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Summary

A previous study provided evidence that the adaptive GSase activity, not only in liver but also, unexpectedly,
strategy used by the teleost fishBostrichthys sinensis in muscle, and even higher levels in intestine and, in
(sleeper) for detoxifying ammonia during extended particular, stomach. Exposure to ammonia results in
periods of air exposure was to synthesize and store significant increases in GSase activity, GSase protein and
glutamine, primarily in the muscle, accompanied by an GSase mRNA levels in all of these tissues except stomach.
increase in glutamine synthetase (GSase) activity in liver. The amino acid sequences of GSases from liver and
The aim of the present study was to assess the effect onstomach deduced from the cDNA sequences are essentially
GSase expression in various tissues of exposure Bf identical and are >97% identical to the amino acid
sinensis to exogenous ammonia. Exogenous ammonia sequences of GSases from Gulf toadfisfDpsanus betp
increases internal ammonia concentrations in fish, and marble goby Oxyeleotris marmoratus)
mimicking environmental situations such as air exposure
that preclude loss of ammonia across the gills, and thus Key words:Bostrichthys sinensiseleost, sleeper, nitrogen excretion,
triggering  alternative  mechanisms for ammonia enzyme induction, glutamine synthetase, exogenous ammonia
detoxification. The results reveal relatively high levels of exposure.

Introduction

The major end-product of amino acid catabolism in fish idValsh, 1993; Walsh and Milligan, 1995) (for reviews, see
ammonia, the majority of the ammonia being produced bynderson, 1995a, 2001; Graham, 1997; Walsh, 1997; Saha and
transdeamination in the liver (Wood, 1993; Wilkie, 1997;Ratha, 1998; Ip et al., 2001a). All of these fish have relatively
Ballantyne, 2001; Ip et al., 2001a). Most teleost fishes arBigh levels of urea cycle enzymes, including glutamine
primarily ammonotelic, detoxifying ammonia by simply synthetase (GSase) and the glutamine-dependent carbamoyl-
excreting it across their gills into the aqueous environmenphosphate synthetase Ill (CPSase Ill) characteristic of
Several species of fish have adapted to unique environmentdutamine-dependent urea cycle activity in fish (Anderson,
circumstances that preclude this route of ammonid995a,b, 2001).
detoxification, however, by expressing high levels of the urea Several recent studies have suggested, however, that
cycle enzymes with an accompanying active urea cycle, antteotelism (i.e. increased urea cycle pathway activity) is not
are thus ureotelic. Examples include an alkaline lake tilapithe universal response of fish to these kinds of environmental
(Alcolapia graham) that thrives in a natural environment circumstances (Ip et al., 2001a). Marble goBxyeleotris
highly buffered at pH 10 (Randall et al., 1989; Lindley et al. marmoratus)is a facultative fresh water air-breather from
1999) (note that ammonia cannot be excreted across the gi®utheast Asia that can tolerate continuous air exposure for up
to an alkaline external medium; Wright and Wood, 1985)to a week and has low levels of a full complement of the urea
several air-breathing catfish unique to the Indian subcontineycle enzymes, but does not increase urea excretion or the level
that can live in air for extended periods of time (Saha andf urea cycle enzyme activity during long-term air exposure.
Ratha, 1987, 1989; Saha and Das, 1999; Ratha et al., 1998stead, GSase activity increases and ammonia is converted to
Saha et al., 1995, 1999, 2000), and the Gulf toadBgisgnus glutamine, which accumulates in the tissues (Jow et al., 1999).
betg, which becomes primarily ureotelic when confined for Bostrichthys sinensileeper) inhabits brackish water near
extended periods of time (Walsh et al., 1990; Barber anthe mouths of rivers in southeast Asia and is periodically
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subjected to air exposure for variable periods of time. Thi20 mmol 1 Tris-HCI, pH 7.2, at 25 °C and fasted for 48 h prior
species also synthesizes and stores glutamine, primarily in the experiments; they were not fed during the experimental
muscle, in the first few days of air exposure, which igperiod. Exposure to ammonia was accomplished by adding
accompanied by an increase in GSase activity in liver (Ip é¥H4Cl (15 mmoltl, adjusted to pH7.2) to the buffered 30 %
al., 2001b). The level of glutamine that accumulates during theea water (10 %o salinity) (control); half of the water for both
first few days is equivalent to the level of ammonia that wouldhe control and ammonia-exposed fish was changed every 24 h
normally be excreted during this time. After 3 days of aifrom the start of the experiments. The fish were kept in
exposure the fish adopt a reduced rate of ammonia productiagnstant darkness during the experimental period because in
possibly via reduced rates of proteolysis or amino acidtheir natural habitat they hide in crevices to prey on other
catabolism. Although all urea cycle enzyme activities arerganisms.
present in liver, the levels of activity are very low, considerably Water samples were collected at time 0 and at 24 h and 48h
lower even than found in marble goby, and are far too lowdays 1 and 2, respectively); the samples were acidified with
to account for meaningful ammonia detoxification (Ip et0.1molt! HCI to prevent loss of Nkland stored at 4°C for
al., 2001b). Preliminary studies have indicated that thanalysis of ammonia and urea concentration within 48 h. After
physiological and biochemical responses Bof sinensisto  48h the ammonia-exposed fish were returned to control
air exposure and related environmental circumstances thabnditions and the water was analyzed for ammonia and urea
preclude ammonotelism are reproducible and readilgoncentration 24 h later (day 3).
measurable, indicating that this fish is an excellent model for For the collection of plasma and tissues, the fish were killed
studying the biochemical mechanisms of these adaptiviey a sharp blow to the head. The caudal peduncle was severed
responses. and blood from the caudal artery was collected in heparinized
The purpose of this study was to extend studies on the effeatsicro-hematocrit capillary tubes. The plasma obtained after
of air exposure on GSase expressioB.iBinensidy assessing centrifugation at 5000 for 5min was deproteinized by
the response @. sinensito exogenous ammonia exposure, aaddition of an equal volume of 6 % trichloroacetic acid (TCA)
strategy that has been used to increase internal ammordad centrifugation at 50@0for 10 min; the supernatant was
concentrations in fish, mimicking the various environmentastored at —80 °C for subsequent analysis of ammonia, urea and
situations, such as air exposure, that preclude loss of ammormino acids. The liver, a large section of lateral muscle,
across the gills, thus triggering alternative mechanisms fagtomach and intestine were excised, immediately freeze-
ammonia detoxification (see Kong et al., 1998 and referencetamped in liquid nitrogen, wrapped in aluminum foil and
therein). The sequence of GSase cDNA was determined astbred at —80°C until analysis (stomach and intestine were
changes in GSase activity, GSase protein and GSase mRNémoved together, flushed well with deionized water, and cut
levels, as well as activities of some urea cycle enzymes, ur@gao two sections, corresponding to stomach and intestine;
and ammonia concentrations and excretion rates and amimdere indicated the latter was cut into two halves, foregut and
acid levels, were measured in response to exposure 46INH hindgut). For ammonia, urea and amino acid analysis, weighed
The results show that there are relatively high levels of GSadsmzen liver and muscle tissue samples were powdered at
activity in liver, and also, unexpectedly, even higher levels irr80°C and added to 5 volumes of 6% TCA. After
muscle, stomach and intestine, and that exposure to ammotiamogenizing for three 20s intervals (cooling between
results in significant increases in GSase activity, GSase protaimervals) with an Ika-werk Staufen Ultra-Turrax homogenizer
and GSase mRNA levels in all of these tissues except stomagtt.24 000 revs mir# the sample was centrifuged for 10 min at
10000g at 4°C; the supernatant was stored at —80°C for

) subsequent analysis.
Materials and methods

Experimental protocol for exposure of fish to ammonium Ammonia and urea analysis

chloride and collection of samples Acidified water samples were thawed and neutralized with

Bostrichthys sinensisLacapéde 1801 [also identified 2moll KHCOs to pH 5.5-6.0; acidified liver, muscle and
as Bostrychus Philypnus Eleotris and Eleotris plasma samples were similarly neutralized with 5mioll
(Bostrychuy sinensis (http://www.fishbase.org/Summary/ K2COs. Ammonia concentration was measured as described by
SpeciesSummary.cfm?ID=14480) and is a member of the sark@in and Kearney (1974), by conversion to glutamate in the
family as marble goby, Eleotridae] (120-190 g), obtained fronpresence of a-ketoglutarate, NADH and glutamate
mouths of rivers in southeast China, were purchased fromehydrogenase and measuring the decrease in absorbance at
Yuen Long wet market in Hong Kong and transferred by aiB40 nm accompanying the stoichiometric conversion of NADH
to the National University of Singapore for study. Fish werdo NAD*. The reaction mixtures contained 115mmbll
acclimated for at least 48 h before experimentation in aerategthanolamine, pH 8, 11mmoM  a-ketoglutarate,
water adjusted to 30 % sea water (10 %o salinity) at 25-28 °@.12 mmoltl NADH, 0.6 mmoltl ADP, excess units of
water was changed daily and the fish were fed live guppieglutamate dehydrogenase, and 0.45ml of sample in a final
Two or three fish were placed in individual containers with 10¥olume of 1.55ml. For urea analysis, 0.5ml of the neutralized
of aerated 30% sea water (10%o salinity) buffered withsamples was mixed with 0.5ml of 20 mndllimidazole
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buffer, pH 7.2; a second 0.5ml of sample was mixed withmeasured immediately. The unusual buffer (i.e. presence of
0.5ml of this same buffer containing 2 units of urease to breakaF, high concentrations of EDTA and EGTA) used for

down all urea and serve as a blank to correct for any oth&lomogenization was based on the efforts of another study to
colour-contributing components. After 15min incubation atprevent possible dephosphorylation of a putative covalently
30°C, the urea concentration in each of the 1 ml solutions wanodified GSase; control studies using the buffer employed in

determined as described by Kong et al. (1998). the gel-filtration column indicated that these components had
_ _ _ no effect on the results.
Amino acid analysis For measurement of all urea cycle enzyme activity in liver

Acidified liver, muscle and plasma samples were thawed arghmples, extracts were made from freshly excised liver and
diluted with an equal volume of 0.2muolllithium citrate  the extract fractionated into cytosolic and mitochondrial
buffer and the pH adjusted to 2.2 with 4m@ILiOH. These fractions. The sample was homogenized with 10 volumes
samples were then analyzed for free amino acids using af mitochondrial extraction buffer (285mmotl sucrose,
Shimadzu LC-6A Amino Acid Analysis System with a Shim- 3 mmol ! Tris-HCI, pH 7.2, 3mmoH! EDTA) using a Potter-
pack ISC-07/S1504 Li type column. The concentrations of fre&€lvejhem-type glass homogenizer with a Teflon pestle and a
amino acids are expressed.asol g-lwet mass for muscle and variable speed motor using 1-3 strokes at moderate revs min.
liver samples and gsmol mi-1 for plasma samples; the total The homogenate was centrifuged at §30r 15min and the
free amino acid concentrations are expressed as the sumre$ulting supernatant at 10 0f€r 15 min, three times. After
the free amino acids The detection limit of the assay wasach of the first two centrifugations the supernatant was
0.002umol gL discarded and the pellet gently resuspended in the same

volume of mitochondrial extraction buffer. After the third
Enzyme assays centrifugation the pellet (mitochondrial fraction) was

CPSase Il activity was measured as previously describeduspended in 1 ml of buffer containing 50 mmélHepes,
with appropriate precautions taken to assure that CPSase pH 7.6, 50mmoH! KCI, 0.5mmoltl EDTA, 1mmoltl
which is related to pyrimidine nucleotide biosynthesis andlithiothreitol, sonicated for 1 min, centrifuged at 10 @Gor
normally also present in tissues (Anderson, 1995b), was n@b min, and the supernatant passed through a gel-filtration
the primary CPSase activity being measured (Korte et alcolumn equilibrated with the same buffer. A cytosolic fraction
1997; Anderson, 1995a, 2001). GSase (Shankar and Andersevgs prepared by homogenizing with 5 volumes of
1985), ornithine carbamoyltransferase (Xiong and Andersomnitochondrial extraction buffer and centrifugation at 10600
1989), and argininosuccinate synthetase and lyase (Cao et &b, 15 min; the supernatant (cytosolic fraction) was also passed
1991) were measured as previously described (Korte et athrough a gel-filtration column equilibrated with the same
1997; Anderson, 1995a, 2001) generally following thebuffer. Enzyme assays were performed immediately.
protocols described by Anderson and Walsh (1995).

Glyceraldehyde-3-phosphate dehydrogenase (Low et al., Subcellular localization

1993), citrate dehydrogenase (Moon and Ouellet, 1979) and The following fractionation method was used to determine
glutamate dehydrogenase (amination direction) (Ip et al., 199%) GSase was localized in the mitochondrial or cytosolic
activities were assayed essentially as described (in tHeactions and if the increase in GSase activity observed in
indicated references for each enzyme). Extracts for measuritiger occurred primarily in the cytosolic or the mitochondrial
the levels of GSase and CPSase Il in frozen tissues storedfedction. Liver of freshly killed control fish was cut into
—-80°C were prepared by homogenizing tissue (powdered amall pieces and homogenized as described above in 10
—-80°C) with 5 volumes of extract buffer (3mmdIEGTA, volumes of homogenization buffer (50 mndi [Tris-HCI,
3mmol F1EDTA, 50 mmolt1NaF, 50 mmol1KCI, 50mmol  pH 7.6, 100 mmoH! sucrose, 3 mmott EDTA, 3 mmol 1

Il Hepes, pH7.6, 50mmall glutamine, 2mmoH! EGTA, 50 mmoltl NaF, 20 mmoltl KCl, plus 0.5 mmolt!
dithiothreitol, plus 0.2mmott phenylmethanesulfonyl PMSF, added as described above). The homogenized sample
fluoride (PMSF) added just before homogenization in a smallas passed through four layers of coarse cheesecloth and
volume of ethanol) for 60s using the homogenizer describecentrifuged at 48 for 15min at 4 °C to remove unbroken
above at 24 000 revs mih The homogenate was sonicated forcells and debris. The supernatant, regarded as the
20s and then centrifuged at 10 @Xor 10 min. A 3ml sample homogenate, was centrifuged at 1@0f@r 15min at 4°C,

of supernatant was then added to a 10 ml column of Sephadard the pellet, regarded as the nuclear fraction, was
G-25 equilibrated with 50 mmat} Hepes, pH7.6, 50mmof!  resuspended in homogenization buffer. The supernatant was
KCI, 2mmol 1 EDTA, 50 mmolt1 glutamine and 1 mmott  centrifuged at 800 for 15 min to give a further pellet and
dithiothreitol, and eluted. The first 1 ml of eluate was discardedupernatant (cytosolic fraction). This pellet was gently
and the next 2.8 ml, which contained the majority of the proteinesuspended in homogenization buffer and centrifuged at
well separated from lower molecular weight components in th8000g for 15 min; the resulting pellet was resuspended in
homogenate, was collected; correction for dilution was madeomogenization buffer (mitochondrial fraction). The three
by measuring the protein concentration in the homogenate afficictions (nuclear, mitochondrial and cytosolic) were each
the eluate. All steps were carried out at 4 °C and activities weonicated for 60 s and then passed through 10-ml columns of
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Sephadex G-25 (as described above) equilibrated witfragment of correct size was confirmed by cutting \EtioR|
50 mmol 1 Tris-HCI, pH 7.2, containing 50 mmoli KCI,  to release the insert, followed by electrophoresis on 1%
and the following enzyme activities were assayedagarose and comparison of the migration distance with that of
immediately: glyceraldehyde-3-phosphate dehydrogenadeagments from a DNA ladder of known sizes and the uncut
as a cytosolic marker, glutamate dehydrogenase as pdasmid as control.
mitochondrial marker, and GSase. The results of trial The insert in the plasmid was sequenced by primer walking,
experiments showed that (1) only 1% of glyceraldehyde-3beginning with AP2 and/or the consensus primer as the
phosphate dehydrogenase activity was present in theequencing primers, respectively; the sequence for the entire
mitochondrial fraction, indicating that mitochondria were5 UTR region through the coding region and into th&/BR
quite free of cytosolic components, and (2) more than 70 %vas obtained for both strands. Automatic sequencing was
of the glutamate dehydrogenase activity was present in thaarried out by the University of Minnesota Advanced Genetic
mitochondrial fraction, indicating that the mitochondrial Analysis Center. Primers were purchased from Integrated
fraction represented a high percentage of the mitochondri®@INA Technologies (Coraville, 1A, USA). PCRs were carried
enzymes (the majority of the remainder was in the nucleasut with a Perkin EImer Gene Amp 2400 PCR instrument. The
fraction, suggesting that there had been some loss @fdvantage cDNA polymerase mix from Clontech was used for
mitochondria to this fraction, but some was also found in thall PCR amplifications. The nucleotide and deduced amino
soluble fraction, suggesting some breakage of mitochondriacid GSase sequences are available from GenBank under
had occurred). Accession numbers AY071837 (liver) and AY071838
(stomach). Multiple sequence alignments were performed
GSase cDNA sequence using the program ClustalW.
MRNA was isolated from stomach and liver tissue (stored
at —80 °C) using Poly (A) Pure mRNA kit 1915 from Ambion, Partial sequence g8-actin cONA
Inc. (Austin, TX, USA). First- and second-strand cDNA was In another project, the partial sequencefBedctin cDNA
prepared from this mRNA and ligated to the kit-suppliedfrom liver of marble goby had been determined, and a probe
adapter oligonucleotide using Marathon cDNA Amplificationprepared from this cDNA was used for measurflgctin
kit K1802-1 from Clontech (Palo Alto, CA, USA). Two mRNA by ribonuclease protection assays as described below.
overlapping fragments of GSase cDNA were amplified by th&his was possible because this portion offifeetin sequence
polymerase chain reaction (PCR) using AdvanTAge cDNASs very highly conserved (Kong et al., 2000). Liver cDNA from
Polymerase Mix (Clontech 8417-1). The primers used for thenarble goby was used as template in the PCRs carried out for
amplification were adapter-specific AP1 from the kit and ongenerating thg-actin DNA fragment; primers used for PCR
(right primer) or the other (left primer) of two different and for sequencing were the same as previously described
consensus primers (see Fig. 1), designed on the basis (fong et al., 2000). The base sequence of the portion
identifying highly conserved regions of several alignedsequenced is:
mammalian and fish Gsases. The two primers werATCCGTAAGGACCTGTATGCCAACACTGTGCTGTCT-
TGRCASCCDGCHCCRTTCCAGTT (RcGS1, right primer, GGAGGTACCACCATGTACCCTGGCATTGCTGACAGG-
giving a 3 fragment of the cDNA that overlaps the ATGCAGAAGGAGATCACAGCCCTGGCTCCATCCACC-
3 fragment) and CCDTGGTTTGGVATGGARCARGA ATGAAGATCAAGATCATTGCCCCTCCAGAGCGTAAA-
(LcGS1, left primer, giving a'¥ragment of the cDNA that TACTCTGTCTGGATCGGAGGCTCCATCCTGGCCTCTC-
overlaps the 5fragment). PCR conditions were varied to TGTCCACCTTCCAACAAATGTGGATC.
maximize the yield and purity of the band of the correct siz8he deduced amino acid sequence based on the reading frame
as estimated by agarose gel electrophoresis (to obtain tbeginning at the first codon (ATC) is:
product of interest, touchdown PCR cycling parameters werdRKDLYANTVLSGGTTMYPGIADRMQKEITALAPSTM-
used initially, followed by a two-step PCR procedure using &KIKIIAPPERKYSVWIGGSILASLSTFQQMWI.
higher annealing temperature of 64-68°C to increase
specificity and stringency). After conditions were maximized, Measurement of GSase mRNA by ribonuclease protection
the product from the first amplification was re-amplified using assays
the nested internal primer adapter-specific AP2 from the kit ifemplates for preparing RNA probes for measuring GSase and
place of AP1. Clontech AdvanTAge PCR Cloning kit K1901-B-actin mRNA levels using specific GSase primers (see Fig. 1;
1 was used to ligate the amplified products into the kitleft or sense primer = GGCATGGAACAAGAGTACAC-
supplied pT-Adv Vector and to clone this fragment-containingGATT; right or antisense primer = GCTTGGGGTC-
Vector by transformation into kit-supplied TOP10F AAATGAGGCAAC) and specificB-actin primers (left or
competent Escherichi coli cells and growing on sense primer = ATCCGTAAGGACCTGTATGCCAAC; right
LB/ampicillin/X-gal/IPTG agar plates. White colonies wereor antisense primer = GATCCACATTTGTTGGAAGG-
selected and grown on LB/ampicillin cultures and plasmidilGGA), respectively, with a T7 promoter appended to the 5
DNA was isolated using QIAprep Spin Miniprep kit 27104 end of the antisense primers, were made from liver cDNA from
(QIAGEN, Valencia, CA, USA). The presence of the inserted. sinensisand marble goby, respectively, using MAXIscript
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A
Bost. stomach MATSASSSLSKAVKQQYMELPQGDKVQAMYI 31
Bost. liver MATSASSSLSKAVKQQYMELPQGDKVQAMYI 31
Fig. 1. Alignment of the deduced am Toad liver M RVRVERLFLQ----- LP __RLSRQVTAAKMATSASASLSKAVKR MGLPQGDKVQAMBH
acid sequences of glutamine synthe Dogf i shsha rk M R CRSFLFLVKKCGNITPTI. VRNQHTYKMATSASAILSKIVKKNYMELPQDGKVQAMYE0
****** *kk ** ** *kk Fkkkkkk
(Gsase) from liver and stomach Bf
; ; Bost. stomach WDGTGEGIRGKTRTLDSEPKSIEDLPEVNDGSSTYQAEGSDMYLIPAAMRDAFRK 91
smz_enssa_nd two other GSases. (A) 1 Bost. liver WDGTGEGIRCKTRTLDSEPKSIEDLPEVNDGSSTYQAEINSDMYLIPAAMRDFFRK 91
amino acid sequence that corresponc Toad liver WDGTGEGIRGKTRTLDSEPKSIEDLPEVNDGSSTYQAEG&DMYLVPAARRDFFRE 11 4
the oligopeptide used for prepar Dogf i shsha rk WDGTGEA\RG(TRTLDNEPKSIAELPE\NNFDGSSTYQSECDSDMYLVPSAERDPFRR1 20
b d t th GS . d |_ d *hkkkkk . ******** . *kkkk ************* * ) ******* *********
antibody to the GSase is underlined \ LeGS1 ﬂ
a wavy line B. sinensistomach GSas¢ Bost. stomach DP NKLVLCEVLKYNRKPAETNLRIT CKKLMDMVADPVWFGMEQGY TILGTOHPFGAPS 151
; ; ; Bost. liver DP  NKLVLCEVLKYNRKPAETNLRIT CKKLMDMVADMPVWFGMEQEYTILGTDIPFGAPS 1 51
The amino acid sequences with coc Toad liver DP  NKLVLCEVLKYNRKPSESNLRLNCNKVMIMVKDEPW-GMEQEYTILGTDIPFGAPS 1 74
that correspond to the two conser Dogf i shsha rk DP NKLVLCEVLKYI\IRKPAES\ILRHSCQKIMSMIAI\IEYFV\FGMEQEYTLLGTD{BFG/\PS 180
pnmers LCGS]_ and RCGSJ_ used ********************* . *** .*.
obtaining the two complete fragments Bost. stomach NGFPGPQGPYGGVGADKAYRDIVEAHYRACLYAGVQIOGTNAEVMPAQEFQVGREG 211
the cDNA from stomach and liver Bost. liver NGFPGPQGPYGGVGADKAYRDIVEAHYRACLYAGVQICGTNAEVMPARQEFQVGREG 211
. Toad liver NGFPGPQGPYGGVGADKAYRDIVEAHYRACLYAGVQICG TNAEVMPAQEFQVGREG 234
PCR with each of the consen Dogf i sh sha rk NCFPGPQGPYGGVGADKAYRDIVEAHYRAOLYAGIELSGTNAEVMAAQEYQVGBEG 240
sequences and AP1, respectively, | wRRRE kb
indicated by lines; arrows indice pra— U
h di Y ied b ‘ Bost. stomach | NMGBILWAARAL HRVCEDFGVVASDPKPIPANWIBAGHTNFSTKENREEGGLKAIE 271
the irection copie above t Bost. liver I NMGBLWAARAL HRVCEDFGVVAEDPKPIPGNWIBAGHTNFSTKENREEGGLKAIE 271
corresponding sequences r sinensi Toad liver I NMGBIFWAARAL HRVCEDLGVVASDPKPIPGNWIBAGHTNFSTKENREDGGLKAIE 294
stomach GSase. Amino acid seque Dogf i shsha rk IQMGD HLWS RAL HRVOEDFGIIAS FOPKPIPGNWIBAGHTNFSTKANRDDGGLKYIE 300
" ****** ** **** *%
with codons that correspond to the -
specific primers used for preparing Bost. stomach  ESIE RLGKRHRYH RAYDPKGGLRARR. TGHHETSNI NEFSAGVARGASIRIP RSVGQ 331
be for RPA indicated b Bost. liver ESIE  RLGKRHRYH RAYDPKGGLEARR.TGHHETSNI NEFSAGVARGASIRIP RSVGQ 331
probe for S are Indicated by s( Toad liver DAIEKLGK  RHHYHI RAYDPKGGLRARR.TGHHETSNI HEFSAGVARGASIRIP RSVGQ 354
lines below the corresponding sequel Dogf i shsha rk DSIEKLGK RHQYHI RAYDPKGGLRARALTCHHETSNI NEFSAGVARGASIRIP RSVGQ 360
for B. sinensis liver GSase; the R —— :
are connected by a dotted | Bost. stomach EKKGY____ FEDRRPSANCDPYGVTEALRTCLLGEEGDEPTDY--- 3 71
Correspondlng to the entlre pr( Bost. _Iiver EKKGY FEDRRPSWCDPYGVTEALRTCLLGEEGDEPTDY---3 71
. i | Toad liver EKKGY  FEDRRPSANCDPYGVTEALRTCLLSEEGDEPLAY---3 94
sequence (110 amino acids, 330 Dogf i shsha rk DKKGY FEDRRPSANCDPYAVTEALRTCLLDESGDKPIEWKN 403
pairs). MitOChondI’ial tal‘getil’ Rl it i ] LK Rk

sequences are identified by a das B
underline. (B) Base sequences of th

) S 21T N 1177 — CATCACAACACAAGAATTGGACTGTCAGTCCTTTAGTTTTTATTT 47
end of theB. sinensidiver and stomac Bost. stomach GA CACTAGAGAGBATCACAACACAAGACATTGGRCTGTCAGTCCTTTAGTTTTTATTT 60
MRNA GSase transcripts. The beginr MATSAS

of the open reading frame is underli Bost. liver GTATTT  CCITGTACATCCAGGTGTGTTATAGTAGGTGAAGATGEACATCAGCCACGT 1 07
with the corresponding N-termir Bost. stomach GTATTT CCTTGTACATCCAGGTGTGTTATAGTAGGTGAAGAT®GACATCGGCCAGC 1 20

amino acid sequence indicated above ....
sequence. BostB. sinensisToad,Opsanus betaDogfish sharkSqualus acanthiagldentical residues in the alignment; colons, conservative
amino acid replacements in the alignment (i.e. similar amino acids); stops, dissimilar amino acids in the alignment.

T7 kit 1312 from Ambion, Inc., as previously described (Kong GSase antibody and western blotting

et al.,, 2000). The probes were isolated and labeled with Affinity-purified rabbit antibodies against the KLH-
psoralen-biotin using BrightStar Psoralen-Biotin labeling kitconjugated highly conserved oligopepetide GSase sequence
1480 from Ambion, Inc., as previously described (Kong et al.(acetylcysteinyl- CPRSVGQEKKGYFEDRRPS-amide) ident-
2000). GSase arfgtactin mMRNA levels in total RNA isolated ified in Fig. 1 were purchased from Quality Controlled
from B. sinensiswere measured by ribonuclease protectionBiochemicals (Hopkinton, MA, USA) and stored at —20 °C.
assays using these probes with RPA Il Ribonucleasebnmunoblotting was carried out by standard protocols using
Protection Assay kit 1414 and BrightStar BioDetect detectiotsDS-PAGE [7.5% acrylamide/bisacrylamide (19:1)] and
kit 1930 from Ambion, Inc., following the instructions electroblotting apparatus and reagents from Bio-Rad
provided with the kits and as previously described (Kong et allLaboratories (Hercules, CA, USA). Immunodetection of the
2000). Total RNA was isolated from approximately 0.5 g tissu&Sase on the blotted nitrocellulose membrane was carried out
using RNAwiZM from Ambion, Inc. (9736) according to the using western blotting detection reagents (RPN210T) from
instructions provided. The relative intensities of the GSas@mersham Pharmacia Biotech (Piscataway, NJ, USA)
and B-actin bands were determined using a FluorChem according to the manufacturers directions, except 5% dry milk
8000 Advanced Imaging system (Alpha Innotech Corp.powder in TBST (50 mmott Tris, pH 8.0, 0.9% NaCl, 0.1 %
San Leandro, CA, USA) for quantification of the Tween 20) was used as the blocking agent instead of the kit
chemiluminescence signal. reagent. After exposure to X-ray film for an optimal period of
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Table 1.Change in glutamine synthetase activities in various tissuBssifiensisafter exposure to NiCI for 48h

GSase activity

umol mimrlg-ltissue umol mimrtmg1proteinx10-3
Increase Increase

Tissue Control +NHCI (-fold) Control +NHCI (-fold)
Liver 0.28+0.03 1.51+0.32 54 3.7£0.5 16.4+2 B 4.4
Intestine (anterior) 1.7520.54 4.70+£0.44* 2.7 21.2+5.8 55.3+8.2* 2.6
Intestine (posterior) 1.42+0.22 3.24+0.42* 2.3 21.0+5.9 39.8+4.3* 1.9
Stomach 12.15+1.47 11.39+1.07 0.9 185.5+£21.9 163.8£25.5 0.9
Muscle 0.30£0.02 0.81+0.20* 2.7 4.1+0.4 10.5%2.7* 2.6

GSase, glutamine synthetase.
*Significantly different from control value$€0.05).
Values are meansse.m. (N=4); IN=5,

time, the intensity of the images was quantified as describdulit significant increase in intestine and muscle, but no
above. increase in stomach levels. The levels of GSase activity were
found to be unexpectedly high in muscle and intestine and,
Statistical analyses especially, in stomach. The increases in GSase activity are
Results are presented as means + standard esrerg.),  accompanied by a correspondingly significant increase in
Student'st-test or analysis of variance (ANOVA) followed by GSase protein levels in liver and a small increase in intestine
multiple comparisons of means by Duncan’s procedure werand muscle (Fig. 2 and Table 2) and a significant increase in
used to evaluate differences between means where applicab&ESase mRNA concentration in all tissues (Fig. 3, Table 2);
Arcsine transformation was performed on the ‘percentage’ da@though GSase activity and protein levels did not increase in
before statistical analyses. Differences were regarded asomach, itis notable that there was a small increase in GSase
statistically significant aP<0.05.

Liver
Results NH4CI Control
GSase sequences 1 2 3 4 5 1 2 3 4 5
The amino acid sequences of the liver and stomach GSa — === == w— <« GSag

deduced from the cDNA sequenced in this study are shown
Fig. 1A, in alignment with two other GSases. The sequence
are clearly homologous to other animal GSaseS8 tlsensis
liver GSase giving scores of 97, 98, 84, 86 and 86 % identit .

. . . Intestine
when aligned with GSases from marble goby, Gulf toadfisr NH4CI Control
spiny dogfish sharlSqualus acanthigsnouse and thetoad 1 2 3 4 5 1 2 3 4 5
Xenopus laevjsrespectively. The GSase sequences fBam
sinensisliver and stomach are essentially identical, differing
in amino acid sequences at only three positions, each arisil
from a single base change in the open reading frame (ORF
As shown in Fig. 1B, the 89-baseuntranslated region of the
liver transcript is identical to the corresponding region of the Stomach
stomach transcript, but the latter appears to have an additior NH4CI Control
13 bases; both have a single translation start site. The 1 2 3 4 5 1 2 3 4 5
sequences of the 341 'bases gequgnced beyond the end of R — — e~ —— oo
ORF of the two transcripts are identical except that three bas

are absent in the stomach transcript at position 58—61 beyond i . :
the end of the ORF. Fig. 2. Western blots showing changes in level of expression of

GSase protein following exposure Bf sinensisto NH4Cl. Total
Increased expression of GSase Erotein (0.519) loaded onto the gels is equivalent i_n all lanes. The
ands correspond to the expected molecular size of GSase as
As shown in Table 1, exposure to 15 mméNH4Cl for 2 getermined by the migration of standards and the predicted
days results in a significant increase in GSase activitmolecular mass oB. sinensisGsase, based on its amino acid
(units g'ltissue and units m@protein) in liver, and a smaller sequence.

— — e m— A — — -<_Gsa9
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Table 2.Summary of changes in expression of glutamine synthetase protein (western blots) and mRNA (ribonuclease protectior
assays) in various tissuesB®f sinensisafter exposure to NiCI for 48 h

Western blots (arbitrary numbers) Ribonuclease protection assays (GSase/actin ratio)
Increase Increase
Tissue Control +NHCI (-fold) Control +NHCI (-fold)
Liver 1662+231 9753+1881* 5.9 0.049+0.004 0.988+0.201* 20.2
Intestine 1642+558 2021+375 1.2 0.187+0.048 1.326+0.194* 7.1
Stomach 4532+245 4617+188 1.0 0.300+0.051 0.676+0.062* 2.3
Muscle 1053942479 12500£1855 12 0.077+0.036 0.678+0.084* 8.8

GSase, glutamine synthetase.
*Significantly different from the control valueB<0.05).
Values are means *<le.m. (N=5); IN=4.

MRNA. As shown in Table 3, virtually all GSase activity in
liver both before and after exposure to XHis localized in

the cytosol. Liver
NH4Cl Contol

Effect on CPSase IIl activity and other urea cycle enzymes 1 2 3 4 5 P 1 2 3 4 5 P

The levels of CPSase Ill activity were found to be very lon = *= . 4 '<_ GSae
in freshly excised liver tissue, i.e. <1 nmol mig-tliver, as -—--eaeag .- " < Actin
compared, for example, to 500, 60 and 10 nmot#gnt
liver in Gulf toadfish (Anderson and Walsh, 1995), the
alkaline lake tilapia (Lindley et al., 1999) and largemouth
bassMicropterus salmoide§Cao et al., 1991), and even Intestine

lower or not detectable in muscle, stomach and intestine; ¢ L NH4Cl ) Conrol
increase in CPSase lll activity upon ammonia exposure we IR 280t
e . B <« GSag

not observed for any of these tissues (data not showr
Ornithine  carbamyltransferase  (mitochondrial) and &
argininosuccinate synthetase and lyase activities (cytosolit
in liver were also very low (300 and 0.4 nmol miig-tliver,

respectively) and did not increase in fish exposed to ammon

,-'..--_‘«Actin

Stomach
(data not shown). NH4CI Control
. . 1 2 3 4 5 1 2 3 4 5
Effect on various metabolite levels A e W W W e e « GSae

As expected, exposure to ammonia resulted in a net inflt -
of ammonia, which was reversed by removal of ammonia fror ##% #* #& #& & & $e = @ < Actin
the external medium, and a dramatic increase in ammon
concentration in liver, plasma and muscle (Table 4). There we
no significant change in the rate of urea excretion and littlpyscle

change in the urea concentration in these three tissu NH4ClI Contol
(Table 5). However, there was a significant increase inth 1 2 3 4 5 1 2 3 4 5
concentration of glutamine in these three tissues after 48h %= = & - = <« GSas

exposure to ammonia, which was accompanied by a decree
and increase in glutamate concentration in muscle and live
respectively (Table 6). Total free amino acids increased onl

in muscle, which may be significant given the large muscl s o . ) .
y 9 9 g B. sinensis in different tissues. mMRNA was detected using

. . o
mass of TISh r?Iatlve tlo :]otal b.o dy mdassh (>50 d/O). Th(ribonuclease protection assays as described in the text. Each lane was
concentrations of several other amino acids changed, as NO\,,qeq with sample that originally containedpf0of total RNA,

in Table 6, including an increase in alanine in muscle, but norynen yeast RNA was substituted for mRNA frd@n sinensisas a
were as dramatic af_ld repr_esented_much _Iower Ie_)vels of tolcontrol, no visible band was obtained (data not shown). Lanes P
nitrogen than glutamine. This result is consistent with the notecorrespond to either the GSasepsactin probe loaded with yeast
increase in GSase activity. RNA without the RNase step.

LA B B I B B N <« Actin

Fig. 3. Expression of GSase mMRNA in control- ands8kexposed
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Table 3.Changes in glutamine synthetase activities in the
cytosolic and mitochondrial fractions of liver B sinensis

Table 4.Effects of exposure to MBI in various tissues of
B. sinensis

after exposure to NACI for 48 h

Variable Control +NHCI

GSase activity(mol min2)

g ltissue mglprotein
Compartment Control +NLClI Control ~ +NHCI
Cytosol 0.66+0.17  2.15+0.62* 5.68+0.52 29.9+7.3*

Mitochondria 0.007+0.001 0.023+0.007* 0.53+0.03 2.25+0.45*

GSase, glutamine synthetase.
*Significantly different from control valué’<0.05).
Values are meansst.m. (N=3).

Discussion

In elasmobranchs, the GSase in liver is localized in th
mitochondria along with the urea cycle-related glutamine

Ammonia excretion ratgimol hr1g-1fish)

Day 0 0.20%0.04 (3) 0.18+0.04 {7)
Day 1 0.22+0.03 (4) 0* (6)

Day 2 0.22+0.06 (4) 0* (7)

Day 2 0.23+0.02 (4) 0.45+0.05* (3)

Ammonia concentratich(umol g-1tissue)

Muscle 1.85+0.21 (3) 13.2+0.51* (4)
Liver 1.15+0.10 (4) 8.87+0.46* (4)
Plasma 0.26+0.08 (3) 2.62+0.43* (3)

N values are given in parentheses.

*Significantly different from control value$€0.05).

1Same as control set, before exposure ta®lH

2Transferred to 30 % sea water, pH 7.2, for recovery after day 2.
SAfter exposure for two days.

dependent CPSase Ill (Casey and Anderson, 1982); ammon
therefore, enters the urea cycle pathway as glutawime

carbamoyl phosphate formation (Anderson and Casey, 1984. sinensisreported here are characterized by a single start
In brain and extrahepatic tissues, however, the GSase activitpdon for translation. This would be consistent with the
is localized in the cytosol (Smith et al., 1987). There is a singlebservation that the liver GSase appears to be localized
gene for GSase in the elasmobrar&hacanthiasand the exclusively in the cytosol and thBt sinensiss not ureotelic.
GSase transcript has two potential start codons: the first giv€&sSase cDNA from stomach was sequenced as well as GSase
rise to a protein with an N-terminal mitochondrial targetingcDNA from liver because of the unexpectedly high levels of
sequence and two putative proteolytic cleavage sites whiclgSase activity found to be present in stomach. The results
when cleaved after being transported into mitochondria, woulduggest that the mRNAs for the two tissues are coded for by
yield a mature protein of the same size as the mitochondrifthie same gene; the significance of the extra 13 bases oh the 5
GSase; the second potential start codon yields a protein thentd of the stomach cDNA is not known, perhaps reflecting
lacks the mitochondrial targeting signal and is the same siadifferential splicing during transcription related to specific
as the cytosolic GSase (Campbell and Anderson, 1991; Latidsue expression or an artifact of experimental reverse
and Campbell, 1994). Thus, the two isozymes arise either frotranscription of the mRNA and subsequent adapter ligation.
two mRNAs generated by differential splicing or from theThe sequence of the &ntranslated region of the GSase cDNA
same MRNA by differential translation. GSase expressed iftom stomach bears little relationship to theustranslated

Gulf toadfish liver occurs in both the cytosol and mitochondriaregion of Gulf toadfish cDNA upstream from the second start
and only the cytosolic enzyme appears to be subject t~

regulation related to ammonia metabolism (Walsh an
Milligan, 1995; Walsh, 1996, 1997). As $ acanthiasthere
appears to be a single gene and the mechanism for express

Table 5.Changes in urea excretion and in urea concentration
in various tissues d@. sinensigluring exposure to N4CI

of isozymes targeted for different subcellular compartment  Variable Control +NHCI
appears to be analogous to that in elasmobranchs (Walsh et Urea excretion ratginol irlg-Lfish)

1999). These are the only two fish GSases that have be Day 0 0.015+0.002 (4) 0.018+0.004 17)
highly purified and characterized and the complete codin Day 1 0.015+0.002 (4) 0.023+0.006 (7)
sequence determined (Shankar and Anderson, 1985; Campk Day 2 0.014+0.002 (4) 0.011+0.004 (7)
and Anderson, 1991; Laud and Campbell, 1994; Walsh, 199 Day & 0.012+0.001 (4) 0.010+0.001 (7)

Walsh et al., 1999). GSases in mammalian species a  yrea concentratidh(umol g-ltissue)

localized in the cytosol in all tissues and this appears to be tl Muscle 0.22+0.04 (4) 0.24+0.04 (4)
case for most teleost non-ureotelic fish species as we Liver 0.16+0.05 (4) 0.31+0.06* (4)
(Campbell and Anderson, 1991; Felskie, 1998; Andersor Plasma 0.36+0.09 (4) 0.25+0.05 (3)

2001). Mitochondrial localization of GSase in fish may be
related to ureotelic capability associated with expression ¢
mitochondrial CPSase IlI.

In contrast to these two fish speci&s écanthiaand Gulf
toadfish, as noted above), the sequences of the GSase cDNM
derived from mRNA from liver and stomach, respectively, of

N values are given in parentheses.

*Significantly different from control values.

1Same as control set, before exposure ta®IH

2Transferred to 30 % sea water, pH 7.2, for recovery after day 2.
SAfter exposure for two days.
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Table 6.Concentrations of free amino acids (FAA) and total free amino acids (TFAA) in liver of various tisBusmenhsis
after exposure to N&C| for 2 days

Muscle (imol g

Liver (umol g1

Blood plasmaj{mol mi-1)

FAA Control +NHyClI Control +NHCl Control +NHCl

Ala 1.604+0.146 2.865+0.310(3)* 0.327+0.104 0.190+0.017 0.117+0.012 0.111+0.019

Arg 0.726+0.065 0.572+0.032 0.046+0.004 0.045+0.007 0.016+0.006 0.013£0.002
Asg 1.072+0.114 1.005+0.152 n.d n.d. 0.028+0.005 0.010+0.001*
Asp 1.161+0.119 0.259+0.050* 0.539+0.139 0.188+0.037* 0.041+0.007(3) 0.021+0.004
Cys n.d. n.d. n.d. n.d. 0.010+0.003 0.011+0.006

GIn 2.639+0.247 8.118+0.067* n.d. 3.307+0.327(3) 0.079+0.023 0.280+0.045(3)*
Glu 0.667+0.069 0.306+0.045* 3.803+0.013 6.984+0.233* 0.039+0.003(3) 0.040+0.002(3)
Gly 14.36+1.85 16.61+2.54 2.503+0.474 1.669+0.231 0.497+0.086 0.401+0.033

His 6.580+0.625 6.755+0.992 0.328+0.042 0.190+0.022* 0.130+0.016(3) 0.123+0.023(3)
lle 0.081+0.012 0.049+0.004 0.022+0.002(3) 0.021+0.005 0.074+0.012 0.020+0.010*
Leu 0.144+0.018 0.097+0.008 0.042+0.003(3) 0.048+0.006(3) 0.131+0.020 0.061+0.009(3)*
Lys 6.580+0.455 5.521+0.091 0.397+0.058 0.238+0.041 0.351+0.073 0.287+0.039
Met n.d. n.d. n.d. n.d. 0.035+0.008 0.022+0.007(3)
Phe 0.130+0.005 0.096+0.014* 0.055+0.006 0.035+0.003 0.069+0.004 0.024+0.005(3)*
Pro 0.227+0.003 0.351+0.098(3) 0.129+0.024 0.121+0.019 0.090+0.056 0.019+0.004
Ser 0.906+0.042 1.156+0.154 0.084+0.013 0.050+0.006 0.038+0.005 0.026+0.004
Tau 16.70+1.46 18.30+2.44 17.00+1.12 14.17+0.42 0.387+0.074 0.321+0.041

Thr 1.290+0.129 1.337+0.302 0.352+0.078(3) 0.485+0.082 0.451+0.078(3) 0.184+0.037(3)*
Try 0.058+0.005 0.031+0.005* 0.042+0.008 0.021+0.004 0.060+0.003 0.027+0.003(3)*
Tyr 0.064+0.004 0.053+0.005 0.055+0.006 0.058+0.005 0.036%0.002 0.019+0.005(3)*
Val 0.145+0.016 0.100+0.013 0.054+0.017 0.032+0.007 0.118+0.016 0.099+0.025
TFAA 55.12+4.00 69.69+4.29* 26.62+1.76 25.27+3.06(3) 2.786+0.310 2.267+0.241

Values are meansst.M. (N=4, unless indicated otherwise in parentheses).

*Significantly different from control value$€0.05).
n.d., not detectable.

codon. As noted in the Results and in Fig. 1, the derived amirtbe primary regulatory signal in both situations, since ammonia
acid sequences of the open reading frame of both cDNAs aexposure leads to considerably higher tissue ammonia levels
very similar to the sequences of GSases from Gulf toadfish aridan occur as a result of air exposure. GSase activity increased
S. acanthiasas well as to GSases from many mammaliarb.4-fold in liver and glutamine concentration in muscle
species. These results do not exclude the possibility thaicreased 3.1-fold compared to 1.8-fold and 1.7-fold,
additional GSase genes are expressed in each of these tiss@spectively, when exposed to air. The increase in GSase
in B. sinensissince only one cDNA may have been amplifiedactivity in liver was accompanied by a 5.9-fold increase in
in each tissue; multiple GSase genes have recently be&Base protein and a 20-fold increase in GSase MRNA,
identified in rainbow trout @ncorhynchus mykiss(B.  suggesting that the increased activity is due primarily to
Murray, E. Busby, T. Mommsen, and P. Wright, personatranscriptional regulation. These effects are similar to results
communication) and Gulf toadfish (P. Walsh, personabbtained when GSase protein and mRNA are measured in Gulf
communication). toadfish subjected to conditions that promote induced GSase
A major effect seen wheB. sinensiss exposed to air for 2 activity (Kong et al., 2000).
days is increased GSase activity in liver and increased levelsBrain tissue of virtually all fish has high GSase activity,
of glutamine in several tissues, muscle in particular (Ip et alwhich functions to detoxify ammonia (Webb and Brown, 1976;
2001b). The increase in glutamine levels in muscle and oth&/ebb, 1980). In contrast, the level of GSase activity in other
tissues is equivalent to the amount of ammonia that would ha¥ish tissues is variable (Webb, 1980; Campbell and Anderson,
been excreted, but could not be excreted due to air exposuf€91); it is high in liver of ureo-osmotic elasmobranchs and a
it has been proposed that this increased glutamine synthe$gsv teleosts reported to be ureotelic, low or non-detectable in
capability and glutamine accumulation represents the norméVver, somewhat higher in intestine, and very low or non-
short-term adaptive response as an alternative pathway fdetectable in muscle of non-ureotelic/non-ureogenic fish
ammonia detoxification during air exposure in this fish (Ip e{Table 7). The level of GSase activity B sinensidiver is
al., 2001b). The results reported here when the fish is exposedmparable to measurable levels of GSase activity reported in
to exogenous ammonia are similar, but more dramatic. Thisser of several other non-ureotelic/non-ureogenic fishes (Table
may not be unexpected if increased ammonia concentration73. However, the level of GSase activity in muscle is about
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Table 7.Reported glutamine synthetase activities in various tissues of different species of fish

GSase activity(mol min1g-ltissue)

Species Brain Liver Muscle Intestine  Stomach Reference
Ureoosmotic
Squalus acanthias 18.0 18.4 1.0 - - Webb, 1980
Taeniura lymma 7.4 25.0 1.4 - - Webb, 1980
Ureotelic
Oreochromis alcalicus - 6.2 0.3 - - Lindley et al., 1999
grahami
Opsanus beta 109.5 7.0 - - - Wang and Walsh, 2000; Anderson and
Walsh, 1995
Opsanus beta - - 0.12 3.10 6.6 P. J. Walsh, personal communication
Ureogenic
Porichthys notatus 33.2 1.0 0.4 - - Webb, 1980
Porichthys notatus 59.4 1.3 - - - Wang and Walsh, 2000; Anderson and
Walsh, 1995
Opsanus tau 158.3 1.3 — — - Wang and Walsh, 2000; Anderson and
Walsh, 1995
Mircopterus salmoides - 0.44 0.12 0.36 - Kong et al., 1998
Heteropneustes fossilis 8.3 1.0 - - - Chakravorty et al., 1989
Nonureotelic/nonureogenic
Potamotrygon circularis 10.9 0.2 0.0 - - Webb, 1980
Oncorhynchus mykiss - 0.29 0.03 0.06 - Korte et al., 1997
Oncorhynchus mykiss - 0.86 0.04 - - Todgham et al., 2001
(1.09} (0.10}
Platichthys stellatus 49.7 0.50 0.0 - - Webb, 1980
Ictalurus punctatus - 0.22 0.03 0.33 - Felskie et al., 1998
Cyprinus carpio - 0.41 0.07 0.99 - Felskie et al., 1998
Carassius auratus - 0.14 0.04 1.02 — Felskie et al., 1998
Amia calva - 0.28 0.21 0.50 - Felskie et al., 1998
Amia calva 7.2 0.08 0.09-0.14 0.11 - Chamberlin et al., 1991
B. sinensis - 0.28 0.30 1.6 12.2 This study

(1517 (0.81Y (4.0P

GSase, glutamine synthetase.
INumber in parentheses is after exercise.
2Number in parentheses is after exposure to exogenous ammonia (from Table 1).

tenfold higher than in muscle of most of these other speciampublished results) and extended periods of air exposure (Ip
and is as high as the levels Bn sinensidiver; the level of et al., 2001b). The observed relatively large increase in GSase
GSase in intestine (posterior and anterior) is also higher thanRNA with little increase in GSase protein in muscle (as well
in the intestine of these other species (Table 7). Exposure & intestine) is worth noting, perhaps reflecting additional
ammonia resulted in increased GSase activity, GSase prote®gulatory control mechanisms, such as post-translational
and GSase mMRNA levels in these tissues (intestine arwbvalent modification.

muscle), as well as in liver. The total amino acid concentration Unexpectedly high levels of GSase activity were found in
increased significantly only in muscle, due primarily to thestomach tissue and, unlike liver, intestine and muscle, the
large increase in glutamine concentration. Given that musclevels of GSase activity and protein were not affected by
represents >50% of the body mass (Ip et al., 2001b), musobxposure to ammonia, although a small increase in GSase
GSase iB. sinensiss likely to play the major role in ammonia mMRNA was observed. As noted in Table 7, P. J. Walsh
detoxification in B. sinensisunder conditions that limit (personal communication) has observed high levels of GSase
ammonotelism. This function may, in fact, explain thein stomach of Gulf toadfish and this may be characteristic of
uniquely high levels of GSase in muscle of this species arfish in general, reflecting a role unrelated to that in liver and
might partially explain the capability &. sinensigo survive  muscle. As noted above, the GSase sequence is essentially
exposure to high concentrations of environmental ammoni@entical to that from liver, but the observations that the mRNA
(up to 50mmoH! NH4Cl at pH 7; S. F. Chew and Y. K. Ip, appears to be 13 bases longer on thensl and that GSase
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activity is not induced during ammonia exposure could refleatatabolism, leading to the formation of alanine (Ip et al.,
unigue stomach transcriptional regulatory factors. Furthe2001c). The glutamine concentration in liver Bf sinensis
study aimed at elucidating the physiological role of this higrexposed to ammonia increased from 0 topd®lg=L In
GSase activity in stomach of this fish, and perhaps other fishpmparison, less than a 20% increase in hepatic glutamine
is clearly needed. Measurement and characterization of tle®ncentration, with a corresponding decrease in glutamate
properties of the biosynthetic activity, as opposed to theoncentration, was observed in rainbow trout exposed to
transferase activity assay used here and by most investigatoaspmonia (Arillo et al., 1981). For goldfish exposed to
may be especially important; the ratio of transferase t0.75mmoltl NH4Cl, the liver glutamine concentration
biosynthetic activity has been reported to vary with differenincreased only slightly (Levi et al., 1974).
GSase isozymes (Walsh, 1996), and it is not impossible that The high levels of GSase in liver, intestine and, particularly,
stomach may have unique glutamine-related transferassuscle, and the resulting significant increases in the level of
activities that are not actually due to GSase. GSase activity in these tissues accompanied by significant
The brain is often the organ undergoing the largest increasexreases in tissue glutamine concentratiors sinensisipon
in glutamine concentration in fish exposed to ammonia, hen@xposure to exogenous ammonia appear to reflect a unique
the high levels of GSase in the brain. Increases in glutamirgrategy to handle ammonia detoxification when tissue levels
concentrations in brain of more than tenfold resulting fronof ammonia increase. This appears to be the same strategy as
ammonia exposure have been reported in rainbow &almto  that used by this fish to detoxify the increased endogenous
gairdneri (Arillo et al., 1981), goldfishCarassius auratus ammonia concentrations that occur during air exposure (Ip et
(Levi et al., 1974) and common cam@yprinus carpio al., 2001b). Presumably the underlying cause of the effects
(Dabrowska and Wlasow, 1986). For mudskippers exposed toduced by both exposure to exogenous ammonia and extended
sublethal concentrations of ammonia, the glutamine levelgeriods of air exposure is increased ammonia concentrations in
in the brains increase from 2.46 to |BBolg!l the tissues. Since ammonia exposure results in higher tissue
(Periophthalmodon schlossgriand 2.77 to 1Emolg?® levels of ammonia than air exposure and the effects are greater
(Boleophthalmus boddaeyti although accumulation of and more reproducible than air exposure, ammonia exposure
glutamine in the liver also occurs, the levels attained weref B. sinensigepresents an excellent model for investigating
much lower than in the brains (Peng et al.,, 1998). Thughe underlying molecular mechanisms that regulate
Korsgaard et al. (1995) proposed glutamine formation in thdetoxification of ammonia to glutamine in non-cerebral tissues.
brain as one of the strategies available to fishes to deal with
increasing concentrations of internal ammonia. Ammonia This research was supported by a National Science
presumably exerts its toxic effects in the brain, and it ifoundation grant to P.M.A. (IBN-9727741) and a National
essential to have mechanisms to protect the brain againghiversity of Singapore grant to Y. K. Ip (RP 154-000-067-
ammonia toxicity. For fishes that adopt this strategy, there i$12).
usually high ammonia tolerance in non-cerebral tissues
(Korsgaard et al., 1995). Not unexpectedly, ammonia is also
detoxified to glutamine in the brain &f sinensigY. K. Ip References
and S. . Chew, unpubiished dat). The resiis reported hebgaon .1 Cogeal. s oyl s esi, o il
with B. sinensishowever, represent the first report of a non- vol. 14, lonoregulation: Cellular and Molecular Approaches to Fish lonic
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