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Summary

Ammonia levels in various tissues of the marble goby urea excretion during air exposure. The specific activities
Oxyeleotris marmoratusemained constant throughouta 72 of hepatic glutamate dehydrogenase (amination) and
h period of air exposure. The rate of ammonia excretion in  glutamine synthetase in these experimental fish increased
these experimental fish decreased to approximately one- threefold and thirtyfold, respectively, in comparison with
fifth of that of the submerged control. Ammonia was not the submerged controls. ThusO. marmoratusappears to
converted to urea during air exposure because there were be the first known teleost that responds to air exposure by
no significant increases in urea content in the tissues. Also, activating hepatic glutamine synthetase to detoxify
urea excretion rate was lowered to one-fiftieth that of the internally produced ammonia.
submerged fish. After 24h of air exposure, there was a
significant increase in muscle glutamine content, which
peaked at 48h. The increase in glutamine content could Key words: marble goby, air exposur®xyeleotris marmoratys
account for the decreases in the amounts of ammonia and glutamine synthetase, ammonia.

Introduction

The catabolism of amino acids, proteins, nucleotides anti971; Saha and Ratha, 1987; Walsh et al., 1990), to
other related substances results in the formation of endonfinement and/or crowding (Walsh et al., 1994; Walsh and
products that must be excreted by the animal (Mommsen amdilligan, 1995) or to alkaline environments (Randall et al.,
Walsh, 1991). Fishes excrete mainly ammonia, with some rafk989; Woodet al. 1989; Walsh et al., 1993). Urea production
examples that also excrete urea and trimethylamine oxide @smetabolically expensive, but urea is less toxic than ammonia.
nitrogenous end-products (Goldstein and Forster, 1970 hus, the possibility 00. marmoratusproducing more urea
Campbell and Anderson, 1991; Anderson, 1995). during air exposure was explored in the present study.

The marble gob{xyeleotris marmoratus a facultative air- Attempts were made to verify the presence of all the
breather capable of surviving under terrestrial conditions for upomponents of the urea cycle in the liver of this fish.
to 7 days (Choo, 1974). In its natural environme@t, Ammonia detoxification may be achieved by other means. Ip
marmoratus may encounter an absence of water duringet al. (1993) suggested that partial amino acid catabolism,
voluntary emergence or habitat desiccation (Choo, 1974). Arading to the formation of alanine, may serve to lower the
land,O. marmoratusnay face the problem of nitrogenous end-amount of ammonia produced by the mudskipper
products accumulating to toxic levels in the body. This is due tBeriophthalmodon schlosseturing air exposure. In addition,
the absence of a water current to allow the excretion of ammongdutamine has been found to accumulate in the brain of various
through the branchial epithelial surfaces. Thus, attempts weteleosts exposed to toxic levels of environmental ammonia
made in this study to determine the amount of ammonia excretéidevi et al., 1974; Arillo et al., 1981; Dabrowska and Wlasow,
by O. marmoratusinder submerged and terrestrial conditions. 1986; Peng et al., 1998). Therefore, we also examined the free

The accumulation of ammonia to lethal concentrations in thamino acid levels and the activities of glutamate dehydrogenase
body may be partially prevented by the conversion of somand glutamine synthetase in various tissue®.aharmoratus
ammonia to urea. This strategy is adopted by certain speciltss hypothesized thaD. marmoratusnust have adopted one
of fish exposed to air (Gordon et al., 1969, 1978; Ip et algr more of these strategies to allow it to maintain low levels of
1993), to high levels of ambient ammonia (Olson and Frommammonia in its tissues during air exposure.
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Materials and methods Urea content in 0.2 ml of deproteinized sample was assayed
Specimens using a Sigma urea assay kit (procedure 535). A blank assay

was also performed after 0.2ml of the sample had been

Oxyeleotris marmoratuleeker (500-800g body mass) ' ; -
were purchased locally from fish farms at Jalan Kayul,ncubated with 0.2 ml of 20 mmoti imidazole buffer (pH 7.2)

Singapore. Groups of no more than 20 fish were kerﬁontaining 2 units of urease for 15min at 30 °C. Urea obtained
from Sigma Chemical Co. (USA) was used as the standard.
g For analysis of FAA content, the deproteinized sample was

iluted with an equal volume of 0.2motllithium citrate

submerged in fibreglass tanks (7248 cmx56cm;
lengthxwidthxheight) containing 1301 aerated dechlorinate

tap water at 25 °C. No attempt was made to separate the se

The fish were allowed at least 48 h of acclimation prior to usguffer (PH2.2) and adjusted to pH2.2 with 4'méILiO!—I.
in experiments. During this period, half the water was changed€términation of FAA levels was performed using a Shimadzu
iHC-6A amino acid analysis system with a Shim-pack ISC-

daily and the fish were not fed. The ammonia concentration i ' ; ' )
the water was always below 0.02 mmal| 07/S1504 Li column. Analytical grade amino acid standard
purchased from Sigma Chemical Co. (USA) served as a
Experimental conditions reference.

Fish submerged in aerated dechlorinated tap water at 25 °CAmmonia, urea and FAA contents were expressed as
were regarded as controls. Fish exposed to terrestrimolglwetmass for muscle and liver andasolmi™ for
conditions at 25°C were placed in individual plastic tankglasma.

(28 cnmx18 cnx14 cm; lengtlkwidthxheight) containing a thin . .
layer of tap water (100ml). These plastic tanks were kept Rates of excretion of ammonia and urea
within a moisture-saturated fibreglass tank for the entire period Specimens were submerged individually in plastic aguarium

(6h, 24h, 48h or 72h) of air exposure. tanks containing 41 of aerated dechlorinated tap water at 25°C.
After 24 h, a small volume of water was sampled for ammonia
Ammonia, urea and free amino acid contents and urea analyses.

Fish submerged in aerated dechlorinated tap water were Subsequently, the same individuals were exposed to
anaesthetized with 3-aminobenzoic acid ethyl ester (MS 222¢rrestrial conditions in plastic tanks containing a thin layer
(Sigma Chemical Co.) neutralized to pH7.0 at a fina(100ml) of tap water. After 24h, the fish were sprayed
concentration (w/v) of 0.1% for 10min; fish exposed tothoroughly with de-ionized water. The water collected was
terrestrial conditions were anaesthetized by exposing the figmalyzed for ammonia and urea. The fish were then transferred
to diethylether vapour for 10 min. They were then individuallyto other tanks, and the experiment was repeated twice. After
killed with a blow on the head. The lateral muscle and livei72 h of air exposure, the fish were submerged again to study
were excised and immediately freeze-clamped in liquid Nthe rates of ammonia and urea excretion during recovery.
using pre-cooled aluminium tongs (Faupel et al., 1972). The Ammonia was determined colorimetrically according to the
whole procedure was carried out within 1 min. Samples wermethod of Anderson and Little (1986). Freshly prepared
then stored at80 °C until analyzed. NH4Cl solution was used as the standard. Urea was analyzed

The frozen sample was weighed, powdered under ligeid Nusing a Sigma urea assay kit (Procedure 535) as described
and homogenized three times in 5vols of 5% trichloroacetiabove. Ammonia and urea excretion rates were expressed as
acid using an Ultra-Turrax homogenizer at maximum speepmol day!g-lwetmass of the fish.

(24000 revs mint) for 20s each time with 10 s beween bursts.

The homogenate was then centrifuged at 1@0@® 10 min Activities of ornithine—urea cycle enzymes

in a Beckman J2-21M/E refrigerated centrifuge. The Freshly excised liver samples were homogenized in 10vols
supernatant obtained was used for the analysis of ammoni@, mitochondrial extraction buffer (285mmo}l sucrose,
urea and free amino acid (FAA) contents. 3mmol 1 Tris—=HCI and 3mmoH! EDTA, pH7.2) using a

Plasma samples were collected from another group d&las-Col tissue grinder (Terre Haute, USA) using one stroke at
anaesthetized fish. The tail of the anaesthetized fish was cldw speed. The homogenized sample was centrifuged & 600
and the blood exuding from the severed caudal artery wder 15min. The resulting supernatant fluid was centrifuged three
collected in heparinized (Npcapillary tubes and centrifuged times at 1000@ for 15 min. Between each spin, the supernatant
at 500 for 5min at 4°C. The plasma obtained wasfluid was discarded and replaced with fresh mitochondrial
immediately deproteinized by adding an equal volume of 6 %xtraction buffer. After the last spin, the loose pellet was mixed
trichloroacetic acid, followed by centrifugation at 10900r  with 1 ml of buffer containing 50 mmof} Hepes (pH7.6),

10 min. The supernatant fluid was kept@0 °C until analyzed. 50mmol!l KCI, 0.5mmol? EDTA and 1mmoltl bL-

The deproteinized sample was neutralized with 2moll dithiothreitol (DTT). This suspension was sonicated three times
KHCOs, and the ammonia content was determined accordinfpr 20s each time with 10s between bursts. The mitochondrial
to the method of Kun and Kearney (1974). The change ifraction was obtained by passing the suspension through a 10ml
absorbance at 25°C and 340nm was monitored using Econo-Pac 10DG desalting column (Bio-Rad Laboratories Inc.,
Shimadzu UV-160A spectrophotometer. Freshly prepare@A, USA) equilibrated with the same buffer.

NH4Cl solution was used as the standard. To obtain the cytosolic fraction, the freshly excised liver was
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homogenized with 5vols of mitochondrial extraction bufferthree times in 5vols of ice-cold buffer containing 50 mmbl |
(see above) and centrifuged at 100fbr 15min. The imidazole (pH7.4), 50mmott NaF, 3mmoltl EGTA,
resulting supernatant was collected and passed through a 103thmol 1 EDTA and 0.5mmoH! phenylmethylsulphonyl-
Econo-Pac 10DG desalting column equilibrated with Hepefluoride (PMSF) at maximum speed (24 000 revshjirfor
buffer. Samples were immediately assayed for carbamoyOs each with 10s between bursts. The resulting homogenate
phosphate synthetase (CPS) Il activity. CPS activity wawas centrifuged at 10 0@Cfor 15 min at 4 °C. The supernatant
detected using the method described by Kettal (1997). fluid was passed through a 10 ml Econo-Pac 10DG desalting
Preliminary studies showed that CPS activities in both theolumn equilibrated with the buffer without PMSF. The
cytosolic and mitochondrial samples were low in the presenaesulting fluid was used for enzymatic analysis.
of NH4*, but high when glutamine was present. The standard Enzyme activities were recorded at 25 °C and 340 nm unless
reaction mixture contained 50mmotl Hepes (pH7.6), otherwise stated. All chemicals and coupling enzymes were
50mmolf!l KCI, 5mmolfl EDTA, 20mmolfl ATP, obtained from Sigma Chemical Company (MO, USA).
25mmolfl MgCl,, 5mmolfl NaHCQ, 22.5mmoltl  Enzyme activities are expressed jmmol NADH min~1g~
phosphoenolpyruvate (PEP), 2units of pyruvate kinase (PKjyettissue mass unless otherwise stated.
74 MBg mi1 [14CINaHCQs, 20 mmol i1 glutamine and 0.1 ml GDH activities were assayed in the aminating and
of the sample in the presence or absence of 1.67mhi#l| deaminating directions according to the method of Peng
acetylglutamate (AGA) or 1.67 mmoHAGA + 1.67mmoltl et al. (1994). GDH activity in the deaminating direction
UTP. Radioactivity was measured using a Wallac 1414 liquigdvas recorded at 492nm and is expressed as
scintillation counter. CPS activity was expressed agimolformazanmintg-lwettissue mass. ALT activity in the
umol [24Clurea mirrl g~lwet liver mass. direction of alanine degradation was determined following the
The activity of ornithine transcarbamoylase was determinethethod of Peng et al. (1994). Glutamine synthetase activity
according to Xiong and Anderson (1989). Ornithinewas measured according to Shankar and Anderson (1985).
transcarbamoylase activity was expressed aS&lutamine synthetase activity was measured at 500nm and is
umol citrulline mirrl g-lwet liver mass. expressed gsmoly-glutamylhydroxymate mirt g~l wet tissue
Argininosuccinate synthetase + lyase activities werenass.
determined together assuming that both were present by
measuring fCJfumarate formation from fClaspartate Statistical analysis
following the method of Cao et al. (1991). Radioactivity was Results are presented as mearsei. One-way analysis
measured using a Wallac 1414 liquid scintillation counterof variance (ANOVA) followed by Student—-Newman—Keuls
Argininosuccinate synthetase + lyase activity was expressed aslltiple-range test was used to compare differences between
umol [14Clfumarate minl g-1wet liver mass. means where applicable. Differences wilx0.05 were
Arginase activity was assayed according to Casey anetgarded as statistically significant.
Anderson (1982). The urea formed was determined
colorimetrically as described above. Arginase activity was
expressed agmol urea mintg-lwetliver mass. Results
Air exposure had no significant effect on the ammonia
Activities of glutamate dehydrogenase (GDH), alanine  |evels in the muscle dd. marmoratugTable 1). In the liver
aminotransferase (ALT) and glutamine synthetase ~ and plasma, the ammonia level rose transiently to a
The frozen liver and muscle samples were homogenizesignificantly higher value after air exposure, but returned to

Table 1.Total ammonia content in the muscle, liver and plasnm@xykleotris marmoratusxposed to submerged conditions or
terrestrial conditions for 6, 24, 48 or 72h

Muscle Liver Plasma

Conditions imol g~ lwet mass) iimol g~ lwet mass) iimol mI~1)
Submerged 3.01£0.12 (5) 0.76+0.17 (6) 0.129+0.015 (4)
Terrestrial

6h 2.08+0.44 (5) 1.06+0.2%5) 0.016+0.002(4)

24h 2.13+0.28 (5) 1.74+0.28(5) 0.175+0.0185(4)

48h 1.95+0.38 (5) 0.26+0.68 (4) 0.053+0.00%¢ (4)

72h 3.040.15 (5) 0.44+0.2% (4) 0.090+0.022:¢ (4)

Results represent means.£M. with the number of determinations in parentheses.
aSignificantly different from the submerged val®z(.05).

bsignificantly different from the value of 6 h terrestrial exposBrd(05).
cSignificantly different from the value of 24 h terrestrial exposBrd(05).




240 L. Y. Jow AND OTHERS

0.12 25
5 _
i <
& %1% l 220- w
© |
5 g
€ 008 °
g £ 151
= =
§ 0.06+ .%
(] 5 |
@ 5 10
c
g 0.044 §
5 5 4

(0]
é 0.02-] * 5
o * * * .
O 0 * | —
1/S 2T 3T 4T 5S s 2T 3T 4T 5S
Day/Conditions Day/Conditions

Fig. 1. The time course of the effects of air exposure on the rate Fig. 2. The time course of the effects of air exposure on the rate of
ammonia excretion pfnoldaylglwetmass) of Oxyeleotris urea excretion (nmoldayg-wetmass) oDxyeleotris marmoratus
marmoratus Values are means sE.M. Day 1,N=10; day 2,N=9; Values are meansste.m. Days 1/2N=9; day 3N=7; days 4/5N=4.

day 3,N=8; days 4/5N=4. S, submerged; T, terrestrial. Asterisks S, submerged; T, terrestrial. Asterisks mark values that are
mark values that are significantly different from the value for day 1/Ssignificantly different from the value for day 1/8<Q.05).

(P<0.05).

the control (submerged) value thereafter. The rate of ammonky O. marmoratus(Fig. 2). Upon resubmergence, this rate
excretion by O. marmoratus during air exposure was returned to the initial control value.
significantly lower than that when the fish was submerged Using glutamine as a substrate, CPS activity was detected
(Fig. 1). When the fish was resubmerged, this rate returned to the hepatic mitochondrial and cytosolic fractions. CPS
the initial control value. activity in the mitochondrial fraction was activated by AGA
The urea content of the muscle ©f marmoratusrose  but this stimulated activity was unaffected by UTP (Table 3).
significantly after 6 h of air exposure but returned to the contrdh contrast, CPS activity in the cytosol was unaffected by AGA
(submerged) level thereafter (Table 2). Air exposure did ndbut was inhibited by UTP. Air exposure had no effect on the
affect the concentration of urea in the plasma. However, thactivity of CPS in either fraction. Ornithine transcarbamoylase,
urea content of some of the liver samples collected after 24 hrgininosuccinate synthetase + lyase and arginase activities
48h and 72h of air exposure became undetectable. Awere detected in the liver @. marmoratugTable 4). These
exposure also significantly lowered the rate of urea excretioactivities were unaffected by air exposure, except for arginase

Table 2.Urea content in the muscle, liver and plasm®afeleotris marmoratusxposed to submerged conditions and
terrestrial conditions for 6, 24, 48 or 72h

Muscle Liver Plasma

Conditions aimol g lwet mass) limol g~ lwet mass) iimol mi~1)
Submerged 2.04+0.28 (5) 2.22+0.37 (5) 2.40+0.56 (4)
Terrestrial

6h 5.22+0.82(5) 3.68+0.73 (5) 2.46+0.52 (5)

24h 1.95+0.2B(5) 2.12+1.08 (3 3.39+0.49 (5)

48h 2.61+0.68(5) 2.10 (2% 2.33+0.41 (5)

72h 2.72+0.44(5) 2.03 (1% 2.31+0.22 (5)

Results represent means.&M. with the number of determinations in parentheses.
aSignificantly different from the submerged val®x(Q.05).

bSignificantly different from the value of 6 h terrestrial exposBrD(05).

Ivalues of two determinations were not detectable.

2values of three determinations were not detectable.

Svalues of four determinations were not detectable.
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Table 3.Effect of 72 h of air exposure on the enzyme activities of carbamoyl phosphate synthetase from the mitochondrial and
cytosolic fractions of the liver @xyeleotris marmoratus

Substrate and/or Mitochondria Cytosol
Conditions effector present (nmol mirg~1wet mass) (nmol mirt g~lwet mass)
Submerged G 0.548+0.375 1.50+£0.94

G + AGA 7.10+£3.68 1.83+1.16

G + AGA + UTP 5.58+£2.85 ND
Terrestrial G 0.173+0.042 1.77+0.96

G + AGA 5.07£0.63 1.48+0.59

G + AGA + UTP 4.45+£0.92 ND

Results represent means.&Mm., N=4.
G, glutamine; AGAN-acetyglutamate; UTP, uridine triphosphate; ND, not detectable.

from the cytosolic fraction, which exhibited significantly lower terrestrial conditions, while deamination levels remained
activity. unchanged. Hence, air exposure led to an increase in the
After 72 h of air exposure, the glutamine level in the muscl@mination:deamination ratio of GDH in the liver @.
of O. marmoratusincreased threefold (Table 5). Small but marmoratugTable 6)
insignificant changes were detected for aspartate, ALT activities from both muscle and liver were unaffected
phenylalanine and threonine (Table 5). The total free aminby air exposure (Table 7). There was a significant increase in
acid (TFAA) content of the muscle remained unchangedhe hepatic glutamine synthetase activityxf marmoratus
during air exposure. In the liver, significant increases in thafter 48h and 72h of air exposure (Table 7; Fig. 4). The
contents of glutamine, histidine, isoleucine, leucine, seringctivity of hepatic glutamine synthetase remained low vihen
threonine and valine were observed after 24 h of air exposurearmoratuswas exposed to terrestrial conditions for up to
(results not shown). However, by 72 h, these values had eithapproximately 24h, after which the activity increased
returned to control values (glutamine, histidine, leucine andpproximately thirtyfold (Fig. 4). In contrast, no such effect
threonine) or fallen to levels lower than that of the controlwas observed for muscle glutamine synthetase (Table 7).
(isoleucine, serine and valine) (Table 5). In the blood, few
changes in FAA content were detected and TFAA remained
unchanged during air exposure (Table 5). Discussion
A time course study of the glutamine level in the muscle In contrast to the amphibious mudskippdterjophthalmus
(Fig. 3) showed that glutamine rose to peak levels by 48 h afantonensisand Boleophthalmus pectinirostrisviorii, 1979;
air exposure and levelled off thereafter. In contrast, th&oleophthalmus boddaeréind Periophthalmodon schlosseri
glutamine level of the liver reached its peak at approximatellp et al., 1993), the ammonia level in the muscleQf
24h, when it was more than five times the control valuenarmoratusnever increased during air exposure. In the liver
(Fig. 3). Subsequently, at 48h, it returned to the control leveAnd plasma ofD. marmoratus ammonia content rose only
There was no significant difference between GDHransiently after air exposure to 1f#olg?® and
(amination) activities from the muscle @. marmoratus 0.18umol mi-1, respectively. These are very small increases
exposed to submerged and terrestrial conditions (Table 6). Nmmpared with the values of 3 ol gt and 0.92umol mi2,
GDH activity in the deamination direction was detected in theespectively, in air-exposeB. schlosseri(lp et al., 1993).
muscle ofO. marmoratus There was a threefold increase in Since the ammonia excretion rateGn marmoratusexposed
GDH (amination) activity in the liver of fish exposed to to air was one-fifth of that of the submerged controls, and since

Table 4 Effect of 72 h of air exposure on the enzyme activities of ornithine transcarbamoylase, argininosuccinate synthetase +
lyase and arginase from the mitochondrial and cytosolic fractions of the lié@xyafleotris marmoratus

oTC ARGS + L Arginase
Mitochondria Cytosol Mitochondria Cytosol
Conditions pgmolmintglwetmass) imolmin-tg-lwetmass) iimolminlg~lwetmass) imolmin~lg-lwet mass)
Submerged 18.3+1.6 (6) 6.52+2.95 (4) 369+33 (4) 46.416.1 (5)
Terrestrial 18.4+1.1 (4) 9.18+4.11 (4) 45683 (4) 25.1+4.2 (4)*

Results represent means.eM. with the number of determinations in parentheses.
OTC, ornithine transcarbamoylase; ARGS, arginosuccinate synthetase; L, arginosuccinate lyase.
*Significantly different from the submerged vali®<Q.05).
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Table 5.Effects of 72 h of air exposure on the contents of various free amino acids and total free amino acids in the muscle, liver
and plasma oDxyeleotris marmoratus

Muscle Liver Plasma
Submerged Terrestrial Submerged Terrestrial Submerged Terrestrial

FAA (umolglwetmass) (imolglwetmass) iimol g~ lwetmass) |imol gl wet mass) iimol I71) (umol I
Ala 1.46A0.375 1.8940.524 0.94%0.449 0.8620.300 0.2240.024 0.0820.003
Arg 0.0630.017 0.04%20.004 ND ND ND ND
Asg 0.2340.035 0.3660.082 ND ND 0.0320.006 0.01640.002
Asp 1.03%0.317 0.4480.216 0.28%0.107 0.1120.028 0.0320.006 0.0280.003
Cys 0.02%0.009 0.0120.003 0.05%0.006 0.0430.003 0.1180.005 0.00%0.001
GIn 0.47%0.039 1.1940.187 0.274£0.095 0.5130.090 0.0920.014 0.0520.013
Glu 0.37&0.112 0.93@80.356 4.77%20.413 3.1260.624 0.0680.002 0.07%0.013
Gly 1.245:0.242 2.24%0.900 0.57%0.144 0.20%0.036 ND ND
His 0.63%0.113 1.2260.337 0.3380.060 0.1520.039 0.07&0.010 0.0330.003
lle 0.2230.036 0.1460.030 0.09%0.033 0.02€0.00% 0.084t0.018 0.0340.005
Leu 0.3840.067 0.3020.064 0.1740.062 0.0440.008 ND ND
Lys 1.53%0.207 1.5780.307 0.24@0.077 0.0730.018 0.1030.017 0.0520.013
Met 0.0480.021 0.0320.015 0.0540.012 0.03@0.004 0.010.002 0.0020.001
Phe 0.1460.013 0.1280.017 0.16%0.017 0.04%0.013 0.04&0.013 0.05%0.012
Pro 0.1820.041 0.33%0.065 0.3320.015 0.1140.020 0.03%0.003 0.0160.005
Ser 0.3940.079 0.6230.118 0.1040.018 0.03%0.00& 0.045:0.002 0.0260.003
Tau 16.360.86 14.290.95 1.8440.503 1.5460.536 0.27%0.052 0.18%0.017
Thr 0.4880.076 0.8880.189 0.35%0.077 0.08%0.016 0.11#0.032 0.0410.008
Try 0.049:0.004 0.04%0.006 ND ND 0.02%0.005 0.0320.014
Tyr 0.08'#0.016 0.1080.015 0.10&0.031 0.0760.020 0.0420.008 0.1020.023
Val 0.3120.057 0.27%0.056 0.1720.041 0.03&0.006 0.128:0.026 0.0630.009
Total FAA 23.3&2.47 27.082.93 10.8&1.02 6.940.71 1.4540.098 0.8940.126

Results represent means.&M., N=4.

FAA, free amino acid; ND, not detectable.

aSignificantly different from the corresponding submerged va«@.05).

. . . . 18

the ammonia excretion rate did not increase above the conti ab
value upon resubmersion, this fish must be capable of reducii 1.6+ l ab,c
its rates of protein and/or amino acid catabolism, o @ l
detoxifying ammonia to other less toxic products, or both g 144 ab
during air exposure. = 10 l

Buttle et al. (1996) reported that the African catf¥arias B ab
gariepinusexcreted more ammonia during resubmersion only E 1.0 L
if the period of air exposure was short (<5min). Between5an =
180 min of air exposure;. gariepinusresorted to decreasing S 0.8 T a c
the rate of ammonia production and converting ammonia t  § 06 L ac
urea. The period of air exposure imposedogariepinusvas § '
short, possibly because it was unable to survive on land lik % 0.4
O. marmoratusfor 72 h or more. 5

O. marmoratugxcreted a large proportion of its nitrogenous O 0.2+
waste as urea in the control submerged condition. The ratio 0

ammonia:urea excreted was approximately 5.1, which is lowe C 6 24 48 72
than values (7.6-33.4) for the sockeye sal@mtorhynchus Duration of air exposure (h)

nerka (Brett and Zala, 1975), fdBlennius pholigDavenport . i . .

. . . Fig. 3. The time course of the effects of air exposure on the glutamine
and S_ayer, 1986) a_lnd for_ five other facultative alr-breather:COIntent (amol g-lwet massN=4) of the muscle (open bars) and liver
Amphlpnous cuchia _Clarlas batrachus Heteropneustes (filled bars) ofOxyeleotris marmoratus/alues are means st£.M. a
fossilis Anabas testudineusnd Channa punctatugSaha and  mnarks values significantly different from the corresponding control
Ratha, 1989). AlthoughO. marmoratusdid not detoxify (C) value P<0.05), b marks values significantly different from the
ammonia to urea during air exposure, all the five enzymecorresponding value at 6#P<0.05), ¢ marks values significantly
involved in the ornithine—urea cycle were present in the livedifferent from the corresponding value at 24#k@.05).
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Table 6.Effects of 6 h or 72 h of air exposure on the activities of glutamate dehydrogenase in the amination
(umol NADH oxidised mirt g~ wet mass) and deaminatiogniol formazan formed mihg—wet mass) reactions, and their ratios
(amination/deamination) from the muscle and live©af/eleotris marmoratus

Amination Deamination

Tissues Conditions pmol min-lg-lwet mass) iimol min~tg-lwet mass) Amination/deamination
Muscle Submerged 0.055+0.009 ND NA

6h 0.063+£0.010 ND NA

72h 0.049+0.008 ND NA
Liver Submerged 0.883+0.158 0.106+0.026 10.2+3.8

6h 0.798+0.123 0.048+0.005 16.5%£2.9

72h 2.435+0.43%P 0.072+0.027 36.5+5ap

Results represent means.&Mm., N=4.

NA, not available; ND, not detectable.

aSignificantly different from the submerged val®(.05).
bSignificantly different from the value of 6 h terrestrial exposBrd(05).

of O. marmoratus CPS Ill, which is responsible for urea exposure. Taking the submerged ammonia excretion rate to be
synthesis in the majority of fish species (Mommsen and Wals®,09umol ammonia day* g-lwet mass, and assuming that the
1991), was detected only at low levels (approximatelyate dropped to one-fifth of this value during air exposure,
5nmolmirrig) in this fish. CPS Il, which does not require approximately 0.07@mol ammonia daytg-lwetmass would
AGA for activity and is inhibited by UTP (Campbell and theoretically have been accumulated in the tissues of this fish.
Anderson, 1991), was found in the cytosol. Since ammonia levels in the muscle exposed to the submerged
Air exposure exhibited no significant effect on the activitiesand terrestrial conditions were comparable, a 500 g fish would
of CPS lll, ornithine transcarbamoylase and argininosuccinateave reduced ammonia production by approximatelyubh@&
synthetase + lyase from the liver@f marmoratusHowever, in 72h. The decrease in urea excretion for the entire 72 h period
arginase activity in the cytosol was significantly lower at 72 fof air exposure was approximately $182umolg?. Since
of air exposure. Incidentally, the rate of urea excretio®.in urea content in the muscle was not affected by air exposure,
marmoratusexposed to the terrestrial condition decreased tthe fish had decreased overall urea production by the same
one-fiftieth of the submerged value, leading to a higheamount (5.81072umol g1) during this period. Again, a 500 g
ammonia:urea excretion ratio of 20. After all, it is
metabolically expensive to produce urea. Four moles of ATI 08

are required per mole of urea formed from two moles o a
ammonia (Mommsen and Walsh, 1991). f.” 0.7- ab,c
Superficially, it would appear thatD. marmoratus g ab,c T
suppressed both ammonia and urea production during & = 0.67
g
< 05
Table 7.Effects of 6h or 72 h of air exposure on the activities S
of glutamine synthetase and alanine aminotransferase from 8 04
the muscle and liver @xyeleotris marmoratus g
Glutamine Alanine E 037
synthetase aminotransferase % 0.2
Tissues Conditions golmintg™)  (umolmin-1g™1) @ -
Muscle Submerged 0.018+0.002 (4) 1.39£0.17 (4) E 0.1
6h 0.015+0.004 (4) 1.09+0.13 (4) 8
72 h 0.022+0.007 (4) 1.60+0.45 (4) 0 I - I ‘
Liver Submerged  0.021+0.002 (5)  15.4+0.6 (5) c 6 24 48 72
6h 0.023:0.002 (4)  17.7+0.8 (4) Duration of air exposure ()
72h 0.617+0.068°(4)  15.6+1.8 (4) Fig. 4. The effects of air exposure on the enzyme activitig®ly-

) glutamylhydroxamate mi g~1wet liver mass) of glutamine

Results represent means $em. with the number of g nihetase from the liver dDxyeleotris marmoratusValues are

determinations in parentheses. means +s.e.M. Control,N=5; all other timesN=4. a marks values

“Significantly different from the submerged valé&.05). significantly different from the controld) value P<0.05), b marks

bSignificantly different from the value of 6h terrestrial exposurey5|yes significantly different from the value at @1%0.05), ¢ marks
(P<0.05). values significantly different from the value at 24%@.05).
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fish would have produced 2ol less urea. Two ammonia to glutamine (Levi et al., 1974, Arillo et al., 1981; Peng et al.,
molecules are utilized during the formation of urea; hence, th£998), neither cerebral nor hepatic glutamine synthetase
fish would have reduced production by approximatelyr88dl  activity was found to be significantly different from control
of ammonia-equivalent during 72 h of air exposure. A500g values. This suggests that pre-existing glutamine synthetase is
marmoratus would have decreased its total ammoniasufficient to account for the increased glutamine formation
production by 16umol (108+53umol) during this period. (Walsh et al., 1993; Wright et al., 1993). Although Peng et al.
However, the glutamine content of the muscle @f (1998) observed some increases in the specific activities of
marmoratus exposed to air increased threefold in 72h.cerebral glutamine synthetase in two species of mudskipper in
Glutamine may be produced from glutamate ands™NH response to ammonia loading, those from the liver remained
catalyzed by glutamine synthetase in the muscle and/or liveunchanged. In the gulf toadfisBpsanus betekept under
Glutamate may, in turn, be produced frarrketoglutarate confinement/crowding  conditions,  hepatic  glutamine
(aKG) and NHi* catalyzed by GDH, or fromKG and other synthetase activity increased several-fold, leading to an
amino acids catalyzed by various transaminases. In oth@rduction of ureotely (Walsh et al., 1994; Walsh and Milligan,
words, the formation of one glutamine molecule allows thel995).
uptake of two ammonia molecules (Campbell, 1973). The Thus,O. marmoratusappears to be the first known teleost
hepatic glutamine content peaked at 24 h of air exposure, whitbat responds to air exposure by activating hepatic glutamine
that in the muscle peaked only after 48 h. This suggests theygnthetase and detoxifying internally produced ammonia to
the glutamine formed in the liver was perhaps later shuttled tglutamine.
the muscle, which acted as a reservoir for glutamine
accumulation. Consequently, the steady-state glutamine level The authors wish to thank Dr D. Randall for his helpful
in the plasma was maintained. comments on this research project.
Given that the glutamine level rose by approximately
0.7umol gl in the muscle after 72h of air exposure, and that
approximately 60% of a 500. marmoratusis muscle, References
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