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ABSTRACT Monopterus albus has to deal with high environmental ammonia concentrations
during dry seasons and agricultural fertilization in rice fields. In this study, NH4HCO3 (10 mmol per
g fish) was injected into the peritoneal cavity of M. albus, raising the level of ammonia in the body, in
order to elucidate the strategies involved in defense against the toxicity of exogenous ammonia.
During the subsequent 24 h after NH4HCO3 injection, there was a significant increase in the
ammonia excretion rate, which indicates that the main strategy adopted by M. albus was to remove
the majority of the exogenous ammonia through enhanced ammonia excretion. Exogenous ammonia
was not detoxified into urea for excretion or accumulation. Six hours post-injection of NH4HCO3,
ammonia contents in the tissues built up significantly, especially in the brain, which suggests thatM.
albus had high tolerance of ammonia toxicity at the cellular and sub-cellular levels. By hour 12 post-
injection, there were significant increases in the activities of glutamine synthetase in the muscle,
liver, and gut, accompanied by significant increases in glutamine contents in the muscle and the
liver. There was also a significant increase in the glutamine content in the brain at hour 6 post-
injection of NH4HCO3. These results confirm the capability ofM. albus to detoxify ammonia through
glutamine synthesis. Overall, injection of NH4HCO3 had only minor effects on the contents of FAAs,
other than glutamine, in tissues of M. albus because the majority (70%) of the injected ammonia was
excreted within the 24–h period. J. Exp. Zool. 301A:324–333, 2004. r 2004 Wiley-Liss, Inc.

INTRODUCTION

The swamp eel Monopterus albus (Zuiew) is a
bony fish belonging to the Family: Synbranchidae,
Order: Synbranchiformes and Class: Actinopter-
ygii. M. ablus can be found in the tropics (341N to
61S) from India to Southern China, Malaysia, and
Indonesia. It lives in muddy ponds, swamps,
canals, and rice fields, and has the habit of burying
itself into the mud when water is lacking (David-
son, ’75; Rainboth, ’96). During drought, water
dries up in ponds and rice fields, and ammonia
would be concentrated at high levels in the
external medium. In addition, it would encounter
high environmental ammonia concentration in
rice fields during agricultural fertilization.
Most teleosts, including M. albus (Tay et al.,

2003) are ammonotelic, producing ammonia and

excreting it by diffusion as NH3 across the gills. As
ammonia builds up in the environment under
adverse conditions, NH3 excretion is impeded and
endogenous ammonia begins to accumulate in the
body of the fish. When the ammonia concentra-
tions in the environment reach levels which
reverse the normal NH3 partial pressure gradient
(dPNH3), the fish has to deal with not only
endogenous ammonia, but also the net influx of
exogenous ammonia into the body (ammonia-
loading). Ammonia is toxic and affects various
cellular processes in fish (Ip et al., 2001a). At the
organismal level, ammonia acts on the central
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nervous system of vertebrates, including fish,
causing hyperventilation (McKenzie et al., ’93),
hyper-excitability, coma, convulsions, and finally
death. At the branchial level, it affects the ionic
balance in fish (see Wilkie, ’97 for review; Randall
et al., ’99). At the cellular level, it can interfere
with biochemical pathways (Arillo et al., ’81) and
affect electrophysiological properties (Binstock
and Lecar, ’69). Smart (’78) suggested that the
mechanism of ammonia toxicity in fish might be
similar to the action of ammonia in mammals
during hepatic encephalopathy. In mammals, high
brain ammonia level remains the leading candi-
date in the pathogenesis of hepatic encepholpathy
in acute liver failure, because it leads to glutama-
tergic dysfunction and glutamine accumulation
(Brusilow, 2002; Rose, 2002; Felipo and Butter-
worth, 2002), which would interfere with neuro-
transmitter function and activate NMDA
receptors (Marcaida et al., ’92; Felipo et al., ’94;
Hermenenegildo et al., 2000). At present, there is
no published result on fish in this regard. How-
ever, the capability of some tropical fishes (e.g. M.
albus; Tay et al., 2003) to synthesize and accumu-
late high levels of glutamine in their brains
suggests differences in mechanisms of ammonia
toxicity between the brains of fish and mammal. In
this study, NH4HCO3 (10 mmol g�1 fish) in
sterilized saline was injected into the peritoneal
cavity of M. albus. The idea was to increase the
level of ammonia in the body of M. albus
artificially to determine the strategies adapted to
defend against ammonia toxicity.
In some species of teleosts, ammonia can be

detoxified through urea synthesis de novo when
they are exposed to high environmental ammonia
concentrations (Saha and Ratha, ’94; Walsh et al.,
’90). Thus, one of the objectives of this study was
to examine if M. albus would detoxify the injected
ammonia to urea. The hypothesis tested was that
it would not do so because urea synthesis de novo
is energy intensive (5 mol ATP per mole of urea
formed via carbamoyl phosphate synthetase III),
and its excretion represents a loss of carbon and
nitrogen to the environment.
Ammonia toxicity can be avoided by converting

ammonia to glutamine (Jow et al., ’98; Chew et al.,
2001; Ip et al., 2001a, b; Anderson et al., 2002, Tay
et al., 2003). Glutamine is produced from gluta-
mate and NH4

þ, the reaction catalyzed by GS in the
liver, brain, muscle, and/or gut. One mole of ATP
is utilized for every amid-N formed. Glutamate
may in turn be produced from a-KG and NH4

þ,
catalyzed by glutamate dehydrogenase (GDH), or

a-KG and other amino acids catalyzed by various
transaminases. In other words, formation of one
mole of glutamine allows the uptake of two moles
of ammonia (Ip et al., 2001). Since 1 mol of NADH
(equivalent to 3 mol of ATP) is required for the
formation of each mole of glutamate, 2 mol of ATP
would be hydrolyzed for each mole of N detoxified.
It is because glutamine formation is more energy
efficient than urea synthesis that we hypothesize
that M. albus would detoxify injected exogenous
ammonia into glutamine.

When M. albus is exposed to terrestrial condi-
tions for 144 h, glutamine accumulates to high
levels in its tissues (Tay et al., 2003). This is a
result of the close to complete impediment of
ammonia excretion during aerial exposure because
of the lack of water to flush the branchial and
cutaneous surfaces. In contrast, in this study,
specimens were kept in water after NH4HCO3

injection; as a result, ammonia excretion would
not be impeded. Since the injected ammonia would
result in a greater outwardly driven dPNH3, we
hypothesized that the rate of ammonia excretion
would be enhanced rapidly in the experimental
animal, because it would be energetically econom-
ical to do so as compared to glutamine synthesis,
and only a small portion of the injected ammonia
would be detoxified to glutamine.

MATERIALS AND METHODS

Collection and maintenance of specimens

M. albus (150–250 g body mass) were purchased
from a local fish farm at Pasir Ris, Singapore.
They were maintained in plastic aquaria in fresh-
water (1% salinity) at 251C in the laboratory, and
water was changed daily. No attempt was made to
separate the sexes. The eels were acclimated to
laboratory conditions for at least one week before
experimentation. During the adaptation period,
specimens were fed live guppies. Food was with-
drawn 48 h prior to experiments, which gave
sufficient time for the gut to be emptied of all food
and waste.

Effects of NH4HCO3 injection on ammonia
and urea excretion rates

Experimental fish were anaesthetized (0.08%
MS222 at pH 7.0) and injected with 10 mmol
NH4HCO3 per gram fish (dissolved in a small
amount of 0.8% NaCl solution) into the peritoneal
cavity, while control fish were injected with 0.8%
NaCl. Prior to the experiment, all equipment was
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