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ABSTRACT

Ther

eXCre:ioar:einI?'lz?lybegCOaOd l'efafons to S-tudy amm(?nia production and
Besides, many fish use of its ecological and environmental relevance.
€conomical value b of qrr}amental, aquac_:ult}ual, and
leads to mass By a.nd ammonia toxicity can be a major 1ssu$a.that
However, th mertality u!’ldt’-r‘unfavoura.ble aqua cultural conditions.
in fish ig %ar le ntensity of St}ldles on mechanisms .of ammpma tox1c1t',:
toxicity in ower than tl}at in mammals. Interest§ in stu_d_vmg' aﬂ;lmor;ln
leads to thmammals arise from the fact that liver fgx_lure ml :l'?elv
ref e development of neurological abnor.m?lmes collectively
; er.red to as hepatic encephalopathy, and ammonia 1S 8 key neurot'oz(m
Implicated in this condition. The mitochondrial permeability transition
Involves the opening of a pore in the inner mitochondriaJ. membrapale
that leads to a collapse of ionic gradients, resulting in ml_tochongﬁ
dysfunction. In the case of ammonia neurotoxicity, the mitochondr
Permeability transition could be related t0 the
through the inner mitochondrial membrané and e
ammonia through glutaminase in the mitochondr!
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5. It has been established tha.t seyeral fish species cap to]
astrocytes: ; onia and/or glutamine 1n the brain, but t is erate
high leve s and g]utamine permeation through the blo(,dc;”aﬁn
n J mitochondrial membranes of brain c*lra{n
_ Furthermore, studies on ammonia g:nls n
ed that ?,mmonia production OCCUI:SIS
Jiver m al matri.x, but h?W ammonia exjtg ”::
itochondria 1s an enigma. It was assumeq

ermeate the inner mitochondrial membrane 5
NH,, but such an 0 eration would lead to the disrupti()n of the proton
4 ¢ Thi could be the reason why ammonia has to be. Cotiverted
adien® - nd glutamine; which are proton-neutral nitrogenous
liver mitochondria of ureogenic and

On the other hand, excretion of
h, and earlier notions
1d permeate the branchial epithelium
al that ammonia excretion through
1 affirms the possibility of the
rter in the inner membrane of liver
lic fishes. Therefore, this review focuses
er literature and the up-to-date information on the
hanisms concerning the permeation of ammonia, as
on-neutral nitrogenous compounds across

NH,, NH," or prot g :
mitochondrial membranes, the plood—brain barrier, the plasmalemma
s epithelia of fish. Efforts

of neurons, and the branchial and cutaneou
pave also been made t0 examine the relationships between the
es of bio membrane and

permeation of ammonia through various typ
ja toxicity. It is

the high tolerance of certain fish species to ammon
ould revive the interests in investigations on

hoped that this review W
through the mitochondrial membranes and

the passage of ammonia
f ammonotelic fishes particularly on

the blood—brain barrier 0
Ctenopharyngodon idella and fishes with high brain ammonia

tolerance, respectively.
KEY WORDS: Ctenopharyngodon idella, Ammonia, Mitochondria,
Blood Brain Barrier, Glutaminase, Ammonotelic, Permeability

jer, plasma lem
bact pes are regulated
es reveal

onotelic 115 !
of amt itochondrl
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the gills of fis

that ammonia cou
rs, whic

mitochondria
on both the earli

problems and mec

INTRODUCTION

permeability thro
on ammonia toxici
permeation

ammonia a
cells. Additionally,

Many fishes are ammonotelic but some speci .
ammonia to glutamine or urea. Certain fish specie pecies can detoxify
levels of ammonia in the brain or defense againsts can acc?umulate high
enhancing the effectiveness of ammonia excretio ammonia toxicity by
transport, manipulation of ambient pH, or rend thr(,)ugh active NH,"
ugh the. branchial and cutaneous epitL}'lC?On in ammonia
ty in mammalian brain revega] tila'.Recent reports
of ammonia through the blood-brain barri € Importance of
nd water through transporters in the plasr;e; ?nd Passages of

“Mma of brain

t
O the pasgg ge

brain ammonia toxicity could be rejateq
e
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utamine through the mitochondrial membranes i

n the other hand, recent reports on amm:nt? the mi

e involvement of Rhesus glycoproteins inxzihexc;
€

°ch0ndrial

of gl
etion in fish

matr iX. 0

th
confirm nvo" 1s gly |
cutaneous epithelia. Therefore, this review focuses on bot:;]arti;hnal and
€ earlier

jerature 2n¢ the up-to-date information on the problems ang mecpqy;
concerning the permeation of ammonia as NH,, NH," or proy o:x-amsms
m'trogenous compounds, across mitochondrial membranes, the bloodrle;tr-al
parrier, the plasmalemma of neurons, and t'he branchial and cutanel:tlxn
epithelia of fish. It a!so addressgs how. certain fishes with high amm(mi:
defend against ammonia toxicity through the regulation of the

tolerance _ :
permeation of ammonia and related nitrogenous compounds through various
types of membranes.

Production and Excretion of Ammonia in Fish

Dietary protein is a major source of amino acids in animals. The
intestines of carnivorous fishes are adapted to process diets that are high
in protein and low in carbohydrate (Buddington et al., 1997). Karlsson et
al. (2006) determined changes in plasma concentrations of free amino acids
and their metabolites in pre- and post-hepatic blood following a single
meal in rainbow trout (Oncorhynchus mykiss), and confirmed that amino
acids could be metabolized in the intestine before they reached the liver.
The plasma ammonia level in the hepatic portal vein was higher than that
in the dorsal aorta, and the difference between the two blood sampling
sites increased during amino acid absorption after a meal. Thus, Karlsson
et al. (2006) concluded that deamination of certain amino acids occurred
in the intestine of the rainbow trout after feeding. In support of the
conclusion of Karlsson et al. (2006), Tng et al. (2008)rep0rted that
postprandial amino acid metabolism indeed occurred in the intestine of
Juvenile Oxyeleotris marmorata. The major amino acid accumulated in

the intestine and liver of juvenile O. marmorata after feeding was
utamate

géﬁ;zrrnate, and feeding led to a significant increase in gl

which (‘:’ge?:se (GDH) activities in the intestine and liver of O. marmorata,

growth (l:] lead to a high retention of the ingested. nitrogen for somatlg

during gnsequem]y, only 33% of the ingested nitrogen Was excret:d

rom g €24 h post-feeding period, and the brain was effectively prevent

Xposure to postprandial ammonia toxicity (Tng €/ al., 2008).

and lip.‘d?n“l,r;.als cannot store excess amino acids, unli'ke cmboheratleS
us, diet ich can bc? stored as glycogen and triglycendes, respe;ttlllven);

mai“tenanry amino acids in excess of the amounts needed for 80 a

¢e of protein turnover are preferentially degraded over
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carbohydrates and lipids in the liver (Campbell, 1991). For fisheg With
high-protein diets, their dietary carbon is extrac.ted from the carbon chaip
of amino acids after the removal of the a-amino group. Severs aming
acids including alanine, are converted to glucose by fish hepatoeytes
(French et al., 1981) and this process is regulated hormonally in mych the
same way as it is in mammals. Approximately 40-60% of the Nitrogen
intake from food is excreted within 24 h (Ip et al., 2004¢; Lim et al,, 2004b),
In addition to diet, muscle proteins can act as a source of amino acids,
which are catabolized for the production of ATP or carbohydrates, in fasting
fishes (Houlihan et al., 1995). Under adverse environmental conditions
where ammonia excretion is reduced, some fishes can reduce the rate of
ammonia production from amino acid catabolism to slow down the build
up of ammonia internally (Ip et al., 2001c, 2004a,b; Lim et al., 2001).
During exercise or hypoxia, ammonia can also be produced through the
deamination of AMP in the skeletal muscle.

Much of the ammonia produced in fish comes from the a-amino
group of amino acids that are catabolized. The rate of alanine and glutamine
degradation by catfish hepatocytes can account for 50 and 85%,
respectively, of the total ammonia excreted by the fish (Campbell et al.,
1983). In addition, the rate of glutamate deamination by intact catfish liver
mitochondria can account for 160% of the rate of ammonia excretion
(Campbell et al., 1983). For goldfish, the liver is responsible for 50-70%
(van den Thillart and van Raaji, 1995) of ammonia production. Ammonia
can be produced either directly in the cytosol of hepatocytes by specific
deaminases (histidase, asparaginase, serine dehydratase, and threonine
dehydratase; Youngson et al., 1982) or via the con;bined actions
(transdeamination) of cytosolic aminotransferases and mitochondrial GDH
(Walton and Cowey, 1977; French ef al., 1981), but transdeamination is
the primary mechanism for catabolism of ar;lino acids in fish liver

amide-function of glutamine, is also Present in the mitochondrial matrix
of some fish species. Thus, ammonia releage o thoc on ria fl*n;l'ver
mitochondria has to permeate the mitochondrig] € matrix of i

excretion, membranes before
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Effects of Ammonia on the Mitochondrial Pe

Oxidative Phosphorylation rmeability Transition and

Brain edema is a critical component of hepatic encephalopathy

- : ;
s g e et P b ol
represent a major factor responsible1 cfoer entlra). Ammom'a is believed to
mechanisms by which ammonia causes ek sl .Swelllng, A1 oug the
. such swelling are not completely

underst.ood. It has been hypothesized that in hyperammonemic conditions
glutamine generated in astrocytes from ammonia and glutamatein a reactior;
catalyzed by glutamine synthetase (GS; Norenberg and Martinez-
Herniandez, 1979), could exert osmotic effects and contribute to brain
swelling (Brusilow and Traystman, 1986). Treatment of hyperammonemic
rats with the GS inhibitor, methionine sulfoximine (MSO), significantly
reduced the amount of brain edema, and also diminished the extent of
astrocyte swelling (Willard-Mack et al., 1996). The integration of astrocyte
swelling with ammonia metabolism and glutamine synthesis leads to the
glutamine/osmolyte hypothesis explaining the astrocyte swelling and brain
edema in hyperammonemia (Zwingmann et al., 2000). However, recent
studies revealed a lack of direct correlation between the extent of cell
swelling and cellular levels of glutamine (Jayakumar et al., 2006). Although
glutamine may not function simply as an osmolyte, it has been proposed
that glutamine-mediated oxidative stress and/or mitochondrial permeability
transition may be responsible for the astrocyte swelling by ammonia
(Jayakumar er al., 2006). While it is not known how oxidative stress and
the mitochondrial permeability transition cause astrocyte swelling, Rama
Ra(.) and Norenberg (2007) suggested that these events may affect AQP4,
Wwhich is abundantly expressed in astrocytes. The mitochondrial
Permeability transition is a Ca**-dependent, cyclosporine A sensitive process
due to the opening of a pore in the inner mitochondrial membrane that
leads to 5 collapse of ionic gradients and results ultimately in m‘t_OChond“al
Xsfunction. Many of the factors that facilitate the indu_ctlop of tbe

Mitochondria] permeability transition are also known to be p b 21{1
t '© Mechanism of hepatic encephalopathy; these include free radicals, Ca™,
Nitric oxide, alkaline pH, and glutamine. Rama Raoetal. (2003) have shc_>wn
lhat treatment of cultured astrocytes with 5 mmol I" NHACI resulted na
dissipation of the mitochondrial membrane potential, Y"hfch was Sensflttl;::
10. Cyclosporine A. Further support for the ammonia mc!uctlor? ° G
"Mitochondria] permeability transition was obtained by observing an m:;\d a
"N mitochondria] permeability to 2-deoxyglucose-G-phosp'hatt‘:;atment
€Crease in calcein fluorescence in astrocytes after ammonia ' ’

e
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both of which were also bloglfed by cyclospo.rine A. Hence, the
mitochondrial permeability transition represents an important componep
of the pathogenesis of hepatic c?ncepl?alopa_ﬂ}y afld Otf_ler hyperammone;,

ath in excitotoxicity, n which an over-activatiop

states. It is the key in cell de . ! |
of glutamate receptors causes excessive calcium entry into the cel],

Indeed, Reddy et al. (2009) demonstrated that agents that are able to cross
the blood-brain barrier to block the mitochondrial permeability transition
significantly reduced ammonia-induced cell swelling.

Passage of Ammonia across the Blood-Brain Barrier and into Brain
Cells — Possible Reasons for High Ammonia Tolerance in Certain Fish

Species

Once endogenous or exogenous ammonia enters the blood, it would
exert toxic effects on all cells, particularly the heart and the brain which
are vital organs with excitable cell types. However, at least for rainbow
trout, the heart does not seem to be the organ where ammonia toxicity acts
(Tsui et al., 2004), and that leaves the brain as the main target of ammonia
toxicity in fish. Since the blood-brain barrier permeability for NH,” is only
<“0.5% that of NH, in Rhesus monkey (Raichle and Larson, 1981), the
traditional assumption is that NH, can pass the blood—brain barrier by
diffusion, and NH," translocation can be neglected (Cooper and Plum,
1987). However, effects of pH on ammonia uptake are often less pronounced
than expected, although they are in the direction predicted by the
NH, diffusion hypothesis. Therefore, it has been proposed recently
'fhat NH," can also permeate the blood-brain barrier with the possible
involvement of Rh glycoproteins, Na*/K*-ATPase, Barium-inhibitable
K" channel and bumetanide inhibitable Na*:K*:2CI" cotransporter (Ot ar}d
Lars_en, 2004; Figure 2). Once NH, or NH,* get through the blood-brail
barrier, they can permeate the plasma membrane of brain cells thro¥
‘c;anous transporter proteins. It has been demonstrated that astrocyteS cal
bl g s o el g,
the astrocytic inwa:cci){mem'n 4~3’ the iaLeE c.hannel aquapolrl genes
(Kird. and Kir5. 1), 1 o 3i08 potassium ag—
hyperammonemia (Licl;ter Klts p!asma membrane in resP

-Konecki et al., 2008).
1) lead 10

. 02)
(Felipo and Butterworth, 2002; R05¢ 2 Oatic

infg candidate in the palthoge“esiS ° cathing
er failure. However, many tropical air-bred”
et al,, 2004b; Chew et al., 2006b for reviews) can tolerd

In mammals, high | . . "
glutamatergic d)’sfuncti%:] evels of brain ammonia (1-3 mmo! !

which remains as the lead

encephalopathy in acute |jy,
fishes (see Ip



93

high levels of environmental ammonia, and these. environmental tolerance
correlate well with their high tolerance of ammonia at t'he cellular and sub-
cellular levels (Ip et al., 2005a). This adaptation facilitates the
accommodation of relatively high concentrations of ammonia in the blood,
which can reduce the net influx of NH; by lowering the inwardly
directed APy, during ammonia-loading. In addition, a build up of ammonia
in the body may be a prerequisite for volatilization of NH, in certain air-
breathing fish species (Tsui et al., 2004). At present, no information is
available on the permeability of the fish blood—brain barrier to
NH, and NH," but the brain ammonia content of certain fish species can
build up to very high levels under certain conditions (see review by Chew
et al., 2006). Therefore, future studies should focus on the expression of
ammonia transporters in and the regulation of NH," fluxes across the

blood-brain barrier and the plasmalemma of cells in the brain of these
fishes.

The administration of (5R,10S)-(+)-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-S,10-imine hydrogen maleate (MK801), which
is an antagonist of NMDA receptors, at a dosage of 2 pug g™ fish has no
protective effect on Periophthalmus schlosseri and Boleophthalmus
boddaerti injected with a lethal dose of ammonium acetate, indicating that
activation of NMDA receptors is not the major cause of death during acute
ammonia intoxication (Ip et al., 2005a). Thus, unlike mammals (Marcaida
etal., 1992; Kosenko et al., 2000), activation of NMDA receptors may not
be the explanation for acute ammonia toxicity in the brains of P.
Schlosseri and B. boddarti. Since membrane depolarization can lead to the
Temoval of the Mg** block on NMDA receptors and result in their activation
(F‘_‘n and Szerb, 1993), it would appear that these mudskippers have special
abilities to contro] the intracellular ammonia level in their brains despite

rastic increases in brain ammonia contents (intracellular +
ethracellular). NH,* can replace K* in the facilitated diffusion of
iT;thgh K* channels and/or active transport of K* thrpugh Na‘*/K*-
the ase; both these processes have direct or indirect deleterious effect_s on
the Iélerylbrane potential of a cell. In view of the high levels of ammonia in
ammrau.ns of 'P,. Schlosseri and B. boddarti exposed to chronic ar.1d acute
dedugn(lja t0x1c_1ty and the lack of protective effect from MK§01, it can be
Aty ¢d that either membrane depolarization occurred but did not lead to

ation of NMDA receptors, or membrane potentials were resilient

Witthl , lﬁlterference due to the presence of K* channels ar}d Na*/K*-ATPase

mudskig Substrate specificities for K", in the brains of these two
PPers, the confirmation of which awaits future studies.
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CONCLUSION

Ammonia is produced mainly in fish hepatoc?ftes and must exit
the mitochondrial matrix to be excreted through the gllls.. Eﬁ‘grts shou!d
be made in the future to elucidate the foqn and n.lechamsrr.ls involved in
the permeation of ammonia through the inner mltf)chonc'irlal membrane
without disrupting the H*gradient. Ammonia exerts its toxic effects on the
brains of vertebrates, but the brains of certain fish species can tolerate
high concentrations of ammonia and glutamine, the latter of which is a
Trojan horse of ammonia toxicity in mammalian brains. Hence, it would
be essential to investigate the permeation of ammonia through the blood—
brain barrier of these fishes. Additionally, it would be meaningful to examine

how glutamine and ammonia permeation through the mitochondrial
membranes are regulated in the brain cells of these fishes, and to determine

the level of glutaminase activity present in these mitochondria. Results

obtaine(li from these fishes may provide new insights into mechanisms of
ammonia toxicity,

amr and shed light on how ammonia toxicity to vertebrate

gams canbe a}mehorated. Defense against ammonia toxicity in fishes under
adverse environmental conditions can be achieved through the
detoxification of

ammonia involving enz % 5% ) . ndria
or cytosol and/or th g enzymes present in the mitocho

through the branch?aelmha(;1 cement of effectiveness of NH,/ NH," excretion
Rh glycoproteins j and cutaneous epithelia. While the involvement of
S In ammonia excretion through fish gills and skins has
eir functional roles jn active NH,* excretion in some
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