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Summary

The oriental weatherloach Misgurnus anguillicaudatus ammonia on the contraction performance of the heart
is an extremely ammonia-tolerant fish. Many ammonia- from this fish were found to be the same as in rainbow
protection mechanisms have been reported in this fish. Six trout, an ammonia-sensitive fish. It suggests that the
strategies used by this fish to deal with the problem of hearts of most, if not all, fish species are protected against
excess ammonia are described. The fish can (1) reduce ammonia. MK-801, an NMDA receptor blocker, was
ammonia production through reduction in protein and/or  found to have a protective effect against ammonia
amino acid catabolism; (2) reduce ammonia production intoxication in the oriental weatherloach, which suggests
and obtain energy through partial amino acid catabolism that the NMDA receptor, as in mammals, is involved in
leading to alanine formation; (3) detoxify ammonia to ammonia toxicity.
glutamine; (4) tolerate very high ammonia levels in its
tissues; (5) get rid of ammonia as Nklgas and, probably, Key words: oriental weatherloachylisgurnus anguillicaudatys
(6) possesses background *K channels that are ammonia, glutamine, alanine,*Kchannel, membrane potential,
impermeable to NHs*. The effects of extracellular NMDA receptor.

Introduction

The oriental weatherloadisgurnus anguillicaudatu@®rder:  Thus, study of this fish provides an opportunity for us to
Cyprinifimormes; Family: Cobitidae), is a freshwater teleost fislunderstand more about the mechanisms of ammonia tolerance,
that inhabits streams, ditches and rice paddy fields, preferabds well as the nature of ammonia toxicity.
with soft muddy bottom (Man and Hodgkiss, 1981). It is widely Many strategies dealing with the problem of ammonia have
distributed in Asia, from China to Myanmar. It is a facultativebeen described (Ip et al., 2001b, 2003). Different ammonia-
air-breather (McMahon and Burggren, 1987). In addition to it$olerant fishes use different strategies to protect against
gills, it uses its intestine for gaseous exchange. To breathe airainmonia. It is interesting, however, that many of these
comes to the water surface, gulps a mouthful of fresh air argtrategies can be found in a single species — the oriental
releases bubbles of exhaled air from its vent. During a droughteatherloach. This paper is a review of our current
period, it actively buries itself in the mud to keep moist, andinderstanding of how this fish tolerates ammonia. Six
presumably relies solely on air-breathing for respiration. strategies, five confirmed and one suspected, that have been

High ammonia levels could be a problem in the naturabbserved in the fish are described, and the nature of ammonia
habitat of this weatherloach, especially for those living intoxicity is also discussed.
paddy fields, where fertilizers are heavily utilized. The fish
must be very ammonia-tolerant in order to survive. In fact, its
96 h LCso of NH4Cl at pH 6.7 at 20°C was found to be around ~ Reduction in amino acid catabolism and proteolysis
75mmoll-1 (Y. Cheung, W. K. Tang and T. K. N. Tsui, Ammonia is continuously being produced in animals,
unpublished data). The fish can also survive for weeks, or evenainly by general protein and amino acid catabolism as well
months, out of water, where ammonia excretion is impededs breakdown of muscle adenylates. Protein and amino acids
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are the major energy sources for long-term muscular activitiggrotein and amino acid catabolism could potentially result in
(Moon and Johnston, 1981). Endogenously produced ammorgacumulation of ammonia to toxic levels in the body after
has to be removed from the body. In fish, this is normallywigorous muscular activity in air.
done via the gills, down a concentration gradient into the Partial amino acid catabolism has been proposed as a
surrounding water. However, under certain conditions such a®lution to this problem (Ip et al., 2001b). Many amino acids
lack of water, high ambient pH or high external ammoniacan be partially catabolized without releasing ammonia,
levels, the ammonia excretion process can be greatly impedéatming alanine. For example, a mole of glutamate can be
(for a review, see Ip et al., 2001b). As a result, ammonia caconverted to alanine, yielding 10 moles of ATP; the ATP yield
potentially be accumulated in the body and reach a level thatould be higher if the starting substrate were arginine or
is harmful to the fish. proline (Hochachka and Guppy, 1987). The concentration of
One way to deal with the problem would be to reduce thalanine in the oriental weatherloach liver increased by more
amount of ammonia produced in the body. When exposed than twofold after 12 of aerial exposure (Chew et al., 2001),
air, the rates of ammonia and urea excretion in the orientathich shows that partial amino acid catabolism leading to
weatherloach decrease significantly (Chew et al., 2001; Tsailanine formation takes place in this fish. This strategy would
et al.,, 2002). Ammonia levels in the fish liver, muscle andelp alleviate the problem of ammonia and provide energy for
plasma increase as a consequence of the reduced ammathia fish to be active when it is out of water.
excretion (Chew et al., 2001). The amino acid profiles of the In mammals, alanine can also act as a carbon carrier for
fish tissues were analyzed, and alanine and glutamine leveiger-organ carbon transport (Felig, 1975). When delivered to
were found to be significantly increased in the liver andhe heart, for example, it can be converted to pyruvate for
muscle. Alanine, glutamine and urea contain amino groupfurther oxidation. In liver, it can act as a glucose precursor in
and therefore can be considered as ammonia-equivalergkiconeogenesis (Felig, 1975). Thus, alanine is an important
(glutamine and urea actually each contain two ammonialternative energy source to glycogen, which can then be
groups). The results could be used to construct a balanspared for utilization in the future.
sheet on ammonia-equivalents of the fish subjected to normalPartial amino acid catabolism leading to alanine formation
and aerial conditions (Chew et al., 2001). The reduction imas reported in the giant mudskippBeriophthalmodon
excretion of ammonia-equivalents was 8ol more than schlosseri exposed to land conditions under ahliP2h
the accumulation of ammonia-equivalents in the body aftelight:dark regime (Ip et al., 2001c). This mudskipper spends a
24 h of aerial exposure for a Ipfish. The discrepancies lot of time out of water and can be very active while on land.
increased with time, reaching 283 and pH8ol after 48nh In contrast, another mudskippépleophthalmus boddaerti
and 72h, respectively. The levels of ammonia-equivalentsdid not accumulate alanine in its tissue and used glycogen
accumulated in the body, however, appeared to reach iastead for energy. The snakehe@danna asiaticas another
plateau after 48. It could therefore be deduced that therefish that has been reported to form high levels of alanine (Chew
had been a reduction in amino acid catabolism and/ast al., 2003).
proteolysis, which resulted in the reduction in ammonia

production.
A similar phenomenon has been reported for the air- Glutamine formation

exposed mudskippersPeriophthalmodon schlosseriand While the above two solutions are strategies that reduce

Boleophthalmus boddaeiti constant darkness, as well as theammonia production during adverse conditions, glutamine

air-exposed four-eyed sleef@ostrichthys sinensigim etal.,  formation is a true ammonia detoxification strategy. Glutamine

2001; Ip et al., 2001a). These fish species are also veiyformed from glutamate and MH catalyzed by the enzyme

ammonia-tolerant. glutamine synthetase. Glutamate is, in turn, formed foem
ketoglutarate and NH, catalyzed by the enzyme glutamate
dehydrogenase. Thus, if the starting substrate ais

Partial amino acid catabolism leading to alanine ketoglutarate, by forming one mole of glutamine, two moles

formation of NH4* are effectively detoxified (Campbell, 1973). In the

The oriental weatherloach actively seeks a suitable place twiental weatherloach, the glutamine levels in the muscle, liver
bury itself into the mud when there is a lack of water. Everand brain increased significantly after®f aerial exposure
during the initial burying period, the fish will still try to move (Chew et al., 2001; K. C. Hiong and Y. K. Ip, unpublished
around in the mud in order to find a position that it likes. Alldata). The liver glutamate dehydrogenase activities in the
these muscular movements require large amount of energyeamination direction decreased significantly upon aerial
Most of the energy is probably derived from protein and aminexposure (Chew et al., 2001). Thus glutamate catabolism was
acid catabolism (Moon and Johnston, 1981); however, there &owed down during aerial exposure, enhancing glutamine
a problem associated with this type of catabolism during aeridgrmation in the oriental weatherloach. A problem associated
exposure. Ammonia is produced from complete protein andith this detoxification strategy is that two moles of ATP are
amino acid catabolism, and when there is a lack of watehydrolyzed for every one mole of glutamine formed. The
ammonia excretion is greatly decreased. Therefore, completeiental weatherloach can adopt this strategy during aerial
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exposure probably because it stays motionless during the later NH3 volatilization
stages of aerial exposure. During the early stage of aerial The oriental weatherloach is able to get rid of ammonia in
exposure, it has to actively bury itself into the mud and lookhe form of N gas (Tsui et al., 2002). This is indeed a very
for a suitable position. Once it has found a good position, ¥pecial strategy for dealing with the problem of ammonia. The
stays relatively quiet and so does not require much energy fafmonia level in the body, as mentioned above, became very
muscular activities. high when the fish was exposed to aerial and high ammonia
Glutamine accumulation has been reported in many othenditions (Chew et al., 2001; Tsui et al., 2002). The pH of the
fish species, especially in the brain tissue. The brain glutamingasma also became significantly higher when exposed to aerial
levels increased significantly upon exposure to high ambiemfonditions. Thus, the amount of Nih the plasma increased
ammonia in the common ca@yprinus carpio(Dabrowska and a NH concentration gradient was set up. {\¢&n pass
and Wlasow, 1986), the goldfisbarassius auratuglLevi et through either the body surface or the digestive tract to reach
al., 1974) and rainbow tro@ncorhynchus mykis@\vrillo et outside and is excreted as gas. The high ammonia levels in the
al., 1981). Studies on the mudskippétsriophthalmodon pody tissues might be a prerequisite forgNidlatilization to
schlosseriand Boleophthalmus boddaertPeng et al., 1998), occur. In addition, the pH of the body surface, as well as the
as well as the four-eyed sleep@ostrichthys sinensis mucosal surface of the anterior part of the digestive tract,
(Anderson et al., 2002), also revealed increased levels @kcame significantly higher upon aerial exposure (Tsui et al.,
glutamine in their muscle, liver and plasma, in addition to the02). These also enhance the process of volatilization because
brain, during exposure to high ambient ammonia. Furthermoreaore ammonia exists as Nt higher pH values.
the marble gobpxyeleotris marmoratuglow etal., 1999) and |t js interesting to note that the wall of the digestive tract
the four-eyed sleeper (Ip et al., 2001a) detoxified endogenously the oriental weatherloach is very thin. Also, the whole
produced ammonia to glutamine during aerial exposure. Thufigestive tract is heavily vascularized, so it is ideal for
detoxification of ammonia to glutamine seems to be aRespiratory gaseous exchange. The structure of the digestive
important strategy utilized by fish. tract allows NH volatilization to take place. It was observed
under the electron microscope that blood capillaries were
_ ) located within the epithelia of the digestive tract, extremely
Tissue ammonia tolerance close to the lumen (P. Laurent and J. M. Wilson, unpublished
Ammonia is well known to be toxic to cells. Inside an animalpbservation). A similar vessel arrangement has been observed
body, most of the ammonia is in the form of Nibecause the in the buccal skin of the mudskippdteriophthalmodon
physiological pH is around 7.0-7.8 (pK value for ammoniaschlosser{Randall et al., 1999), which uses the buccal skin for
is about 9.5). However, since the cell membrane is largelyespiratory gaseous exchange. This is very unusual as blood
impermeable to Nkf, most ammonia enters cells in the form capillaries are normally not found within the epithelia.
of NHs. Being a weak base, Niinds with a proton and raises A similar phenomenon has been reported in another teleost,
the intracellular pH upon entering the cell. This intracellulathe mangrove killifistRivulus marmoratugFrick and Wright,
alkalinization would affect the normal biochemical reactions2002). This process of Nvolatilization is actually better
as enzymes are generally pH-dependent. In additions" NH understood in arthropods. For example, there is periodic NH
inhibits some important enzymes involved in metabolismyolatilization in the isopodPorcellio scaber(Wright and
such as isocitrate dehydrogenase awdketoglutarate O’Donnell, 1993), and Nkl volatilization has also been
dehydrogenase (Cooper and Plum, 1987). Also,4™NH reported in certain terrestrial crabs, which carry out the process
stimulates  phosphofructokinase-1 and, thus, glycolysigy alkalinization of urine (De Vries and Wolcott, 1993; Varley
(Sugden and Newsholme, 1975). It was found that the lactatghd Greenaway, 1994).
and pyruvate levels in plasma of rainbow trout exposed to high
ambient ammonia increased (Fromm and Gillette, 1968).
Due to its harmful effects, the ammonia levels at the tissue Highly selective background K channels
level are normally kept low, especially in the brain, which is NH4" and K' ions share similar radii. Thus, NHcan also
very sensitive to ammonia. The total ammonia levels in thpass through Kchannels. It has long been known thatsNH
oriental weatherloach, however, were found to be very highan cause depolarization in excitable tissue such as the neural
(Chew et al., 2001; Tsui et al., 2002), climbing up to aboutissues (Binstock and Lecar, 1969). &d thus NH* ions are
5mmoll~1in the plasma upon aerial or ammonia exposurepermeable to membranes even in the resting state (i.e. not
The levels can reach >1#nol g in the muscle and liver, during an action potential). There must be some pathways, or
which is one of the highest tissue ammonia levels reported. ¢hannels, in the membram& which these ions pass through,
is not clear why the oriental weatherloach can tolerate sucithough because they carry a positive chargead NH*
high ammonia levels in its tissues. It is suspected that itsannot possibly pass through the lipid bilayer of the membrane
enzymes involved in metabolism are relatively insensitive talirectly. The pathways have long remained a mystery, only
NH4*, when compared to enzymes from other animals. Alsdyeing referred to as ‘background’, ‘leak’ or ‘resting’ channels.
it must possess mechanisms for regulating intracellular pMvhether this K current exists as an independent entity, or as
disturbed by ammonia entrance. a residual flux through other pathways, remained controversial
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until the cloning of KCNK@ fromDrosophila melanogaster Table1. Nernst equilibriums of Kand NH* across the

channels have been cloned from various animal specie gnguillicaudatugxposed to control and 58moll-1 NH4Cl
including human, and the list is still growing. These conditions

background K channels contribute strongly to the membrane

permeability to K and NH* ions. As a result, the ratio Control NHCl
between the intracellular and extracellular ¢oncentrations Ex ENH, Ex ENH,
determines the membrane potential according to the Nern Muscle -66.9 -352 —67.9 -33.0
equation. If there were an increase in the extracellulas*NH Brain -60.7 104 -62.8 12.2

concentration, the effect would be similar to an increase i
extracellular K concentration, which would result in  ExandEnn, Nernst equilibriums of Kand NH* (mV).
depolarization of the membrane. Animals were exposed to control conditions or nafoll-1

The resting membrane potential of the white muscle of thNH4Cl, PH6.7, for 48 h at 20°C.
brown troutSalmo truttawas depolarized when exposed to
copper and low pH, which resulted in elevated plasma To further test this hypothesis, the effects of extracellular
ammonia level, from a control value of —-8&0% to —-52.2mV ~ ammonia on heart muscle contraction were studied.
(Beaumont et al., 2000). Upon exposure to sublethal ammonientricular trabeculae were taken from hearts of oriental
concentrations, the swimming performance of rainbow troutveatherloach and rainbow trout. It was thought that the
was found to have decreased significantly (Shingles et abackground K channels in rainbow trout were permeable to
2001). The critical swimming speedJdit) reduced from NH4* and those in oriental weatherloach were not. The
2.23BLs ! to 1.61BL s (where BL is body length). The extracellular ammonia was expected to cause a larger decrease
decrease in swimming performance was attributed to a partiad the contraction performance of ventricular trabeculae from
depolarization of the white muscle. rainbow trout than from weatherloach. NHtoncentrations of

There is no doubt that ammonia can cause depolarizatiarmp to Smmoll-1 were used for the experiments, as levels of
in excitable cell tissues. But how can the oriental5 mmoll- ammonia have been reported in the plasma of
weatherloach tolerate such high ammonia levels in its plasn@iental weatherloach (Tsui et al., 2002). However, the results
and its tissues? Would NHalso cause depolarization in the were surprising. The effects of extracellular ammonia on the
tissues of this fish? We hypothesize that the background Kdevelopment of tension in the ventricular trabeculae from both
channels in the neuronal and muscular tissues of the orientgpecies were the same (Flg.
weatherloach are very selective for o that NH* can Even when exposed to a total ammonia concentration
barely, if at all, pass through them. If the background K approximately 50% of the 9% LCso for ammonia
channels are impermeable to NH any change in the (288umoll-}) at pH8.4, the total plasma ammonia
extracellular NH* concentration would not affect the concentration of rainbow trout was only OmMnoll-1 after
membrane potential. In order to test this hypothesis, the Kswimming at 0.78L s1 overnight (Shingles et al., 2001). At
and NH* concentrations were measured, and the resultsimilar plasma ammonia concentrations, brown ti®altmo
fitted into the Nernst equation. If the backgroundckannel trutta already showed significant depolarization in its white
is also permeable to N# the Ex value should be very muscle plasma membrane (Beaumont et al., 2000). In fact, both
similar to theEnns value. Tablel shows that this is not the rainbow trout and brown trout showed decreased swimming
case. Thé&k andEnn, values were always different for brain performance while having such plasma ammonia concentration
and muscle under the different conditions tested (TAple (Beaumont et al., 1995, 2000; Shingles et al., 2001). Being
which means that the distributions of End NH;* in the two  excitable muscle tissue, one would expect the heart of rainbow
tissues were different, suggesting that the backgrouhd Kirout to depolarize and contract less well than that of oriental
channels in these tissues were relatively impermeable tweatherloach in 0.Bimoll-1 extracellular total ammonia.
NH4* under the various conditions. However, at 0.5nmoll-1 total ammonia, the isometric force

According to the model presented by Wright et al. (1988)developed by ventricular trabeculae of rainbow trout and
if cell membranes have a significant permeability tos/NH weatherloach were 85% and 91% of their corresponding
(though not necessarily as large as their permeability t¢),NH control value, respectively (Fig@), which were very similar
then the membrane potential would dictate the distribution adnd very close to their control values.
ammonia across the membrane. In the present studinthe A possible explanation for the results is that hearts from both
values for both muscle and brain were too positive compareammonia-sensitive and ammonia-tolerant fish species have
to expected membrane potential (TableThis means that the protective mechanisms against ammonia. The observed
distribution of ammonia across the plasma membrane of thgecrease in swimming performance in rainbow trout and brown
two tissues is not according to the membrane potential, whidinout was probably due to depolarization in the white muscle
again agrees with the hypothesis that the oriental weatherloaohly, possibly because the white muscle, and not the heart, of
possesses background khannels that are selective againstammonia-sensitive species is depolarized by ammonia.
NHs*. But why do ammonia-sensitive species have such a
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0. mykissandM. anguillicaudatusValues are meansse.u. (N=6). nervous system of vertebrates. There is evidence that high

ammonia levels in the brain lead to high levels of extracellular

glutamate by increasing glutamate release or/and decreasing
protective mechanism against ammonia in the heart? It hagutamate synaptic reuptake (Rao et al., 1992; Bosman et al.,
been reported that, after feeding, the ammonia concentration 11992; Schimdt et al., 1993). NMDA-type glutamate receptors
the plasma of rainbow trout increased to a level similar to thatave also been proposed to be involved during ammonia
associated with death due to environmental ammonia exposurgoxication in mammals (Marcaida et al., 1992). Excessive
(Wicks and Randall, 2002). The fish may tolerate notctivation of NMDA receptors during ammonia intoxication
protecting its white muscle from depolarization and just stofeads to excessive influx of €aand Nd. The increased
swimming around after eating, but its heart must have somistracellular C&" concentration activates &adependent
means of protection against the elevated plasma ammonrgémzymes and a cascade of reactions takes place that eventually
levels. result in cell death. Blocking NMDA receptor with its

An alternative explanation for the results is that there waantagonist, MK-801, has been shown to protect mice from

actually no protective mechanism against ammonia in heargcute ammonia intoxication (Marcaida et al.,, 1992;
from either species. The decrease in isometric force observétermenegildo et al., 1996).

in the ventricular trabeculae at QvBnoll-1 total plasma Using a microdialysis technique, Hermenegildo and co-
ammonia actually contributes to the decrease in swimmingorkers (2000) showed that activation of receptors actually
performance of fish exposed to external ammonia. preceded the increase in extracellular glutamate levels during

In either event, the heart does not seem to be the organ whei@ite ammonia intoxication, and MK-801 prevented the
ammonia toxicity acts in rainbow trout. Total plasma ammoniancrease in extracellular glutamate level. Thus extracellular
levels would never be higher thanmioll-1, and at this glutamate increase was the result, rather than the cause, of
concentration, the heart still could function at 73% of itsexcessive activation of the NMDA receptor. The resulting
normal performance (Fig), which would be unlikely to be increase in extracellular glutamate level following NMDA
low enough to kill the fish. Ammonia most likely kills rainbow receptor activation could bring about further activation of the
trout by affecting its nervous system. NMDA receptor.

How does ammonia cause excessive activation of NMDA
receptors? The best explanation is that sNHauses
Ammonia toxicity in brain depolarization in the neuronal membrane, which results in
Ammonia seems to have its effects mainly on the centraEmoval of M@* that normally blocks the NMDA receptor
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channel (Hermenegildo et al., 2000; Felipo and Butterworth, anguillicaudatusreduces amino acid catabolism and accumulates alanine

2002)_ Therefore, any tonic activation of NMDA receptor and glutamine during aerial exposupéysiol. Biochem. Zoor4, 226-237.
duri | f LT f the brai Id | Chew, S. F., Wong, M. Y., Tam, W. L. and Ip, Y. K(2003). The snakehead
uring normal functioning of the brain would cause a larger channa asiaticaaccumulates alanine during aerial exposure, but is

influx of Ca&* than usual, which would eventually cause incapable of sustaining locomotory activities on land through partial amino

excessive NMDA receptor activation. acid catabolismJ. Exp. Biol206, 693-704.
MK-801 | t ia toxicity in th ient ICooper, J. L. and Plum, F.(1987). Biochemistry and physiology of brain
- can also prevent ammonia toxicity In the orienta ammoniaPhysiol. Rev67, 440-519.

weatherloach. By injecting MK-801 (@gkg1) 15min prior  Dabrowska, H. and Wlasow, T.(1986). Sublethal effect of ammonia on
to injection of ammonium acetate (mmkg—l), the certain biochemical and haematological indicators in common carp

. 0 (Cyprinus carpioL.). Comp. Biochem. Physid3C, 179-184.
mortalllty of the weatherloach dropped to 0%, compared.t%e Vries, M. C. and Wolcott, D. L.(1993). Gaseous ammonia evolution is

60% when fish was not given MK-801 (T. K. N. Tsui, coupled to reprocessing of urine at the gills of ghost ckhbBExp. Zool.

unpublished data). This indicates that NMDA receptors are 267 97-103.

also involved in ammonia toxicity in fish brain. If indeed thisFegg,’SP'(lws)' Amino acid metabolism in mafnnu. Rev. Nutrd4, 933-

fish possesses background éhannels that are impermeable Felipo, V. and Butterworth, R. F. (2002). Neurobiology of ammoni&rog.

to NHg*, the mechanism of NMDA receptor activation in thisF _Nsuﬁb¥)l-6762\z9_-2h7t9b T, (@002). Nit bol § ;
- - . . rick, N. T. and Wright, P. T. . Nitrogen metabolism and excretion
fish mlght be different from that in mammals. in the mangrove KkillifishRivulus marmoratus |. The influence of

environmental salinity and external ammoriaExp. Biol.205, 79-89.
Fromm, P. O. and Gillette, J. R(1968). Effect of ambient ammonia on blood
Conclusions ammonia and nitrogen excretion of rainbow tr&alno gairdnej. Comp.
. X K . Biochem. Physiol26, 887-896.
Six strategies used by the oriental weatherloach to deal witkoidstein, S. A. N., Price, L. A., Rosenthal, D. N. and Paush, M. E.996).
the prob|em of excess ammonia were described. This fish carPRK1, a potassium-selective leak channel with two pore domains cloned

; ; ; ; ;. from Drosophila melanogastdsy expression itsaccharomyces cerevisiae
(1) reduce ammonia production through reduction in protein Proc. Natl. Acad. Sci. USB3, 13256-13261.

and/or amino acid catabolism; (2) reduce ammonia productioflermenegildo, C., Marcaida, G., Montoliu, C., Grisolia, S., Minana, M.
and obtain energy through partial amino acid catabolism and Felipo, V.(1996). NMDA receptor antagonists prevent acute ammonia

; ; PR ; ; toxicity in mice.Neurochem. Re&1, 1237-1244.
Ieadlng to alanine formation; (3) detOXIfy ammonia toHermenegiIdo, C., Monfort, P. and Felipo, V(2000). Activation of NMDA

glutamine; (4) tolerate very high ammonia levels in its tiSSUES; receptors in rat brain in vivo following acute ammonia intoxication.
(5) get rid of ammonia as N#gjas and, probably, (6) possesses Characterization by in vivo brain microdialysisepatology31, 709-715.

; Hochachka, P. W. and Guppy, M.(1987) (ed.).Metabolic Arrest and the
baCkground K channels that are |mpermeable to Hlore Control of Biological Timepp. 101-119. London: Harvard University Press.

work is needed to verify the existence of the highly selectivg, y. k. chew, S. F., Leong, I. A. W., Jin, Y., Lim, C. B. and Wu, R. S.
background K channels in this fish. This further work may S. (2001a). The sleepeBostrichthys sinensiéFamily Eleotridae) stores

; ; lutamine and reduces ammonia production during aerial expodure.
enhanc:_e our_u_nderstandmg on the nature and mechanisms %Omp. Physiol. B71, 357-367.
ammonia toxicity. Ip, Y. K., Chew, S. F. and Randall, D. J.(2001b). Ammonia toxicity,
tolerance, and excretion. Fish PhysiologyVol. 20 (ed. P. A. Wright, and
: : ; P. M. Anderson), pp. 109-148. New York: Academic Press.
The work descr!bed m, thls, paper was supported ,by a graﬂ}, Y. K., Lim, C. B., Chew, S. F., Wilson, J. M. and Randall, D. J2001c).
to D.J.R. from City University of Hong Kong Project no. = production and accumulation of alanine through partial amino acid catabolism
7001172-740. facilitate Periophthalmodon schlossémudskipper) to use amino acids as an
energy source while active on ladd Exp. Biol.204 1615-1624.
Ip, Y. K., Chew, S. F. and Randall, D. J(2003). Five tropical fishes, six
different strategies to defend against ammonia toxicity on IBhgsiol.
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