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Summary

Urea excretion by the gulf toadfish Qpsanus betphas intestine), only gill showed expression of tUT mRNA, with
been shown in previous studies to be a highly pulsatile a predominant band at 1.8 kb and a minor band at 3.5kb.
facilitated transport, with excretion probably occurring at During several points in the urea pulse cycle of toadfish (0,
the gill. The present study reports the isolation of an 4, 6, 12 and 18h post-pulse), measured by excretion of
1800 base pair (kb) cDNA from toadfish gill with one open [14Clurea into the water, gill mRNA samples were
reading frame putatively encoding a 475-residue protein, obtained. Expression of tUT mRNA was found to be largely
the toadfish urea transporter (tUT). tUT, the first invariant relative to expression ofp-actin mRNA over the
teleostean urea transporter cloned, has high homology with pulse cycle. These results further confirm the qgill
UTs (facilitated urea transporters) cloned from mammals, localization of urea transport in the toadfish and suggest
an amphibian and a shark, and most closely resembles the that tUT regulation (and the regulation of pulsatile urea
UT-A subfamily. When expressed in Xenopus laevis excretion) is probably not at the level of mRNA control.
oocytes, tUT increased urea permeability (as measured by The results are discussed in the context of the mechanisms
[Y“C]urea uptake) five- to sevenfold, and this permeability of vasopressin-regulated UT-A in mammalian kidney and
increase was abolished by phloretin, a common inhibitor of morphological data for the toadfish gill.
other UTs. Northern analysis using the 1.8kb clone was
performed to determine the tissue distribution and
dynamics of tUT mRNA expression. Of six tissues Key words: gulf toadfishOpsanus betaurea transporter gene, UT-
examined (qgill, liver, red blood cells, kidney, skin and A2, gill, nitrogen excretion.

Introduction

The majority of adult teleost fishes excrete ammonia as thead., 1997), although the evolutionary and ecological
principal nitrogenous waste product. There are, however, significance of this phenomenon remain speculative (Walsh,
number of teleosts excreting a substantial proportion of waste997; Hopkins et al., 1997).
as urea (for reviews, see Mommsen and Walsh, 1992; Wright, Considerably more is known about the mechanisms of urea
1995). In addition, there is growing evidence that fish speciesxcretion in the toadfish than in most other fish species (Walsh,
that are ‘typical’ ammonoteles as adults may excrete a high@©97). Urea excretion in the gulf toadfish occurs in discrete
proportion of urea during their larval stages (Wright et al.pulses (Wood et al., 1995), with fish eliminating virtually all
1995; Chadwick and Wright, 1999), suggesting that ureotelyheir daily nitrogen waste in 1-3 pulses per day, each pulse
in teleosts may be a more general feature than previouslgsting 0.5-3h (Wood et al., 1995, 1997; Gilmour et al., 1998).
thought. Adult gulf toadfishOpsanus betaexcrete over 90% In the long periods between pulses, there is virtually no urea
of waste nitrogen as urea under selected laboratory situatioagcretion, despite the persistence of high urea levels in the
(e.g. confinement stress; for a review, see Walsh, 1997), aitbod. The pulsatile excretion phenomenon is known to be due
at least one population of the species (Biscayne Bay, FL, USA) activation of a urea transfer mechanism from the plasma to
is believed to be at least 50 % ureotelic in nature (Hopkins ¢he water, with urea synthesis and accumulation in the plasma
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being continuous, rather than pulsatile (Wood et al., 1997pf approximately 7-10gfishl. On days 1 and 3 after arrival,
Furthermore, divided chamber experiments have localized thibe fish were bathed in a mixture of Malachite Green and
site of urea excretion to the anterior end of the toadfish (Wod@rmalin (Wood et al., 1995) as a prophylactic treatment
et al., 1995), rather than the periodic micturation of the urinarggainst the ciliat€ryptocaryon irritans(these conditions are
bladder hypothesized earlier (Walsh et al., 1990; Griffithtermed the ‘uncrowded’ treatment). Fish were maintained
1991). Recent experiments directly measuring expired watemder these conditions for at least 1 week and wereadied
from the opercular chamber (Gilmour et al., 1998) havdibitum with frozen squid on alternate days. Food was withheld
implicated the gills as the site of urea excretion. for 48 h prior to experimentation.

The control of urea pulses in the toadfish appears to be atTo induce ureotelism, fish weighing 42—-88g (mean mass
least partly under hormonal influence, but direct causative link83+2.0g; mean =sEmM., N=32) were subjected to a
in vivo have yet to be established. For example, urea pulsesandardized ‘crowding’ protocol (Walsh et al., 1994; Wood et
occur following a marked drop in plasma cortisol level,al., 1995; Hopkins et al., 1995) for 48-72h prior to
followed by an increase to pre-pulse levels (Wood et al., 1997¢xperimentation or tissue harvest. Briefly, this procedure
In addition, administration of physiological doses of theinvolved placing the fish and their tube shelters in small plastic
hormone arginine vasotocin (AVT), a piscine analogue ofubs (volume approximately 61) to achieve densities exceeding
mammalian vasopressin, elicits urea pulses (Perry et al., 19980 g fish 1. The tubs were aerated continuously and supplied
Furthermore, the studies of Wood et al. (1998), Perry et alith flowing sea water. The fish were not fed during the period
(1998) and Gilmour et al. (1998) all appear to rule out af crowding.
generalized increase in gill permeabilty (e.g. by .
catecholaminergic vasodilation) as the mechanism for pulsatile Molecular studies
urea excretion. Instead, all three studies point to the activatidiyobe and library screening
of a highly specific, facilitated-diffusion-type transport system A probe to screen for urea transporter (UT) was synthesized
for urea in the gills at the time of pulse events. by reverse transcriptase/polymerase chain reaction (RT PCR)

Molecular studies of urea transport in mammals, particularlyith gill mRNA from gulf toadfish as template using
in the kidney, have revealed a new class of transport proteidegenerate primers based on the alignment of rat, rabbit and
the urea transporter (UT) family (e.g. You et al., 1993; Olivesiuman UT sequences. The sense primer (Great American Gene
et al., 1994; Smith et al., 1995; for a review, see Sands et aCp., Ramona, CA, USA) corresponded to amino acid residues
1997). These transporters generally have a high specificity f@—91 (FNVQNPWW), and the antisense primer corresponded
urea and for some urea analogues and function as facilitatéal amino acid residues 238-244 (PWTGGIF) of rat UT-A2
diffusion pathways in a variety of cell types and species(Smith et al., 1995). PCR conditions were 94 °C for 4 min, then
Recently, cDNAs for such transporters have also been clon&® cycles at 94 °C for 1 min, 50°C for 1 min, 72°C for 1 min,
from the tissues of lower vertebrates, namely the kidney of thiellowed by 72°C for 7min in a Stratagene SCS-2 PCR
dodfish sharlsqualus acanthiaé&Smith and Wright, 1999) and machine using 0.5 ml GeneAmp tubes (Perkin-Elmer) with a
amphibians (Couriaud et al., 1999). Given the large data setineral oil overlay. PCR products were separated by gel
implicating facilitated diffusion at the toadfish gill, we electrophoresis (1% agarose gel in TAE buffer; TAE buffer is
reasoned that a UT-like gene should exist in the toadfish am) mmol 1 Tris acetate, 1 mmott EDTA, pH8.0), and the
that this gene or the UT protein might be dynamically regulatethajor band of 484 bp was gel-purified and subcloned into the
in the gill in parallel with the observed transient nature of urealasmid vector pGEM T (Promega, Madison, WI, USA). The
excretionin vivo. The primary aim of this paper was, therefore,resultant plasmid (PCRT1) was transfected into Epicurean
to clone a UT cDNA from toadfish gill and to begin to examineUltracompetentEscherichia coli(Stratagene, La Jolla, CA,
the dynamics of its expression relativeitovivo patterns of USA). Standard blue/white screening on Luriabroth (LB)
urea excretion. ampicillin—agar plates identified colonies with the potential
insert, which were then liquid-cultured. The plasmid DNA was
isolated by the alkaline lysis method (Qiagen Kit, Chatsworth,
CA, USA). Both strands of DNA of several clones were

Animals and holding conditions sequenced using an automated dideoxy chain-termination

Sexually mature gulf toadfishOpsanus betasoode and sequencing method (Sanger et al., 1977) and found to share
Bean) for molecular studies were captured by roller trawl byjomology with the rat UT-A2 gene (see Results and
local fishermen in Biscayne Bay, Florida, USA, in May 1997 discusssion)32P-labelled PCRT1 was produced by extracting
Toadfish for physiological studies were captured in Novembethe excised bands from th&cadRl-digested minipreps
1998. At the University of Miami, fish were maintained electrophoresed as above, labelling with the RadPrime kit
initially in glass aquaria supplied with flowing Biscayne Bay(Gibco, Frederick, MD, USA) andif32P]dCTP (ICN, Irvine,
sea water (29-34 %o, 25+1°C). Each aquarium contained @A, USA) and purification on G-50 Sephadex.
sand/gravel substratum (2-5cm depth) and several polyvinyl Total RNA was isolated from toadfish gill by
chloride tubes that acted as individual shelters. Typically, 3-Aomogenization of 0.2g of tissue in 1.2ml of phenol-
fish inhabited a single 451 aquarium corresponding to a densityuanidinium thiocyanate (Trizol Reagent, Gibco BRL)

Materials and methods
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followed by standard chloroform extraction and isopropanolength toadfish UT cDNA (tUT). Final washes were in
precipitation (Sambrook et al., 1989). mRNA was enriched.1xSSC/0.1% SDS at 37 °C for low stringency and 65 °C for
from total RNA using an mRNA purification kit based on high stringency. Similar analyses were performed on total
oligo(dT) cellulose column chromatography (PharmaciaRNA isolated from the gills of toadfish during and following
Biotech). cDNA was synthesized using MMLV reversepulses of urea excretion (see below). For quantification,
transcriptase (Stratagene) and oligo-dT primers. It was thenembranes were subsequently stripped and reprobe@ for
incorporated inta\gt10 phage DNA (Stratagene). The cDNA actin mRNA using a toadfish actin probe generated by PCR.
library (approximately 0%10° plaque-forming units) was Note that, since the actin band (1.7 kb) used was of similar size
screened with thé?P-labelled PCRT1 probe by standardto the tUT signal, stripped membranes were checked by
methods using nitrocellulose filter lifts from agar plates anagxposure to film to ensure that all tUT probe had been
autoradiography. Conditions relating to stringency were 50 %emoved. The signals were compared by densitometric
formamide, hybridization at 42°C and washing at 50°Cscanning, and the ratio of tUT fdactin signal was used to
with 2x standard saline citrate (SSC; 150 mmbldodium  correct for any variance in RNA concentrations.

chloride, 15 mmoH! sodium citrate), 0.1 % SDS. Clones were

sequenced as above. Oocyte expression
After linearization of tUT plasmid withXba or Xhdl,
5’RACE PCR and full-length RACE PCR cRNA was synthesizeih vitro using T, polymerase (T7-

Because no full-length clones were obtained from thenMessage mMachine, Ambion) and microinjected (30 ng)
toadfish cDNA library, 5rapid amplification of cDNA ends into collagenase-treated and manually defolliculated
(RACE) PCR was performed to amplify Bnds using the Xenopus laevieocytes, as described previously (Smith et al.,
Marathon cDNA amplification kit (Clontech, Palo Alto, CA, 1995). Other groups of oocytes were injected with water
USA) and adaptor-ligated gill cDNA (adaptor supplied(50nl) as a negative control or rat UT-A2 cRNA (30 ng per
with the kit). A gene-specific primer was synthesized orpocyte) as a positive control. After incubation in modified
the basis of the known sequences of the toadfish cDNABarth’s solution (Gurdon and Wakefield, 1986) containing 50
library clones and was GSP1 (antisense-gene-specific primgg mi~1 gentamycin for 3 days at 18 °C, oocytes destined for
for 5 RACE), B-CCAGGTGATGTTGGGTAGCTCGGAG- urea flux studies were preincubated in (in mmyl 200
3, corresponding to base pairs 390-366 of PCRT1. The sens®nnitol, 2 KCI, 1 MgCJ, 1 CaCp, 10 Hepes buffer, 5 Tris,
primer was complementary to an adaptor supplied with the kitH 7.4, for 1h. To measure urea uptake, 0.1 MBd noff
(which was ligated to the’'®nd of the cDNA end). PCR [4C]urea and 1 mmott unlabelled urea were added to the
conditions were: 94 °C for 1 min, followed by five cycles atpreincubation solution. After uptake, oocytes were washed
94 °C for 0.5min, 72 °C for 4 min, followed by five cycles atwith ice-cold uptake solution containing 10 mnta!|
94 °C for 0.5min, 70°C for 4 min, followed by 25 cycles atunlabelled urea and dissolved in 10% SDS, and the
94 °C for 0.5min, 68 °C for 4 min with machine and tubes asadioactivity was measured by scintillation counting.
above. Generally, PCR reactions were performed in duplicat@hibition of [14Clurea uptake by 0.5 mmofli phloretin was
to exclude PCR errors. Thé BACE reactions produced a measured by addition of phloretin to the preincubation
band of approximately 750 bp, which was purified, subclonedolution 15 min before the addition dfC]urea, as described
and sequenced as above. The sequence of thiBAEBE  previously (Smith et al., 1995).
product and the sequence of clones from the library screen
were used to design specific primers for amplification of the In vivo studies of UT mRNA dynamics
full-length sequence. The resultant 1.8 kb product (tUT) was Crowded toadfish were fitted with indwelling caudal artery
purified, subcloned into pBluescript and sequenced as aboweatheters (PE-50) as described by Wood et al. (1997). After at
Clones were sequenced in both directions using intern&ast 24h to recover from surgery, excretion of urea and
sequencing primers, and the consensus sequence wasmonia to the water were monitored on an hourly basis by

obtained. pump and fraction collection of water, as described by Wood
_ et al. (1997), to ensure that the fish were still ureotelic and that
Northern analysis excretion was pulsatile. Once pulsatility had been confirmed,

Total RNA was extracted from several toadfish tissues (gillat time zero, the fish were injected with 14.8 MBgkg
intestine, liver, red blood cells, kidney and skin) and poly(A){1“Clurea (1480 MBgmmoF, New England Nuclear), and
containing RNA was enriched as described above. Equalourly water sampling was continued as described above.
amounts (ig) of toadfish poly(A) RNA were loaded onto a Water samples were subjected to immediate liquid scintillation
formaldehyde—agarose gel, electrophoresed and transferredcmunting (1 ml of water in 10 ml of Ecolume, ICN, Cleveland,
a nylon membrane (Hybond-N, Amersham, Arlington HeightsOH, USA). Fish identified as pulsing were immediately killed
IL, USA) using standard methods (Sambrook et al., 1989hy MS-222 overdose. The gills were removed, frozen in liquid
Following prehybridization, the membrane was hybridized ahitrogen and stored at80°C for 2 months. Subsets of fish
37°C for low-stringency analysis or at 48°C for high-were similary killed and sampled at 4, 6, 12 and 18h post-
stringency analysis with a random-primé#P-labelled full-  pulse, with continuous hourly monitoring of water for either
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14C or urea, using a chemical assay (Price and Harrison, 198)NASTAR programs. Sequences for other animal UTs
to ensure that the fish did not pulse again. were obtained by a basic BLAST 2.0 search (Altschul et al.,
1997) of GenBank. Statistical significance was tested by

Chemicals, analyses of sequence information and statisticalStudent’s t-test or analysis of variance (ANOVA), and
analyses post-hoc comparisons were made using the Student—
All other chemicals were purchased from Sigma ChemicaNewman—Keuls method. Values are presented as means +
Co. (St Louis, MO, USA). Routine analyses of DNA ands.e.M., and statistical significance is assumed atR«@.05

protein sequences was accomplished using MacVector anelvel.

tur VAHPDEH[EN- QQADGK[ENV- PVQPA TRL QKARACHL [NGVER]F S[€

Shle Q- KKAAI - - - El STLN[gDNLKET- - -

Rana UT SHI P| NI\/ KELKKPVES NHCSS[EL GF[gCTRAI H\glS{eE]

rat UT- A2 ESSE ET TTRTTW QSSM AJeK- RVS[ENRSAT(EE]

human UT- A2 ESSE ET[NI SKTSW RSSVAAS[EK- RVS[ARNRTEE

rat UT-B D- | PT KVDRGESQI LSCRGRRCEL - - - - [{\VEQYVT[Ee

tur LAADVSIEI | R[®,
ShuTt VARSTLINAL (ML SO
Rana UT A

rat UT- A2 |

human UT- A2 |

rat UT-B \/

tur SEJNAS[NS

ShuTt NGHL VGL L VAVFEDKGDIRYWAL L LIAVI VIVSMACP! [§SSALAYAVAYEKWDL P
Rana UT 115 LVGLLNVAVFSKGDY YEWL L[PVIRAVINSNVT CPELSSAL[€NI FSKWDL P
rat UT- A2 114

human UT-A2 114

rat UT-B 112

t ur 179

ShuTt 168

Rana UT 175

rat UT- A2 174

human UT-A2 174

rat UT-B 172

tur 239

ShuTt YYAIGCDNPWT GGl FLVAL[l SSPll CLHAAI GS[@®YJIL AGL S[RASP F{e]d

Rana UT PRI GCDNPWSIGGI YL VIELFI SSPlll ClYHAAI GSAWYGVL AGL S[JAAPF[S

rat UT- A2 PRV GCDNPWT GGl FLVALFYSSPHI CLHAAI GSpGVL

human UT-A2 234

rat UT-B 232

tur 299

ShuTt 288

Rana UT 295 S|

rat UT- A2 294 W TWQTHLLAI ACALFINAYLGAALANYESVFGLPECTWPFCLSIAL TFLLLTT,
human UT-A2 294 WMETWQTHLLAI ACALF AYLGAALANSVFGLP CTWPFCLSIALTFLLLTT
rat UT-B 292

tur 359 ETQKENFNENANAREEKNL CNVWKL [MNOKKQEKADNL KKECEEAQRALEEEEI LNAKEQ
ShuTt 348 [NNKARLVECEVARIMEKINERI NJQE VE- 8- - -

Rana UT 355 NNZANRETCNERSTAARTH = DINIRANNL [MNERKKQ

rat UT- A2 354 NNEGRENIRTQARTL= AN RS QE[INIRRASVI T{YQAYDVS

human UT-A2 354 NINZNRE(NNEIQAREH=ANNRAZIES OERNERAR!I | TMYQAYDVS

rat UT-B 352 ENENRIRMARS QAR SI=ENSEFAEONMYRVVDEVCVHVCVCGCNCI LPVCVLLHVYLCVS
tur 419 LRLALHRNVEEGKKNNGQADVKNEEKETEHNVPDRVQVATEDETRQDNPTEVTGDNHV
ShuUTt

Rana UT

rat UT- A2

human UT- A2

rat UT-B 412 VS S - - m - m s m o m e e e e e e e e e e e e e e e e — e oo oo

Fig. 1. Alignment of the toadfish urea transport protein (tUT) with other urea transporter (UT) proteins. References andracoéss®are

as follows: ShUT, shark (Smith and Wright, 199RgnaUT=fUT Rana(Verbavatz et al., 1996), Y12784.1; rat UT-A2=rUT (Smith et al.,
1995), Q62668; human UT-A2=HUT 11 (Olives et al., 1994), Q15849; rat UT-B=UT11 (Couriaud et al., 1996), X98399.1. Blacknotees d
identical amino acid residues, grey boxes denote conservative substitutions, dashes denote deletions and white areaislelaityte non
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Results and discussion an increase in urea uptake in comparison with water-injected

PCR vyielded a 484bp fragment (PCRT1) with highcontrol oocytes and, as is characteristic of other members of
homology to published sequences for UT transporterghe urea transporter family, the induced permeability was
specifically the UT-A2 of mammals (rabbit and rat) and theénhibited by phloretin; these experiments were conducted
shark kidney urea transporter (ShUT) (Smith et al., 1995ndependently in two laboratories and yielded similar results.
Smith and Wright, 1999; You et al., 1993). Screening a cDNAn the first experiment, tUT expression led to a fivefold
library with this probe yielded several clones of approximatelyenhancement of the rate of urea uptake (Fig. 2). In the second
1kb in length, all of which contained the apparenerdd of experiment, rates of uptakes were as follows: control,
the sequence, including a poly(A) tail. BACE PCR using 6.8+2.8 pmol min! (N=14); tUT-injected, 54+6.4 pmol mih
cDNA template yielded approximately 750bp of additional(N=12); tUT-injected + phloretin, 7.2+3.1 pmol min(N=14);
sequence which overlapped these clones and PCRT1. The weater-injected + phloretin, 6.1+2.6 pmol min(N=14); these
of gene-specific primers based on these sequences then enablaldes are means ile.m. These combined data indicate that
amplification of a 1.8 kb product whose sequence matched thiee general functional characteristics of the tUT protein are
combined sequence of the PCRT1RBCE PCR product and similar to those previously described for elasmobranch,
cDNA library clones. amphibian and mammalian urea transporters belonging to the

The full-length toadfish UT cDNA is 1814bp cDNA UT-A and UT-B families. More detailed studies will be
(GenBank accession no. AF 165893) and has a polyadenylatioecessary to determine whether the C terminus of tUT,
sequence (ATTAAA) at nucleotides 1787-1792 and severalhich is putatively unique, confers any special functional
potential open reading frames (ORFs). One possible ORE&haracteristics.
begins at nucleotide 125, as indicated by the presence of aOf the six tissues studied (gill, liver, red blood cells, kidney,
modified Kozak site upstream from ATG (GCCACTG) and Gintestine and skin), only the gill showed a signal in northern
at position +4 (whereas the consensus site is GCCA/GCC aiathalyses (Fig. 3). This was not dependent on the stringency
G at position +4). This ORF ends at 1552, putatively encodingnder which the experiments were performed because low-
a 475-residue protein that we have named tUT’ (toadfish UT$tringency conditions gave the same results as experiments
(Fig. 1). A second possible initiation codon in the same framearried out at high stringency. This suggests that, in the tissues
occurs at nucleotides 259-261, which is preceded by thee analyzed, apart from gill, there are no other UT-A or UT-
sequence GGAGAC, and a third at nucleotides 277-279, whidd isoforms. The latter can be concluded because UT-B
is preceded by the sequence TGGAAA and G at position +4soforms are clearly detectable in other species using UT-A
While the first 47 amino acids of the 475-residue protein do
not have high homology with other vertebrate UT proteins
beginning at the second and third methionine residues (46 a 150

53, respectively) of the protein sequence there is highe %, —= Control *
homology with other vertebrate UT proteins (Fig. 1). Overall, 8 125 wmmm Phioretin @

tUT has 62.6 %, 59.8 %, 62.1 %, 56.1 % and 64.4 % amino ac % - (8)

identity with human UT-A2RanaUT, rat UT-A2, rat UT-B £ 100 T

and ShUT, respectively, approximately the level of identity of @ I

ShUT with mammalian UTs (Smith and Wright, 1999). g & i

Several signature sequences of characteristic domains of U g 501 t
(Karakashian et al., 1999), e.g. the LP box (residues 177-17¢ 5 I t (8)
the TYPE domain (residues 372-375), which is a potentic 5 25} (6) @ ®)
phosphorylation site, the P/YWW domain (amino acid residue 8 - ’_Y_h - .
94-96), which is part of a leucine zipper motif, and the NIT 0 Water T T UT-A2

potential N-glycosylation site (residues 205-207), are highl

conserved. Notably, the ALE domain, which is diagnostic oOFig. 2. Effects of toadfish urea transport protein (tUT) expression on
UT-B proteins (residues 215-217 in rat UT-B), is absent fronurea uptake by oocytes. Summary of the urea accumulated over a
tUT and all other UTs compared, strongly suggesting that tUperiod of 5min by water-injected control oocytes or oocytes
is a UT-A. The tUT protein also exhibits a primary structureexpressing tUT or rat UT-A2. Open columns show uptakes under
consistent with several hydrophobic regions in a pattern Simikcgntrol conditions. Filled .columns shpw uptakes aftgr pretreatment
to that of other UTs. A final notable difference between tuT%ith 0.5mmolf™ phioretin for 15min. The experiments were
and other UTs is the much longer C-terminal sequence, aPe/formed in oocytes from o animals, and the results have been
this stretch of tUT contains a potential amidation site (EGKK,normahzed to the value for the water-injected control group in each

. . . «case. Values are presented as mearsE.Mm. with the number of
and two potential phosphorylation sites (TEDE and TRQDAoocytes tested in parentheses. An asterisk indicates a significant

(Fig. 1). It is possible that this additional sequence is relatejncrease <0.05) in urea uptake compared with the water-injected

to the unique and rapid upregulation of urea transport in thcontrol group, and a double dagger denotes that phloretin caused a

toadfish qill. significant reduction in uptake compared with the paired control
Expression of tUT cRNA iXenopus laevisocytes induced group.
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Fig. 4. Representative time course of expression of toadfish urea
transport protein (tUT) mRNA in the gill of gulf toadfi€hpsanus

beta using northern analysis. (A) Membranes were probed using
32p-labelled full-length  random-primed tUT cDNA probe.
(B) Membranes from A were stripped and reprobed Wthlabelled
toadfish B-actin polymerase chain reaction product. Each lane
contained 2Qug of total RNA, and membranes were hybridized at
37°C in 50 % formamide. Final washes were irx83C, 0.5% SDS

at 37°C. Un, unconfined toadfish; Oh, pulsing toadfish; 6, 12 and
18h are times post-pulse.

Table 1.Expression of tUT mRNA relative fleactin mRNA in

Fig. 3. Tissue distribution of the toadfish urea transport protein (tUT)

the qill of the toadfis®psanus beta

using high-stringency northern analysis. Membranes were probed
using 32P-labelled full-length random-primed tUT cDNA probe and

hybridized at 48°C in 50% formamide. Final washes were in
0.1xSSC, 0.1% SDS at 65°C. Each lane containgd 8f poly(A)*
RNA. L, liver; K, kidney; G, qill; I, intestine; S, skin; R, red blood
cells. The unlabelled lane is a negative control with no tissue.
Analysis at low stringency (not shown) gave an identical pattern of
distribution. Markers show relative molecular mass. Arrowheads
mark bands of interest.

probes. A predominant band was seen at 1.8kb, which w
propose corresponds to tUT cDNA. A far less intense signz

tUT mRNA/

Experimental treatment B-actin mMRNA N

Unconfined 1.11+0.20 6
0h (pulsing) 1.18+0.11 7
4 h post-pulse 1.124+0.34 3
6 h post-pulse 1.26+0.42 4
12 h post-pulse 1.43+0.19 6
18h post-pulse 0.88+0.18 6

Values are means dEe.M.; no significant differences were found
by one-way ANOVA;F-ratio=0.83,P=0.54.
tUT, toadfish urea transport protein.

was seen at 3.5kb and may correspond to a larger tU

transcript. In mammals, the UT-A gene is known to give riseat liver suggests that a UT homologue may not be necessary
to at least four transcripts by alternative splicing (Sands et atg allow urea to exit the liver. Aquaporin 9 transports water
1997); our study suggests that at least two transcripts aemd has a broad specificity for non-charged solutes, including
present in toadfish gill. The results of our northern analysis angrea, polyols, purines and pyrimidines, in a phloretin- and
consistent with all the physiological evidence which points tanercury-sensitive manner (Ishibashi et al., 1998; Tsukaguchi,
the gill as the site of urea excretion in toadfish (Wood et al1998).

1995, 1998; Gilmour et al., 1998; Part et al., 1999). The lack Examination of the dynamics of tUT mRNA expression
of a UT-A2 mRNA signal in toadfish liver is puzzling, given reveal that it is statistically invariant (relative fbactin

that this is the site of urea production, and we had previouskyxpression) over the time course of our experiments (Fig. 4;

demonstrated a phloretin-sensitive urea efflux from toadfisffable 1), although there is a trend towards a peak at 12h and
hepatocytes (Walsh et al., 1994; Walsh and Wood, 1996a trough at 18h. (Note that expression of the 3.5kb band
However, the recent discovery of aquaporin 9 in human aneémained faint and invariant as well; results not shown.)
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Nonetheless, these data suggest that, if temporal regulation ofamphibian oocytes and eggs for analysis of transcription. In
tUT is important for the control of pulsatile urea excretion in Microinjection and Organelle Transplantation Techniged. J.

the toadfish gill, this regulation does not occur at the mRNA E. Celis, D. Agraessmann and A. Loytor), pp. 269-299. London:
level. In this regard, we have recently observed that Academic Press. . .
considerable membrane vesicle trafficking and fusion OHoopnkThsé -Lr EQQSr?ircagl‘JI?'tsé;?:hw2lzhésbt§§;2;?.bZildllsnlil?tlsasgen
e o e et e 0K araon o, Bl Li 200
P o P . ' o ‘il-|opk|ns, T. E., Wood, C. M. and Walsh, P. J(1995). Interactions
Walsh, _C' M. Wooq, P. Part, K. Gilmour, S. F. F’erry ar.]d Y. of cortisol and nitrogen metabolism in the ureogenic gulf toadfish
Wang, in preparation). These results are consistent with theoIosanus betal. Exp. Biol.198 22292235,

view that the tUT protein is expressed in vesicles, which argoue, T. J., Terris, C. A., Ecelbarger, C. L., Chou, S. and
then inserted into the membrane or otherwise activated Knepper, M. A. (1999). Vasopressin regulates apical targeting of
following a proximal stimulus. This vesicular shuttling mode aquaporin-2 but not of UT1 urea transporter in renal collecting duct.
of regulation has been demonstrated for the vasopressin-Am. J. Physiol276, F559-F566.

sensitive water transporter aquaporin 2 (although not for UTishibashi, K., Kuwahara, M., Gu, Y., Tanaka, Y., Marumo, F. and

1A) in mammalian kidney collecting duct (Inoue et al., 1999). Sasaki, S.(1998). Cloning and functional expression of a new
The cloning and characterization of tUT in this report will 2duaporin (AQP9) abundantly expressed in the peripheral
enable further studies (e.gin situ hybridization and leukocytes permeable to water and urea, but not to glycerol.

. - . . . Biochem. Biophys. Res. Comma@a4, 268-274.
immunocytochemistry) to test this hypothesis more directly fokarakashian A Timmer R.T. Klein 1. D. Gunn R.B.. Sands
the toadfish gill. P A J. D R. B, ,

. . . J. M. and Bagnasco, S. M(1999). Cloning and characterization
In summary, we have isolated the first cDNA encoding & of two new isoforms of the rat kidney urea transporter: UT-A3 and
teleost urea transporter and demonstrated that it has much inyT-a4. 3. Am. Soc. Nephrol0, 230-237.
common with its mammalian counterparts. This marks a majaMommsen, T. P. and Walsh, P. J.(1992). Biochemical and
step in unravelling the mechanism responsible for the rapid environmental perspectives on nitrogen metabolism in fishes.
pulsatile increase in toadfish gill urea permeability. Experientia48, 583-593.
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