°C in the laboratory and fed liver gupgy libitum No
144h (6days) of aerial exposure. attempt was made to separate the sexes. The eels were
Like many other tropical air-breathing fish, whein albus  acclimated to laboratory conditions for at least one week before
moves on or hides in the mud in the dry seasons it encounteggperimentation. Food was withdrawn W8 prior to
a lack of water. This would lead to difficulties in excreting experiments, which gave sufficient time for the gut to be
ammonia through its gills and cutaneous surfaces. Hence, oamptied of all food and waste products.
of the objectives of this study was to examine if aerial exposure
would cause the accumulation of ammonia in the body and if Experiment 1: doeb!. albusvolatilize NH; during aerial
M. albuscould tolerate high levels of ammonia at the tissue exposure?
and cellular levels. The set-up used by Tsui et al. (2002) for the weather loach
Ammonia is toxic and affects various cellular processes (Ilwas adopted for this experiment, except that a sealed plastic
et al., 2001a). Therefore, many tropical species have evolventainer with a total volume of 1lfres was used to house
mechanisms to deal with the increased body ammonia load. albus SpecimensN=8) were kept individually in plastic
resulting from reduction in ammonia excretion associated witikontainers with litre of freshwater (pH 7.0) at 25°C. After
aerial exposure. These mechanisms include: (1) reducirfth, the water in the container and the acid in the twa NH
ammonia production, as in the mudskipgeesiophthalmodon traps were analyzed for ammonia concentration. The
schlosseri and Boleophthalmus boddaertithe four-eyed containers were then rinsed. The same eels were immediately
sleeperBostrichyths sinensisthe weather loaciMisgurnus  exposed to air for 24 in the same container but with only
anguillicaudatus and the mangrove Killifish Rivulus  50ml of freshwater (pH. 7.0). At the end of the secondh 24
marmoratugIp et al., 2001a,b,c; Lim et al., 2001; Chew et al.,period, the water in the container and the acid in the thips
2001; Frick and Wright, 2002a); (2) undergoing partial aminavere collected for ammonia assay. Ammonia concentration
acid catabolism leading to the accumulation of alanine, as was determined colorimetrically according to the method of
the giant mudskippd?. schlosserand the snakehed&@hanna  Anderson and Little (1986).
asiaticg (3) detoxifying ammonia to urea, as in the African
lungfishes Protopterus aethiopicusJanssens and Cohen,  Experiment 2: effects of aerial exposure on the rates of
1968) and, possibly, the Indian catfisheleteropneustes ammonia and urea excretion . albus
fossilis and Clarias batrachus (Saha and Ratha, 1998; For the controll=4), M. albuswere exposed to 20 volumes
Anderson, 2001; but see review by Chew et al., in press, for(a/v) of freshwater (pH. 7.0) in plastic containers
different view); (4) detoxifying ammonia to glutamine, as in(50cmx30cmx20cm, length x width X height). Water
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samples (3nl) were collected at B and 24, acidified with  at —80°C for subsequent analysis. Ammonia and urea assays
0.07ml of 1 mol I"1 HCI to prevent the loss of N&-and stored were performed within @eeks, and FAA analysis was
at 4°C. Ammonia and urea assays were performed within 48completed within one month.
of sample collection. Preliminary results indicated that the For ammonia analysis, the pH of the deproteinized sample
rates of ammonia and urea excretion were linear within theas adjusted to 6.0-6.5 withn2oll-1 KHCOs. Ammonia
24 h period. Water was changed daily after the collection ofoncentration was determined as described by Kun and
the 24h sample. The experiment lasted 14 Kearney (1974). Freshly prepared M solution was used as
For experimental specimensd=£4) exposed to aiiM. albus the standard for comparison. Urea concentration in anD.2
were kept in similar plastic containers but with only 200f  deproteinized sample was analyzed colorimetrically according
freshwater (pH 7.0). Water was sampled ah24fter which  to the method of Jow et al. (1999). Urea (Sigma, St Louis, MO,
the container was rinsed and new freshwater (@)0was USA) was used as a standard. Results are expressed as
added. After 144 of aerial exposure, the fish was immersedumol g~ wet masstissue orumol mi-1 plasma.
in 20 volumes (w/v) of freshwater to study the rates of For FAA analysis, deproteinized muscle, liver, brain, gut
ammonia and urea excretion upon recovery from aeriddnd plasma samples were thawed and diluted with an equal
exposure. Analyses of ammonia and urea concentration wevelume of 2mol |- lithium citrate buffer and adjusted to pH
performed within 48 using the methods described above.2.2 with 4mol|-1 LiOH. These samples were then analyzed
Ammonia concentration was determined colorimetricallyfor FAA concentration using an LC-6A Amino Acid Analysis
according to the method of Anderson and Little (1986). Ure&ystem with a Shim-pack ISC-07/S1504 Li-type column
was assayed according to the method of Jow et al. (1999). (Shimadzu, Nakagyo-ku, Kyoto, Japan). The concentrations of
FAAs are expressed gsmolg-lwetmass for brain, liver,
Experiment 3: effects of aerial exposure on ammonia, ureamuscle and gut samples anduasol mi-L for plasma samples;

and free amino acid (FAAs) concentration and enzyme  the total FAA (TFAA) concentration is expressed as the sum
activity inM. albus of the FAAs.

Tissue preparation

A group of specimend\E6) were killed at the start of the Analysis of enzyme activity
experiment to act astdcontrols. Another groupNE2-5) was For enzyme assays, the frozen muscle, liver and gut samples
kept in 20 volumes (w/v) of freshwater (pH 7.0) fal®/s and were weighed and homogenized three times in 5 volumes (w/v)
served as the 144 controls. Other specimenbl§20) were of ice-cold extraction buffer, containing &@moll-1
exposed to air in plastic containers (0<30cmx20cm, imidazole-HCI (pH 7.0), 5nmoll-1 NaF and 3nmoll-1
length x width x height) with only a thin film of freshwater EGTA, at 24000revsmin—1 for 20s with 1Cs intervals. The
(200ml; pH 7.0). Specimens were killed after 2472h or  homogenate was sonicated three times fos 20ith 1Cs
144h of air exposure. The water was changed daily in all casesitervals and then centrifuged at Q00g at 4°C for 20min.

For the collection of plasma, the caudal peduncle of the fisihhe supernatant was then passed throughral Exono-Pac
was severed, and blood exuding from the caudal artery wd9)DG desalting column (Bio-Rad Laboratories, Inc., Hercules,
collected in sodium heparin-coated Eppendorf tubes. ThEA, USA) equilibrated with 5@nmoll~1 imidazole-HCI (pH
plasma obtained after centrifugation at 5@@Q 4°C for 5min  7.0). The resulting eluent was used for enzymatic analysis. The
was deproteinized by adding 2 volumes (v/v) of ice-cold 6%protein concentration of the extract was measured before and
trichloroacetic acid (TCA) and centrifuged atd@g at 4°C  after filtration to calculate the dilution factor involved. The
for 10min. The resulting supernatant was kept at —80°C fofrozen brain sample was weighed and then homogenized in 5
analysis of ammonia, urea and FAAs. The brain, liver, lateralolumes (w/v) of ice-cold extraction buffer using a Wheaton
muscle and gut (flushed thoroughly with saline) were excisedlass-pestle homogenizer. The homogenate was centrifuged at
and immediately freeze-clamped with tongs pre-cooled i10000g for 15min at 4°C. The supernatant was dialyzed
liquid nitrogen. Samples were stored at —80°C until analysisagainst a buffer containing moll-1 imidazole-HCI (pH

7.0) using Microdialyzer System 100 (Pierce, Rockford, IL,

Analysis of ammonia, urea and FAA concentration USA). The dialysate was used for enzyme analyses. Enzyme

For ammonia, urea and FAA analysis, the frozen liveranalyses were recorded with a Shimadzu UV-1601 UV-VIS
muscle and gut tissue samples were weighed and pulverisedrezording spectrophotometer at °25 All chemicals and
a powder at —80°C. Five volumes of ice-cold 6% TCA werecoupling enzymes were obtained from Sigma.
added and the mixture was homogenized three times for 20 Glutamine synthetase (GS; EC 6.3.1.2) activity was
each (with 1G intervals) with an Ultra-Turrax homogenizer determined colorimetrically according to the method of
(Janke & Kunkel GmBH and Co., Staufen, Germany) aShankar and Anderson (1985). GS activity was expressed as
24000revsmin~l. Frozen brain samples were weighed andumol y-glutamyl hydroxamate formed nth gl wet mass
then hand-homogenized in 10 volumes (w/v) of 6% TCA usingissue. Freshly prepared glutamic acid monohydroxamate
a glass-pestle homogenizer (Wheaton Science Productmlution was used as a standard for comparison.
Millville, NJ, USA). The samples were then centrifuged at The activities of alanine aminotransferase (ALT; EC
1000049 at 4°C for 10min, and the supernatants were stored2.6.1.2), which catalyses alanine degradation, and aspartate
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aminotransferase (AST; EC 2.6.1.1), wt < 10. A

catalyses  aspartate  degradation, \ = 9. *
determined according to Peng et al. (19 Sa 8-

Glutamate dehydrogenase (GDH; EC 1.4. & HL"’ g'

activity, which catalyses amination, w 5 % 5.

assayed according to Ip et al. (1993). ALT, # E g 4+

and GDH activities were monitored at 4. g £ g: *
Enzyme activites were expressed 2= 1] * * * * *

umol NADH utilized min~1 g~ wetmass. & 0

W A W A W A W A WA W A W W

L 24 48 72 96 120 144 168
Statistical analyses

Results were presented as means.Etv. 016+ B

Student’s t-test and one-way analysis c 0.14-
variance (ANOVA) followed b '%Q 0.12
Student—-Newman—Keuls multiple range S = 01-
were used to compare differences betw %% ' *
means where applicable. Differences v £ © 0.081
P<0.05 were regarded as statistically signific 5 E 006+
£3 o004 | |* * * * * *
T 0021
Results 0
The rate of ammonia excretion . albus WA WA WA WA WA WA WW
during aerial exposure was significantly loy 24 8 2 ] 9% 120 144 168
than when the fish was submerged. It was Time (h)

times less than the corresponding subme Fig. 1. Effects of aerial exposure on the rates of (A) ammonia and (B) urea excretion

control at 24 and five times less than 1 (umoldaylg) of Monopterus albusValues are means sem. (N=4). W, in

control value at 144 (Fig.1A). Upon recover  water; A, in air;*significantly different from the values of the corresponding control

in water, the ammonia excretion rate rose t¢  in water atP<0.05.

times that of its corresponding control va

(Fig. 1A). Aerial exposure also significan

lowered the rate of urea excretion to 25% that of the control Urea concentration did not increase significantly in the

value (Fig.1B). Only 0.003+0.002% and 0.100+0.070% of muscle, liver and plasma of eels after 144-h of aerial exposure

total ammonia was liberated as ammonia gadbwlbusin ~ compared with the 144 water controls (Fig3A,B,E). The

water or in air, respectively (Tablg. urea concentration in the brain of the specimens exposed to air
Ammonia levels in the muscle (FigA), liver (Fig.2B),  for 144h was 1.5-fold that of the 14% control (Fig.3C). In

brain (Fig.2C), gut (Fig2D) and plasma (Fi®E) ofM. albus  the gut, the urea concentration rose afterh2df aerial

increased significantly during aerial exposure. Afteh7&  exposure but that of specimens exposed to air forhlwas

aerial exposure, ammonia concentration in the liver, brain antbmparable with that of the 14dcontrol in water (Fig3D).

plasma were 3-fold, 3.5-fold and 5-fold, respectively, those of In the muscle, glutamine concentration peaked aftdr g2

the control values. In the muscle and gut, the ammoniaerial exposure and was 4.5-fold higher than that of the 0

concentration reached the highest level of Giblgl and  control value by 144 (Table2). Significant increases were

4.5umol g1, respectively, after 144 of aerial exposure. also observed in the concentrations of alanine, histidine,

These were approximately 3.5 times that of the control valugsoleucine, leucine, methionine, serine, taurine, threonine,

(Fig. 2A,D). tyrosine and valine after #2of air exposure compared to O h

Table 1.Concentrations of ammonia dissolved in the external environment and ammonia gas evolved and trapped in acid, and
the percentage of total ammonia excreted as ammonia gasMdrepterus albuwas kept in freshwater or exposed to air

for 24 h
Ammonia dissolved in FW Ammonia gas trapped in acid Ammonia/total ammonia
Conditions (imol g1 fish) (umol g~ fish) (%)
Water 105.02+8.46 0.00299+0.00193 0.003+0.002
Air 8.33+0.3¢ 0.00805+0.00515 0.100+0.070

Results represent means.&m. (N=8)
aSignificantly different from the submerged control value.
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8 lé Fig. 2. Effects of various periods of aerial exposure on the
-g 5 14 concentrations(mol g~ wetmass ommol mi=1; N=4) of
g IS ammonia in (A) muscle, (B) liver, (C) brain, (D) gut and
E = 05 bed (E) plasma oMonopterus albusvalues are meansste.m.
I—:l - W, in water; A in air; asignificantly different from the @
0 | EI water control value®significantly different from the value
Oh,W 24h,A 72h,A 144h,A 144h,W of 24 h in air; significantly different from the value of T2
(contrd) (contrd) in air; 9significantly different from the value of 14vin
Condition air.

control (Table2). However, by 144, these values had either fold the Ch control values after 72 of aerial exposure
returned to control levels (histidine, isoleucine, leucine(Table4). The concentrations of leucine, lysine, proline, serine
taurine, threonine, tyrosine and valine) or fallen to levels loweand tyrosine were also affected after exposure to air foh144
than those of the 144 control (alanine, methionine and serine) compared with the 144 water control (Tabld). Similar large
(Table2). The total free amino acid (TFAA) content in increases in glutamine levels were also observed in the gut and
specimens exposed to air for M4vas comparable with that plasma of air-exposed specimens (Tabl&).
of the 144h control in water (Tablg). After 144h of aerial exposure, GS and GDH (which
In the liver, the glutamine concentration compared with theatalyse amination) activities were halved in the muscle
0h water control increased 36- and >29-fold byh7and of M. albus reaching 1.09+0.1@molmin1g? and
144h, respectively (Tab!d). At 144h, the levels of alanine, 0.06+0.0lumol min-1g-1 respectively (Tabl&). In the liver,
histidine and tyrosine were markedly lower than thethere were marked increases in the activities of GS and AST
corresponding control values (Talde However, the TFAA after 144h of aerial exposure, approaching 1.4- and 1.3-fold
content of specimens exposed to bterrestrial conditions the corresponding control value (TaBBle In the brain,
was comparable with that of the 1d4ontrol. significant decreases in ALT and AST activities were observed
In the brain, the glutamine level increased significantly to 4¢Table7). In the gut, ALT activity rose significantly from
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oL 1 in water; A in air; asignificantly different from the @
Oh,W 24h,A 72h,A 144h, A 144h,W water control valuebsignificantly different from the value
(contrd) (contrd) of 24h in air; ®significantly different from the value of T2

Condition in air; 9significantly different from the value of 14¥in air.

1.00+0.05umol min~1 g1 to 1.47+0.05umol min-1g-1 after ~ of ammonia in the body of the specimens kept away from
144h of aerial exposure (Tab®g. water. This in turn might lead to a slight increase in ammonia
excretion rate on land with time.
In a number of terrestrial ammonotelic invertebratesz NH

_ . F)iscussion _ volatilization contributes significantly to total ammonia
Ammonia excretion is reduced on land, ahdalbusis elimination and also water conservation (e.g. Wright et al.,
incapable of volatilizing Nk 1993; Greenaway and Nakamura, 1991). Amongst vertebrates,

M. albus was ammonotelic in water, with ammonia-N however, terrestrial ammonotely is uncommon and examples
excretion accounting for >97% of the total-N (ammonia-N +of significant NK volatilization are rare. In teleost fish, the
urea-N) excreted (Fid.; Table8). However, branchial first report of ammonia volatilization was in the temperate
ammonia excretion would not be possible when there is nimtertidal blenny Blennius pholisbut it only accounted for 8%
water to irrigate the gills during aerial exposure (Wilkie, 1997 of the total ammonia excreted during emersion (Davenport and
Sayer and Davenport, 1987). Hence, the rate of ammonBayer, 1986). However, there are a few studies on ammonotelic
excretion inM. albus decreased significantly during aerial tropical fish capable of enduring emersion and volatilizing
exposure (FiglA). Consequently, this led to an accumulationsignificant amounts of ammonia (Rozemeijer and Plaut, 1993;
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Table 2.Effects of various periods of aerial exposure on the concentrations of various free amino acids (FAAs) and total FAA
(TFAA) in the muscle dflonopterus albus

FAA concentration|{mol g~ wet mass)

Water Air Air Air Water
FAA Oh 24h 72h 144h 144h
Alanine 0.513+0.042 0.605+0.081 1.258+0.280 0.428+0.028 1.269+0.098P.d
Asparagine 0.425+0.047 0.245+0.015 0.561+0.072 0.560+0.07% 0.457+0.02%
Aspartate 0.100+0.005 0.076+0.009 0.126+0.018 0.096+0.007 0.669£(:091
Arginine 0.569+0.091 0.392+0.084 0.676+0.068 0.748+0.094 0.457+0.019
Glutamine 1.609+0.314 3.641+0.615 10.112+033 7.616+0.3650.C 1.486+0.2694
Glutamate 0.468+0.082 0.548+0.065 0.294+0.020 0.546+0.121 1.2432¢4.208
Glycine 6.187+0.320 4.783+0.506 6.302+0.371 5.025+0.153 5.902+0.401
Histidine 0.160+0.036 0.252+0.009 0.606+0.8%2 0.546+0.079b 0.469+0.018
Isoleucine 0.116+0.007 0.286+0.G11 0.357+0.028 0.232+0.005°¢ 0.266+0.008
Leucine 0.235+0.025 0.492+0.020 0.603+0.039 0.400+0.007 0.430+0.01%
Lysine 1.202+0.089 1.517+0.161 1.797+0.068 1.574+0.105 2.09540.147
Methionine 0.049+0.004 0.032+0.002 0.064+0.008 P 0.019+0.008° 0.042+0.0024
Phenylalanine 0.524+0.025 0.063+0.804 0.061+0.018 0.060+0.008 0.082+0.008
Proline 0.103+0.009 0.134+0.018 0.152+0.023 0.113+0.004 0.172+9.008
Serine 0.156+0.019 0.264+0.083 0.538+0.03ab 0.400+0.049b.c 0.517+0.028b.d
Taurine 5.001+0.510 6.642+0.992 10.757+0 856 6.502+0.226 5.448+0.238
Threonine 0.158+0.032 0.302+0.038 0.544+0%71 0.562+0.07%:P 0.561+0.02%:b
Tyrosine 0.080+0.003 0.044+0.003 0.180+0.032 0.041+0.006 0.061+0.00%
Valine 0.197+0.011 0.407+0.089 0.459+0.026 0.340+0.002 0.397+0.018
TFAA 17.852+4.241 20.579+4.700 35.448+8.300 25.616+5.718 22.021+4.184

Results represent means.&m. (N=3).
asignificantly different from the value of) water controlPsignificantly different from the value of 24 air; csignificantly different from
the value of 7, air;9significantly different from the value of 14% air.

Frick and Wright, 2002b; Tsui et al., 2002). High temperaturedecreased  significantly, producing a  deficit of
and humidity, characteristic of the tropical climates and the-134pmol urea-N per 209 fish (TableB). It is uncertain of
experimental conditions in this study, are factors that increadbe fate of this amount of urea because the rate of urea
the likelihood of the ammonia excreted into the film of waterexcretion actually decreased and urease is known to be absent
covering the body surface being volatilized in significantfrom tissues of vertebrates. Nonetheless, these results suggest
quantities. The most important factor is the effect ofthatM. albusdoes not adopt urea synthesis as a strategy to
temperature on evaporation rate. Higher temperatures will alsiefend against endogenous ammonia toxicity duringhld
decrease the ammonia equilibrium constantgp resulting  aerial exposure.
in a higher fraction of Nklat a given pH. AlthougM. albus Contrary to the belief that there is a tendency towards
is a tropical fish living in environments of high temperaturepredominance of ureotelism in amphibious species (Mommsen
(25-34°C), the low percentage of total ammonia excreted and Walsh, 1989, 1992; Wright, 1995; Saha and Ratha, 1998;
ammonia gas showed that it was unable to eliminate significaki¥right and Land, 1998), only a few teleosts are ureotelic, and
amounts of ammonia in gaseous form during aerial exposuthe majority of adult tropical fish studied so far do not adopt
(Tablel). ureogenesis as a major strategy to detoxify endogenously
produced ammonia during aerial exposure. These include the
Ammonia is not detoxified to urea during aerial exposure mudskippers. schlosserandB. boddaertiLim et al., 2001),
There was an apparent increase in the percentage of totéle marble gobyD. marmoratugJow et al., 1999), the four-
N excreted as urea whém albuswas exposed to terrestrial eyed sleepeB. sinensiglp et al., 2001c), the weather loach
conditions (Figl; Table8). However, this was mainly due M. anguillicaudatus(Chew et al., 2001), the snakehe@d
to the drastic decrease of the ammonia excretion rate duriragiatica (Chew et al., 2003b) and the mangrove KkillifiRh
aerial exposure. In fact, aerial exposure also affected the ratearmoratus(Frick and Wright, 2002b) exposed to terrestrial
of urea excretion, which decreased to 25% of the contratonditions for various periods. Through the present study, one
value (Fig.1B). However, in contrast to ammonia, the more species can be added to this list.-albus The synthesis
changes in urea concentrations in various tissues and orgasfsureade novoin fish is highly energy dependent. A total of
examined were relatively minor (Fi8A-E). After 24h of 5 moles of ATP are hydrolyzed to ADP for each mole of urea
aerial exposure, the urea concentration in the musclgynthesized, corresponding to Mbles of ATP used for each
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Table 3.Effects of various periods of aerial exposure on the concentrations of various free amino acids (FAAs) and total FAA
(TFAA) in the liver oMonopterus albus

FAA concentrationi{mol g1 wet mass)

Water Air Air Air Water
FAA Oh 24h 72h 144h 144h
Alanine 0.350+0.026 0.094+0.020 0.077+0.006 0.066%0.008 0.182+0.038b.cd
Asparagine 0.353+0.038 0.483+0.031 0.780+02106 0.611+0.078 0.627+0.0658
Aspartate 0.237+0.031 0.316+0.039 0.292+0.007 0.304+0.026 0.217+0.035
Arginine 0.129+0.009 0.083+0.085 0.090+0.01% 0.129+0.008¢ 0.078+0.008:d
Glutamine 0.318+0.047 6.066+0.532 11.520+1.265P 9.397+1.542b 2.443+0.59bcd
Glutamate 1.596+0.095 1.680+0.115 1.467+0.039 2.021+0.255 2.283+0.143
Glycine 1.505+0.163 1.151+0.092 0.356+0.820 1.108+0.100 1.574+0.294
Histidine 0.167+0.009 0.091+0.032 0.103+0.003 0.101+0.008 0.147+0.018¢d
Isoleucine 0.037+0.006 0.159+0.628 0.220+0.016 0.158+0.017% 0.173+0.012
Leucine 0.306+0.034 0.366+0.041 0.423+0.029 0.306+0.034 0.343+0.006
Lysine 0.214+0.026 0.111+0.096 0.132+0.018 0.185+0.019 0.203+0.008¢
Methionine 0.005+0.001 0.005+0.001 0.010+0.8b1 0.016+0.002bc 0.017+0.00%-b.c
Phenylalanine 0.049+0.003 0.044+0.001 0.039+0.002 0.031#0.002 0.031+0.002
Proline 0.060+0.011 0.027+0.002 0.027+0.002 0.056+0.00%.¢ 0.065+0.008°¢
Serine 0.113+0.007 0.088+0.004 0.086+0.003 0.126+0.020 0.153+0.037
Taurine 2.553+0.150 2.240+0.189 2.306+0.080 2.294+0.107 2.035+0.074
Threonine 0.2074+0.012 0.171+0.046 0.185+0.038 0.306+0.026  0.435+0.039P.c
Tyrosine 0.192+0.016 0.176+0.012 0.211+0.013 0.073+3-b06 0.143+0.008:c.d
Valine 0.204+0.012 0.345+0.040 0.323+0.050 0.309+0.022 0.41840.030
TFAA 8.595+1.678 13.696+3.567 18.648+6.549 17.595+5.477 11.565+2.084

Results represent means.&M. (N=3).
asjgnificantly different from the value of) water controlPsignificantly different from the value of 2% air; csignificantly different from
the value of 7, air;9significantly different from the value of 144 air.

mole of nitrogen assimilated. This may be the major reasomolecule permeable to biomembranes, can be excreted easily
why urea synthesigia the ornithine urea cycle is rare in adult upon its synthesis, and ureotely actually represents a loss of
fish (Ip et al., 2001a). both nitrogen and carbon to the environment.
Indeed, M. albus appears to have adopted glutamine

Endogenous ammonia is detoxified to glutamine during aeriaﬂormation as a major strategy to defend against ammonia

exposure toxicity during 144h of aerial exposure. The glutamine

Ammonia toxicity can be avoided by converting ammoniaconcentrations in the muscle BF. albusincreased by 6-fold

to glutamine. Glutamine is produced from glutamate andto 10.11umol g-1) and 4.5-fold (to 7.62mol g-1) after 72h
NH4*, the reaction catalyzed by GS in the muscle and/oand 144h exposure to terrestrial conditions, respectively
liver. Glutamate may in turn be produced froon (Table?2). In the liver, the increase in glutamine level (39-fold
ketoglutarate d-KG) and NH;*, catalysed by GDH, or from and 31-fold after 7 and 144, respectively) was even more
a-KG and other amino acids, catalysed by varioudrastic (Tabld).
transaminases. In other words, formation of one glutamine Sleepers®@. marmoratuandB. sinensisbelonging to the
molecule allows the uptake of two ammonia moleculegamily Eleotridae can detoxify endogenous ammonia to
(Campbell, 1973). One mole of ATP is required for theglutamine in non-cerebral tissues during aerial exposure
production of every amide group of glutamivia GS. If the  (Jow et al., 1999; Ip et al., 2001b). Since sleepers remain
reaction begins with ammonia ardKG, every mole of quiescent on land, the reduction in energy demand for
ammonia detoxified would result in the hydrolysis ah@les  muscular activity may provide them with the opportunity to
of ATP-equivalent (Ip et al., 2001a). Hence, glutamineexploit glutamine formation as a means to detoxify ammonia.
formation would be more effective than ureogenesiResults obtained in the present study proved that glutamine
(2.5moles of ATP for every mole of nitrogen detoxified) with synthesis and accumulation as a strategy to defend against
respect to energy expenditure. More importantly, glutaminendogenous ammonia exposure is not exclusive to the
is stored within the body after being synthesized, and can tseepers.M. albus being an eel, can move on land more
used for other anabolic processes (e.g. purine, pyrimidine amadfectively than the sleepers. However, it usually remains
mucopolysaccharides) when the environmental conditionmotionless if undisturbed, especially if it has access to a
become more favourable. Urea, being a small and unchargetuddy substratum, in which it will bury itself. Presumably,
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Table 4.Effects of various periods of aerial exposure on the concentrations of various free amino acids (FAAs) and total FAA
(TFAA) in the brain oMonopterus albus

FAA concentration|{mol g~ wet mass)

Water Air Air Air Water
FAA Oh 24h 72h 144h 144h
Alanine 0.171+0.031 0.299+0.087 0.290+0.016 0.219+0.009 0.197+0.0%1
Asparagine n.d. n.d. n.d. n.d. n.d.
Aspartate 0.769+0.024 0.715+0.014 0.827+0.037 0.792+0.081 0.659+0.033
Arginine 0.092+0.024 0.079+0.003 0.081+0.007 0.066+0.005 0.107+0.005
Glutamine 1.567+0.242 5.277+0.320 6.821+0.55%P 6.967+0.183P 1.837+0.048¢d
Glutamate 3.944+0.253 5.186+0.206 6.044+0.25%b 5.326+0.236° 5.076+0.264°
Glycine 0.801+0.027 0.961+0.013 0.819+0.012 0.844+0.035 0.897+0.040
Histidine 0.285+0.040 0.156+0.082 0.194+0.028 0.167+0.002 0.149+0.022
Isoleucine 0.021+0.003 0.091+0.002 0.099+0.008 0.070+0.008 0.047+0.008¢
Leucine 0.060+0.005 0.212+0.009 0.230+0.018 0.173+0.009°¢ 0.114+0.0080.cd
Lysine 0.205+0.020 0.087+0.024 0.102+0.012 0.070+0.018 0.190+0.019c.d
Methionine 0.010+0.001 0.008+0.001 0.014+0.001 0.017+0.001 0.009+0.001
Phenylalanine 0.042+0.003 0.047+0.007 0.043+0.006 0.046+0.008 0.047+0.004
Proline 0.013+0.003 0.033+0.003 0.085+0.807 0.055+0.00%¢ 0.024+0.0024
Serine 0.072+0.006 0.120+0.008 0.115+0.008 0.088+0.009 0.121+0.0094
Taurine 5.276+0.368 7.694+0.571 8.193+0.228 6.782+0.399°¢ 7.131+0.179
Threonine 0.113+0.016 0.134+0.019 0.152+0.009 0.127+0.012 0.095+0.012
Tyrosine 0.066+0.005 0.070+0.005 0.048+0.001 0.069+0.006 0.045+0.002:b.d
Valine 0.039+0.004 0.136+0.087 0.135+0.026 0.106+0.003 0.079+0.005
TFAA 13.545+3.597 21.304+5.607 24.291+6.424 21.982+5.810 16.822+4.758

Results represent means.&m. (N=3).
asignificantly different from the value of) water controlPsignificantly different from the value of 24 air; csignificantly different from
the value of 7, air;9significantly different from the value of 14% air; n.d., not detectable.

this behaviour of M. albus facilitates its adoption of concentration is associated with an increase in glutamine
glutamine synthesis as a major strategy to handle ammoniancentration in the brain &fl. albusand other vertebrates
toxicity. (Ip et al., 2001a; Brusilow, 2002). It has also been suggested,

The concentrations of glutamine in the tissues and orgarswever, that high glutamine levels can contribute to toxicity
of specimens exposed to terrestrial conditions foriid4ere  (Brusilow, 2002). It is proposed that increased glutamine
generally lower than those of specimens exposed fdr. 72 production and accumulation cause increased astrocyte cell
Assuming that endogenous ammonia production wasolume, leading to cellular dysfunction, brain edema and
reduced through suppression of proteolysis and amindeath. L-Methionine Ssulfoximine inhibits glutamine
acid catabolism (see below), glutamine that had beesynthetase, reduces edema, attenuates ammonia-induced
synthesized and accumulated should at least remain at thereases in brain extracellular lind ameliorates ammonia
same level. This indicates that glutamine might not be atoxicity (Brusilow, 2002). Thus, glutamine formation may
end product for accumulation. Rather,Nh albus it could  either exacerbate or ameliorate ammonia toxicity, depending
be mobilized to other compounds yet to be identified foon the site of formation and the species in question. At
storage under long-term exposure to land. It is essentigkesent, it is unclear howl. albus solves the problems
to elucidate this possibility in future studies and toassociated with increased glutamine formation when exposed
differentiate the metabolic fates of glutamine during long-o terrestrial conditions.
term aerial exposure and during subsequent recovery in Besides the brain, GS activity was also present in the liver,
water. gut and muscle d¥l. albus(Table7), with decreasing maximal

activity (close toVmay) in that order. There was a significant
The brain, liver and gut d¥1. albushave a high capacity for  increase in the activity of GS in the liver after specimens were
GS, which is enhanced by aerial exposure exposed to terrestrial conditions for I4Hence, it would

The brain ofM. albushas a very high level of GS activity appear that the liver is the major site of endogenous ammonia
(Table7), probably the highest known in fish. In the brain,detoxification inM albus This contrasts with exposure to
the ALT and AST activities decreased (TaB)eprobably to  environmental ammonia, during which other tissues and organs
avoid consuming glutamate in order to save it for thereinvolved (Y. K. Ip, S. L. A. Tay, K. H. Lee and S. F. Chew,
synthesis of glutamine. Elevated plasma ammoniananuscript submitted).
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Table 5.Effects of various periods of aerial exposure on the concentrations of various free amino acids (FAAs) and total FAA
(TFAA) in the gut oMonopterus albus

FAA concentrationi{mol g-1 wet mass)

Water Air Air Air Water
FAA Oh 24h 72h 144h 144h
Alanine 0.120+0.002 0.184+0.030 0.182+0.00% 0.137+0.018° 0.145+0.003
Asparagine 0.061+0.011 0.071+0.001 0.096+02009 0.098+0.006 0.056+0.00%d
Aspartate 0.309+0.068 0.549+0.027 0.600+0.056 0.554+0.084 0.458+0.074
Arginine 0.066+0.021 0.094+0.004 0.086+0.006 0.075+0.006 0.081+0.005
Glutamine 0.724+0.265 0.79340.042 1.983+0504 1.567+0.204 0.666+0.0944
Glutamate 0.765%0.102 1.508+0.@380 1.259+0.04%b 1.569+0.044°¢ 1.051+0.042bd
Glycine 0.211+0.010 0.262+0.017 0.245+0.023 0.259+0.011 0.268+0.012
Histidine 0.056+0.007 0.046+0.003 0.058+0.005 0.060+0.003 0.054+0.003
Isoleucine n.d. n.d. n.d. n.d. n.d.
Leucine 0.090+0.009 0.234+0.026 0.2704£0.018 0.218+0.00% 0.201+0.018
Lysine 0.066+0.002 0.091+0.001 0.076+0.008 0.07040.002 0.139+0c21
Methionine 0.012+0.001 0.01040.001 0.014+0.003 0.017+®.003  0.012+0.002
Phenylalanine 0.030+0.002 0.050+0.804 0.056+0.002 0.028+0.004.c 0.049+0.008d
Proline 0.045+0.003 0.063+0.007 0.096+0.8%1 0.058+0.007 0.077+0.008
Serine 0.061+0.010 0.078+0.007 0.090+0.004 0.072+0.008 0.069+0.003
Taurine 4.340+0.192 4.223+0.131 5.049+0.163 4.780+0.315 4.412+0.358
Threonine 0.096+0.005 0.085+0.004 0.124+0005 0.114+0.004 0.112+0.008
Tyrosine 0.229+0.017 0.459+0.042 0.514+0.028 0.426+0.018 0.395+0.038
Valine 0.131+0.017 0.283+0.027 0.344+0.043 0.251+0.018 0.240+0.02%
TFAA 7.411+2.441 9.082+2.419 11.143+2.972 10.354+2.803 8.484+2.480

Results represent means.&Mm. (N=3).
asjgnificantly different from the value oft) water controlPsignificantly different from the value of 2% air; csignificantly different from
the value of 7, air;9significantly different from the value of 14% air; n.d., not detectable.

M. albusdoes not undergo partial amino acid catabolism  during locomotion on land awaits future studies. If it does not
when exposed to land adopt such a strategy, then it is probably related to its possible

Certain amino acids (e.g. arginine, glutamine, histidine andxposure to environmental ammonia in its natural habitat.
proline) can be converted to glutamate. Glutamate can undergo
deamination catalyzed by GDH, producing NHnd a-KG
(Campbell, 1991). The latter is then fed into the Krebs cycle.
Glutamate can also undergo transamination with pyruvate, during aerial exposure
catalyzed by ALT, producing-KG and alanine without the In order to slow down the build up of ammonia internally,
release of ammonia (Ip et al., 2001a,b; Chew et al., 2003b). fich can augment excretion by decreasing the rate of ammonia
there were a continuous supply of pyruvate, transaminatioproduction through amino acid catabolism. The steady-state
leading to the formation of alanine would facilitate theconcentrations of FAAs in tissues depend on the rates of
oxidation of carbon chains of some amino acids withoutlegradation and production (through proteolysis or digestion),
polluting the internal environment with ammonia. Availablealteration of which would lead to changes in concentrations of
information indicates that it is a major strategy adopted mainlyarious amino acids. Being able to alter these rates is a valuable
by fish that are relatively active on land but not by those thattrategy to a fish that has to endure short periods of water
have to deal with ammonia loading situations. In the case ahortage, because it would slow down the build up of
M. albusexposed to terrestrial conditions, no accumulation okndogenous ammonia.
alanine in the muscle and other tissues was observedFrom the results obtained, a balance sheet on the reduction
(Tables2-6). Also, there was no change in the activity of ALTin nitrogenous excretion and the increase in nitrogenous
in the muscle and liver (Tabl®. Hence, it can be concluded accumulation (as ammonia, urea and glutamine) was
that alanine formation was not adopted as a strategy to slovonstructed for a 20§ specimen ofM. albus exposed to
down the release of ammonia under such conditions. In the gwarious periods (24, 72h and 144) of aerial exposure
there was an increase in ALT activity upon aerial exposure, th@able8). After the first 24 of aerial exposure, the deficit
meaning of which is not clear at this moment (Tafle involved was-1073 + 742 =331 umol N. After 72h of aerial
WhetherM. albuswould adopt partial amino acid catabolism exposure, the discrepancy between the reduction in
to facilitate the utilization of amino acid as an energy sourceitrogenous excretion (3204umolN) and the retention of

M. albusreduces the rates of proteolysis and amino acid
catabolism, and hence the rate of ammonia production,
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Table 6.Effects of various periods of aerial exposure on the concentrations of various free amino acids (FAAs) and total FAA

(TFAA) in the plasma dflonopterus albus

FAA concentration|{mol g~ wet mass)

Water Air Air Air Water
FAA Oh 24h 72h 144h 144h
Alanine 0.024+0.005 0.047+0.087 0.052+0.004 0.040+0.004 0.061+0.0%20
Asparagine 0.018+0.002 0.035+0.802 0.034+0.004 0.036+0.00% 0.036+0.008
Aspartate 0.002+0.001 0.003+0.001 0.006+0%01 0.005+0.00% 0.003+0.00%
Arginine 0.026+0.003 0.030+0.005 0.021+0.003 0.019+0.001 0.029+0.002
Glutamine 0.202+0.089 0.374+0.019 0.688+0 928 0.562+0.083 0.169+0.0144
Glutamate 0.012+0.001 0.019+0.001 0.026+0.003 0.041+606  0.017+0.00%
Glycine 0.045+0.005 0.135+0.022 0.061+0.008 0.147+0.018¢ 0.131+0.01%c¢
Histidine 0.041+0.006 0.005+0.0891 0.005+0.00% 0.033+0.002:¢ 0.033+0.00%:¢
Isoleucine 0.058+0.008 0.004+0.601 0.003+0.00% 0.004+0.00% 0.146+0.008b.c.d
Leucine 0.096+0.022 0.240+0.(A18 0.208+0.00% 0.277+0.042 0.264+0.00%
Lysine 0.017+0.003 0.040+0.003 0.029+0.003 0.032+0.006 0.058+0.0¢%d
Methionine 0.007+0.001 0.014+0.001 0.013+0.00% 0.005+0.00k%.c 0.011+0.00¢
Phenylalanine 0.017+0.001 0.023+0.002 0.017+0.002 0.025+0.003 0.0343b.9H4
Proline 0.003+0.001 0.011+0.001 0.018+0.002b 0.024+0.002b.c 0.012+0.00%.cd
Serine 0.009+0.001 0.017+0.001 0.016+0.00% 0.020+0.008 0.032+0.008b.c.d
Taurine 0.034+0.004 0.184+0.1388 0.049+0.01% 0.036+0.008 0.028+0.004
Threonine 0.048+0.007 0.047+0.002 0.056+0.004 0.067+0.002 0.0724%.006
Tyrosine 0.014+0.002 0.444+0.028 0.374+0.018 0.024+0.008¢ 0.026+0.00%.c
Valine 0.070+0.015 0.255+0.039 0.219+0.018 0.208+0.02% 0.237+0.008
TFAA 0.742+0.139 1.928+0.354 1.893+0.428 1.605+0.348 1.398+0.194.c

Results represent means.&m. (N=3).
asignificantly different from the value of) water controlPsignificantly different from the value of 24 air; csignificantly different from

the value of 7, air;9significantly different from the value of 14% air.

nitrogen (261%umolN) in the body of a 20§ M. albus

to increase with time, reachinr@516 5735 + 2219umol N
at 144h (Table8). It is therefore logical to deduce that during aerial exposure.
reductions in proteolysis and amino acid catabolism occurred Reductions in proteolysis and amino acid catabolism
when M. albus was exposed to long periods of terrestrialconstitute an effective strategy to slow down the internal
accumulation of ammonia. If the rate of amino acid catabolism

conditions. In this regardM. albus is different from O.
marmoratus(Jow et al., 1999) an@. asiatica(Chew et al.,

2003b) but similar tov. anguillicaudatugChew et al., 2001)

andB. sinensiqIp et al., 2001b)O. marmoratugJow et al.,
became larger-589umol N (Table8). The deficit continued 1999) andC. asiatica(Chew et al.,, 2003b) are apparently
incapable of reducing proteolysis and amino acid catabolism

decreased while the rate of proteolysis remained unchanged,
the steady-state concentrations of FAAs would increase.

Table 7.Effects of 144 aerial exposure on the activities of glutamine synthetase (GS), alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and glutamate dehydrogenase (GDH) in the amination direction from the muscle, liver, brain
and gut oMonopterus albus

Enzyme activity jimol min—1 g-1 wet mass)

Muscle Liver Brain Gut
Water Air Water Air Water Air Water Air
GS 2.05+0.17 1.09+0.17* 25.37+2.08 36.60+4.32* 549.5+19.6 518.0+82.6 17.62+1.39 18.63+1.39
ALT 0.45+0.05 0.40+0.01 3.77+£0.29 4.79+0.58 4.20+0.26 2.66+0.23* 1.00£0.05 1.47+0.05*
AST 3.57+0.44 4.,76+0.28 30.19+0.99 39.76+2.49* 17.90+0.25 14.65+0.22* 13.14+0.65 13.55+0.94
GDH 0.10+0.02 0.06+0.01* 22.11+2.74 27.46+2.71 23.83+0.56 24.08+1.22 2.51+0.46 2.27+0.27

Results are meansste.m. (N=4).
GS activity is expressed asol y-glutamylhydroxamatdormedmin-! g-1 wet mass.

ALT, AST and GDH activities are measurecLimol NADH utilized min-1 g-1 wet mass.
*Significantly different from the corresponding control value.
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Table 8.Comparison of deficit in nitrogen excretiqgmgol N) and credit in nitrogen accumulatioprfiol N) in the muscle, liver,
gut and plasma of a 2@PMonopterus albusxposed to terrestrial conditieor various times

24 h 72 h 144 h

Water Air Difference Water Air Difference Water Air  Difference
Excreted fromM. albus(200g)
Ammonia-N 1115 82 -1033 3341 257 -3084 6247 752 -5495
Urea-N 52 12 -40 152 32 -120 306 66 -240
Reduction in nitrogenous excretion -1073 -3204 -5735
Retained in muscle (12§)
Ammonia-N 250 553 303 250 777 527 250 861 611
Urea-N 338 204 -134 338 224 -114 338 372 34
Glutamine-N 386 874 488 386 2426 2040 386 1828 1442
Retained in liver (3)
Ammonia-N 14 30 16 14 46 32 14 42 28
Urea-N 4 2 -2 4 4 0 4 4 0
Glutamine-N 2 36 34 2 70 68 2 56 54
Retained in gut (9)
Ammonia-N 7 19 12 7 19 12 7 23 16
Urea-N 2 8 6 2 8 6 2 4 2
Glutamine-N 8 8 0 8 20 12 8 16 8
Retained in plasma {@l)
Ammonia-N 2 11 9 2 16 14 2 14 12
Urea-N 12 18 6 12 20 8 12 16 4
Glutamine-N 3 6 4 3 12 10 3 10 8
Increase in nitrogenous accumulation 724 2615 2219

However, if the rate of proteolysis decreased to a greater extaddermenegildo et al. (2000), however, showed that activation
than the rate of amino acid catabolism, the steady-state leval§ NMDA receptors preceded the increase in extracellular
of FAAs would decrease. In the caseMf albus it would  glutamate. It had been suggested much earlier that ih
appear that the rate of proteolysis and the rate of amino acsibstitute for K and affect the membrane potential in the
catabolism were reduced proportionally because aeriaquid (oligo peale) giant axon (Binstock and Lecar, 1969).
exposure exhibited no significant effect on the TFAA contentn addition, Beaumont et al. (2000) reported measured levels
in the muscle, which is the bulk of the fish by mass, and othef depolarisation of muscle fibers in tro®a(mo trutty with

tissues. elevated levels of ammonia in their tissues (from rF87to
-52mV) that matched the effect predicted on the basis of the
The cells and tissues bf. albushave high ammonia measured gradient for ammonium ions across the cell
tolerance membranes. Thus, ammonia toxicity may be due to membrane

It is surprising that the ammonia concentrations in thalepolarization and a rise in extracellulat K the brain,
tissues ofM. albusbuilt up to very high levels upon aerial exacerbated by NMDA receptor activation, glutamine-
exposure, reaching >@molgl, >14umolg?® and mediated astrocyte swelling, depletion of Krebs cycle
>3umolg? in the muscle, liver and brain, respectively intermediates and disruption of redox balance. These
(Fig.2A-C). For mammals, a brain ammonia level ofmechanisms are not mutually exclusive and could be additive
>1 umol g1 leads to encephalopathy. In mice, high ammonian their effects. Beside#l. albus there are few fish that
levels in the brain induce an increase in extracellulanccumulate ammonia in their bodies to tolerate aerial
glutamate, due to increased neuronal release, decreased egposure, as seen in the Indian catfishes (Saha and Ratha,
uptake or both (Hilgier et al., 1991; Rao et al., 1992; Bosmath998) and the weather loach (Chew et al., 2001; Tsui et al.,
et al., 1992; Schmidt et al., 1993; Felipo et al., 1994). It ha®002). The ammonia levels are not always evenly distributed
been proposed that ammonia toxicity is mediated byvithin the fish; some exhibit much higher levels in the muscle
excessive activation di-methylp-aspartate (NMDA)-type compared with the brain whereas others can tolerate very high
glutamate receptors in the brain (Marcaida et al., 1992)evels in the brain. How the cells and tissues of these animals
leading to cerebral ATP depletion (Marcaida et al., 1992tolerate these high ammonia levels is not clear at present. It
Felipo et al., 1994) and increases in intracellula#*Caith s possible that they evolved to have special NMDA receptors,
subsequent increases in extracellulat &d cell death. K*-specific channels and*Kspecific Na/K*-ATPase.
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Conclusion in the mangrove KkillifishRivulus marmoratudl. Significant ammonia

. . volatilization in a teleost during air-exposude Exp. Biol.205 91-100.
It can be conc_:luded that.the m_a!or Strajtegles adoptM. by Frick, N. T. and Wright, P. A. (2002b). Nitrogen metabolism and excretion
albusto deal with ammonia toxicity during 144 of aerial in the mangrove Kkillifish Rivulus marmoratusl. The influence of
exposure are (1) tolerance of ammonia at the cellular andenvironmental salinity and external ammorliaExp. Biol.205 79-89.

e : . Greenaway, P. and Nakamura, T.(1991). Nitrogenous excretion in two
subcellular levels, (2) detoxification of ammonia to glutamine terrestrial crabsGecarcoidea natalisndGeograpsus grayi Physiol Zool.

and (3) reduction in ammonia production. The fact that e4 767-786.
ammonia and glutamine built up to high levels in the bodies dfiermenegildo, C., Monfort, P. and Felipo, V.(2000). Activation ofN-

the experimental specimens by Mdndicates that the fish methylp-aspartate receptors in rat bramvivo following acute ammonia
intoxication: characterization by vivobrain microdialysisHepatology31,

might have already been stressed to a limit. Hence, it is709-715.
unlikely that the same strategies would serve effectively tafilgier, W., Haugvicova, R. and Albrecht, J.(1991). Decreased potassium-

facilitate thoseM. albusthat have to burrow into the mud and stimulated release of 3HD-aspartate from hippocampal slices distinguishes
’ encephalopathy related to acute liver failure from that induced by simple

survive t_herein for I(_)ng pgri_ods during drought. _HMwaIbus hyperammonemicBrain Res567, 165-168.
deals with ammonia toxicity after burrowing into the mudip, Y. K., Chew, S. F., Leong, I. W. A., Jin, Y. and Wu, R. S. §2001b).
awaits future studies. The sIe_epeBostn_chthys_smens_leTeIeost) stores glutam_lne and reduces
ammonia production during aerial exposureComp. Physiol. B71, 357-
367.
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