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Summary

lodinated atrial natriuretic peptide (ANP) binding sites
were examined in the gills and ventral aorta of the adult
upstream-migrating lamprey Geotria australisusing tissue
section autoradiography,in vitro competition analysis and
affinity cross-linking, while guanylate cyclase assays were
performed on gill membranes of both adult and juvenile
lampreys. A partial natriuretic peptide (NP) receptor
sequence was amplified using reverse transcription/
polymerase chain reaction (RT-PCR). The results
indicated that there was specific NP binding to the aortic
endothelium and to pillar cell regions in the axial plate and
secondary lamellae. In competition studies, 50% of NP

65kDa under non-reducing conditions and at 85 and
65kDa under reducing conditions. Guanylate cyclase
assays demonstrated that, while no NP-stimulated GC
activity occurred in adult lampreys, NP-stimulated

enhancement of cyclic GMP accumulation was found in
juveniles in fresh water and more particularly in salt water.

RT-PCR amplified a 471basepair fragment with 68 %

amino acid sequence homology to the eel natriuretic
peptide receptor D (NPR-D). This study suggests that NP
binding sites in the adult gill and aorta are of an NPR-C/D
type, whereas an additional GC-coupled site exists in
juveniles.

binding was abolished by 4 nmoH! rat ANP, 35nmoll1
porcine C-type NP (CNP) and 45nmoH! C-ANF (a
truncated ANP). Affinity cross-linking followed by
SDS-PAGE demonstrated two binding sites at 205 and

Key words: lampreyeotria australis Agnatha, natriuretic peptide,
natriuretic peptide receptor.

Introduction

Early research on the natriuretic peptide (NP) system iguanosine ‘35'-cyclic monophosphate (cGMP) intracellular
mammals gave rise to the view that the main function of NPsecond messenger system, and the ‘clearance’ receptor (NPR-
atrial natriuretic peptide (ANP), brain natriuretic peptideC, a homodimer of a 65kDa protein), which is not coupled to
(BNP) and C-type natriuretic peptide (CNP), was to controguanylate cyclase (GC) activity (Rosensweig and Seidman,
salt and water balanoga primary and secondary effects on 1991). NPR-C was originally thus named because it was
the cardiovascular and renal systems (Breahal.1990). The believed to modulate the circulating concentrations of NPs by
nomenclature of this peptide family reflects its ability toremoving them from the blood (Maack, 1992). However,
stimulate renal salt excretion, a feature which, in combinatiosubsequent research has linked NPR-C with other second
with diuretic and vasodilatatory effects, reduces the systemimessenger systems (Anand-Srivastava and Trachte, 1993). At
blood volume and hence blood pressure. However, the mogast two GC-linked receptors have been identified, namely
recent research on the mammalian system indicates that tN®R-A and NPR-B. Although NPR-A binds ANP
functions of the above peptide family are wide-ranging angbreferentially, it will also bind BNP and to a lesser extent CNP,
complex, and include roles in the function of the centralvhereas NPR-B binds CNP almost exclusively.
nervous system, vascular remodelling and antiproliferation The discovery that a mammalian peptide system was
(see, for example, Anand-Srivastava and Trachte, 1993nplicated in salt and water balance suggested that NPs might
Espineret al. 1995). play a role in fish osmoregulation (Evans, 1990). Ensuing

In common with other peptide hormone systems, NPstudies quickly identified NP immunoreactivity in the heart,
require a plasma-membrane-bound receptor on target cells ptasma and brain of both agnathan and gnathostome fishes and
mediate their effectsvia intracellular second messenger demonstrated vasodilatatory and various iono- and osmo-
systems. There are two NP membrane-bound receptor (NPR)gulatory effects (Evans and Takei, 1992). The precise actions
types, namely the guanylate-cyclase-coupled receptod NPs in fish still await clarification (for general reviews, see
(molecular mass approximately 130kDa) that activate th&akei and Balment, 1993; Hagiwarat al. 1995). The
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traditional view that NPs act as saltwater hormones, becaudemonstrate NP binding characteristics in these tissues because
the circulating NP concentrations increase during saltwatehe native NP is not available. In addition, we have examined
adaptation (Evans and Takei, 1992), may need to bMP stimulation of guanylate cyclase activity and the apparent
reappraised in the light of recent data indicating that amolecular mass of putative lamprey NPRs in the gills using the
upregulation of gill NP receptors occurs in fresh wateheterologous NPs. We have also used polymerase chain
(Katafuchiet al. 1994; Takashimat al. 1995; Sakaguctét al.  reaction (PCR) on lamprey gill cDNA with primers designed
1996). Such findings become particularly relevant as there te conserved regions of NPR-C and NPR-D to identify a partial
now evidence that NPR-C may be linked with secondequence of a lamprey NPR.

messenger systems, as opposed to being a ‘silent’ clearance

receptor present only to modulate circulating concentrations of )

NPs (Maack, 1992; Anand-Srivastava and Trachte, 1993). Materials and methods

However, there is no doubt that the gills are a location for the Animal maintenance

clearance of NPs from the blood. Olson and Duff (1993) Adult pouched lamprey<Geotrila australis Gray were
demonstrated that 60 % of injected ANP is removed from th&apped in eel traps on the Derwent River, Tasmania, as they
circulation in a single pass through the gills of the rainbowvere migrating upstream, following the completion of the
trout Oncorhynchus mykisgurthermore, when the gills were marine trophic phase. They were held in running stream water
treated with an NPR-C inhibitor, the extracted proportion fellat the Salmon Ponds Hatchery, Plenty, Tasmania, before either
to 18%. The influence of receptor regulation on NP functiorissection at the site or shipment to Deakin University,
in fish has only just begun to be explored, although bindin@seelong, Australia, where they were held at 7°C in aerated
sites have been identified in the gills, kidneys, heart antecirculating fresh water before dissection. Juvenile (young
vasculature of all fishes examined (Donetdal. 1994, 1997; adult) lampreys were obtained just prior to their downstream
Duff and Olson, 1992; Kloast al.1988; Toopet al.1995,b).  migration to the sea by electrofishing in the Donnelly River,
Several NPRs have been cloned and sequenced from tWéestern Australia. They were transported to Murdoch
Japanese eelnguilla japonica NPR-B (Katafuchiet al.  University, Perth. All fish were held in appropriate aerated or
1994), NPR-C (Takashinait al. 1995) and a novel NPR, NPR- running water for at least a week prior to experiments. Half of
D, which is related to NPR-C (Kashiwagit al. 1995). the juveniles were progressively acclimated to full-strength sea
Recently, a fragment of the gill NPR-C has been cloned frorwater (35 %o) over 3 weeks and maintained in full-strength sea
the dogfishSqualus acanthiagDonaldet al. 1997). water for at least a further week before use. All animals were

Lampreys, together with the hagfishes, are the sole survivoahaesthetised in either MS222 (0.1 %) or benzocaine (0.01 %)
of the jawless (agnathan) stage in vertebrate evolutiohefore being killed by either decapitation or spinal cord
(Hardisty, 1979). Lampreys, such dSeotria australis  severance caudad to the brain. The gills and ventral aorta were
undergo an anadromous migration, i.e. they breed in fresfissected out, snap-frozen in liquid nitrogen and stored at
water and feed (grow) mainly in the sea, and therefore requir€70 °C until use. Adult upstream-migrating lampreys were
sophisticated mechanisms of osmotic control. The lampreyssed in all parts of this study. The freshwater (FW) and
can thus be contrasted with the stenohaline hagfishes, whishltwater (SW) juveniles were used for guanylate cyclase assay
are essentially iso-osmotic to sea water and thus apparengiudies only.
have no osmotic problems in the marine environment
(Hardisty, 1979) and possess a well-developed NP system Autoradiography
(Reineckeet al. 1987; Evanst al. 1989; Kloaset al. 1988; The gills and ventral aorta of three upstream-migrating adult
Donald et al. 1992; Toopet al. 1995,b). To date, the only lampreys were freeze-mounted in Tissue Tek (Miles Inc.
study on the NP system of lampreys is that of Freeman ariglkhart, Indiana, USA) and sectioned on a microtome cryostat
Bernard (1990), which indicated that the plasma ANRCryocut E, Reichert-Jung). Sections [(8) were mounted on
immunoreactivity ofPetromyzon marinusicreased following  gelatine—chromium aluminium-coated slides and dried at 45 °C
acclimation to sea water. for 1 h. The sections were stored in sealed boxe2@tC.

The following study was undertaken to characterise NP Autoradiography was performed according to previously
binding sites in the gills and ventral aorta of the pouche@stablished methods (Toepal.199%). Briefly, sections were
lampreyGeotria australisand to compare them with the NP preincubated for 15min at room temperature (20°C) in
binding site profiles that have been observed in the hagfishé®) mmol 1 Tris—=HCI buffer (pH7.4), 50 mmot} NaCl,
on the one hand, and in the gnathostome fishes, on the oth@mmol 1 MgClz, 0.1% bovine serum albumin (BSA) and
The juveniles (young adults) @eotria australis both prior  0.05% bacitracin. The sections were then incubated for 2 h in
to and after ‘entry’ into sea water, and the fully grown adultthe same buffer supplemented withugiml~1 leupeptin,
of this species caught following their re-entry into fresh wateRpgmi~1 chymostatin, figml™? pepstatin, fmoll1
on their spawning run were used in order to determine whethehenylmethylsulphonylfluoride (PMFS) and 0.2 nmbltat
changes occurred during the life cycle and, if so, whether the{@-[123]iodotyrosoP®) atrial natriuretic peptide ¥3]ANP,
were attributable to the lamprey having been in salt water. We4 TBgmmot?; Amersham, UK). Nonspecific binding was
have used mammalian NPs as pharmacological tools tetermined in adjacent sections in the presenceuofall™2
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unlabelled rat 3-28 ANP (rANP, Auspep, Victoria). The ability protein was incubated in 250 of the same incubation buffer
of 1umoll~® porcine CNP (pCNP, Auspep, Victoria) and that was used for autoradiography plus 25 pmdi29]ANP
1umol -1 rat des[GIA8 Sel9 Gly20 Lel?l,Gly2JANP-(4-23)-  with the unlabelled peptides rANP, C-ANF and pCNP present
NH2 (C-ANF; Peninsula Laboratories, California, USA) to in increasing concentrations (£8to 10%mollI-1). Mixtures
compete for specific radiolabelled NP binding sites was alsaere incubated for 2h and the reaction was stopped with the
determined in adjacent sections. C-ANF is a truncated ANRddition of 2ml of ice-cold 50 mmat} Tris—HCI (pH 7.4). The
that binds only to NPR-C in mammals and to putative NPR-®ound ligand was separated from the free ligand by vacuum-
in a range of fish tissues (Maaek al. 1987; Donaldet al.  filtering through Whatman GF/C filters treated with 1%
1997). An incubation time of 2h was chosen because pilgiolyethylenimine. Filters were rinsed with 5ml of the ice-cold
studies had indicated that maximum binding was achieved istop solution, and radioactivity was counted on a Minax
this time. We consider that mammalian NPs are appropriate fgamma Auto-gamma 5000 series (United Technologies,
use as a tool because many piscine studies now confirm thiRgackard Instrument Company, lllinois, USA) at 75%
the most important consideration for the specificity of ligand€fficiency.
for NPR is the type of NP assayed (i.e. ANP, BNP, CNP or C-
ANF), rather than the native ligand itself (Evasisal. 1993; Affinity cross-linking
Kashiwagiet al. 1995; Donaldet al. 1997). Gill membrane protein (75g) was incubated in incubation
Slides were subsequently washed (twice for 10 min at 4 °Qyuffer with 0.25 nmolt! iodinated peptide in the presence or
in 50mmol ! Tris—HCI buffer, fixed for 20min in 4% absence of excess unlabelled rANP or C-ANF. The final
formaldehyde in 0.1 mot} phosphate buffer (pH7.4, 4°C), incubation volume was 2%0. Affinity cross-linking was
washed in 0.1 moft phosphate buffer (pH 7.4, 4°C) and then performed using the method described by Magtial. (1989).
in distilled water (1min), dehydrated through alcohols and~ollowing incubation, the covalent cross-linking agent
dried for several hours at 60°C. Sections were apposed tlisuccimidyl suberate (DSS; Pierce) in dimethylsulphoxide
Hyperfilmmax (Amersham, UK) for 5-14 days at roomwas added to a final concentration of 1 mmblland the
temperature (20°C). The film was processed using Kodakixture was left to react for 20 min at 20°C. The activity of
GBX developer (4 min), rinsed in water (2 min) and fixed withthe cross-linker was arrested by the addition of an equal
Kodak GBX fixer (5 min). To examine binding sites using lightvolume of quench buffer (400 mmotH EDTA and 1 moltl
microscopy, some sections were dipped in nuclear trackris—HCI, pH 6.8). Membranes were centrifuged in a benchtop
emulsion (Hypercoat, Amersham, UK) according to themicrocentrifuge at 13,80§for 20 min to pellet the membranes
manufacturer’s instructions. Sections were stored for 2 weekad bound hormone, which were resuspended jud 8Deither
at 4 °C, before development as above. Following developmempnreducing or reducing buffer for SDS-PAGE (62.5 mmiol |
the sections were stained with haematoxylin and eosin and th&nis—HCI, pH6.8, 2% SDS, 5% glycerol, 0.01%
photographed. Bromophenol Blue; 2%3-mercaptoethanol was added for
reducing gels) and then boiled for 4 min. Samples, including
Membrane preparation one of molecular mass markers (30000-200000kDa), were
Membrane preparations from the gills of individual adultloaded onto a 7.5% unidimensional polyacrylamide gel and
upstream-migrant lampreys were used for competition bindinglectrophoresed at 200V. Gels were stained with Coomassie
studies and affinity cross-linking and sodium dodecylsulphat8rilliant Blue (Bio-Rad), dried, and apposed to Hyperfilm MP
polyacrylamide gel electrophoresis (SDS—PAGE). For(Amersham, UK) for 2 weeks at 20 °C. Films were developed
guanylate cyclase assays, membrane preparations wee described above. Molecular masses of subsequent bands
obtained from the gills of upstream-migrant adults and FWwere determined as predicted values from the regression
and SW-acclimated juveniles. Frozen gills were homogeniseglquations of the negative logarithm of relative mobiligysus
in 5ml of ice-cold 50mmolt Tris—HCI and 1mmot!  molecular mass standards for each gel, and the apparent
NaHCG; (pH 7.4). The homogenate was diluted with 5ml of molecular masses are reported as averaged values from three
50mmol ! Tris=HCI, 1mmoltl EDTA and 1mmoltl  gels.
MgCl2 (pH 7.4), and centrifuged at 8§0for 10 min at 4 °C.
The supernatant was collected through gauze and subsequently Guanylate cyclase assays
centrifuged at 30 009for 20 min. The pellet was washed with  Potential GC activity associated with the binding of NPs to
50 mmol It Tris—=HCI (pH 7.4) and 250 mmot} sucrose and gill membranes was assayed according to previously published
resuspended in 4Q0 of the same sucrose buffer. Protein protocols (Tooget al.1995). Gill protein (5Qug) was assayed
concentration was determined using a BCA protein assay kihn ~ GC  buffer (50mmoH!  Tris—HCI, 2mmoltl
(Pierce) calibrated against bovine serum albumin standardsobutylmethylxanthine, IBMX, 10mmot} creatine
Membranes were stored-&20 °C and used within 1 month of phosphate, 1000i.u.m creatine phosphokinase, 4 mntal|
preparation. MnClz, 1mmoll GTP and increasing concentrations of
rANP, pCNP and C-ANF) in a final volume of 1400 The
Radioligand binding assays basal rate of cGMP generation was determined in tubes without
For competition binding studies, p@ of gill membrane ligand. Following a 15min incubation at 20°C, the reaction
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was terminated by the addition of 4 mnBIEDTA. The tubes
were boiled for 3 min and centrifuged at 28d0r 15 min. The )
supernatant was collected and frozen, and the cGMP content
was determined by radioimmunoassay (cGMP RIA Kkit,
Amersham, UK). Radioactivity was counted on a 2000 CA Tri-
Carb liquid scintillation analyser (United Technologies,
Packard Instrument Company, Illinois, USA). Adult upstream-
migrating and FW and SW juveniles were used in GC assays.
Data were analysed by analysis of variance (ANOVA) using
Statview SE. Fig. 1. Photomicrographs of X-ray-sensitive emulsion-dipped
longitudinal sections through the ventral aorta of an adult upstream-

Molecular cloning migrant Geotria australis.(A) Silver grains indicate the specific
binding of [29]ANP to the vascular endothelium (arrowhead).
(B) Specific binding is abolished in the presence bl -1 rANP.
pCNP and C-ANF also abolished specific binding in the same
manner as shown in B. Scale barpst

Gill total RNA was isolated by the acid-phenol technique
(Chomczynski and Sacchi, 1987). Total RNA was transcribe
into first-strand cDNA using SuperScript Il RT reverse
transcriptase according to the manufacturer's (Life
Technologies) protocol. Degenerate primers, based ¢
conserved regions from aligned bovine, human and eel NP!
C cDNA sequences, were used for PCR, and computer analy
predicted amplification of a 470 base pair (bp) product. PC|
was carried out using the following fDreaction mixture:
1xPCR buffer, dNTPs, O moll~l forward and reverse
primers,TagBead Hot Start Polymerase (Promega), 6 mmol |
MgCl2 and 50ng of gill cDNA. An initial cycle of 5min at
94°C, 2min at 60°C and 2min at 75°C was followed by 3¢
cycles of 1 min at 94°C and 2min at 60 °C, dropping to 50 °(
by the seventh cycle, and 2min at 75°Cull@f the PCR
reaction was run on a 1% agarose gel to confirm that a ba
was present at approximately 470bp. The remainder of tt
PCR reaction was precipitated in isopropanol and 4tholl
ammonium acetate. The precipitated DNA was cloned into
pCR2.1 plasmid (Invitrogen), and five positive clones wer:
isolated and sequenced on an Applied Biosystems automal
sequencer (Westmead Hospital, Sydney, Australia) in bot
directions. The sequence was analysed using BLAST (Nation
Centre for Biotechnology Information).

Results
Autoradiography and competition binding

Specific [29]ANP binding was observed on the endothelial
layer of the ventral aorta of the adult upstream-migrar
lampreys (Fig. 1A, arrowhead), this binding being displace:
by the addition of imoll~! rANP (Fig. 1B), pCNP and C-
ANF (not shown). In order to orient the reader to the cryostégijg 2 photomicrograph of an oblique-transverse section through a
sections of the gill used in this study, a formalin-fixed,gil filament of an adult upstream-migraBeotria australis stained
paraffin-wax-embedded section of a gill filament in awith haematoxylin and eosin. Regions 1, 2, and 3 refer to regions of
transverse-obligue plane was cut and stained witlgill shown in Fig. 3; e, efferent filamental artery; L, secondary
haematoxylin and eosin and labelled to illustrate the regions lamella; m, marginal channel; ap, axial plate; cb, cavernous body;
interest (Fig. 2). Emulsion-dipped cryostat sections showefb, fat body; v, filament vein; a, afferent filamental artery. Scale bar,
specific [29]ANP binding in the adult upstream migrant gill 100pm.

(Fig. 3A,C,E), which was completely displaced by cold rANP

(Fig. 3B,D,F, pCNP and C-ANF (not shown). Binding in the

gill appeared to be confined to the endothelial area of thieinding pattern in the secondary lamellae, it appears likely that
secondary lamellae (Fig. 3C,E), the marginal channelbinding occurred over regions of pillar cells (Nakao and

(Fig. 3A) and axial plate (Fig. 3C,E). From the globularUchinomiya, 1978). Pillar cells are also found in the axial
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Fig. 3. Photomicrographs of X-ray-sensitive emulsion-dipped serial oblique-transverse sections through a gill flament plipstradai-
migrantGeotria australis A and B correspond to region 1 in Fig. 2, C and D to region 2 in Fig. 2, and E and F to region 3 in Fig. 2. (A) Specific
[129]ANP binding occurs in the afferent region of the filament. Binding is observed on the marginal channels (m) and secotidargl}ame

No binding is observed on cavernous body (cb) or on the afferent filamental artery (a). (C) Sp#étitH binding in the central region of the
filament to the axial plate (ap) and the secondary lamellae (L). (E) SpE&iBNIP binding in the efferent region of the gill. Specific binding
occurs on the axial plate (ap) and the secondary lamellae (L), but not on the efferent filamental artery (e). (B,D,F) Abisdeifiis
abolished by the addition ofmol 1”1 rANP. Results from the addition ofuinol I pCNP and C-ANF were identical. Scale bar, L@

plate, but whether binding occurs over pillar cells in this areafferent or efferent filament arteries or on epithelial tissue (Fig.
cannot be established. No specific binding was observed on tB4,E).
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Fig. 4. Competition curves, reflecting the relative abilities of rANP,Fig. 5. Relative effects of increasing concentrations of rANP on
pCNP and C-ANF at increasing concentrations to compete fccGMP production in gill membrane preparations from adult
[129]ANP-specific binding sites. Values are meanset. for eight  upstream-migrating lamprey&éotria australi, juvenile lampreys
individual gill membrane preparations from adult upstream-in fresh water (FW) and salt water (SW) and Atlantic had¥igkine
migratingGeotria australis glutinosa(data from Toopet al. 1995). Value are means .M. for
membrane preparations from five individuals in each group.

Competition studies of the adult upstream-migrant gill

membranes showed a dose-dependent decrease]ANIP A . : B8 B ! - 205
binding with increasing concentrations of cold peptides * E B3 ,

(Fig. 4). rANP competed for 50 % of iodinated binding sites a !

4nmol 1, whereas pCNP and C-ANF competed for 50 % of

the sites at 35 and 45 nmot kespectively.

Guanylate cyclase assays

Rat ANP failed to stimulate guanylate cyclase activity above
basal rates in isolated gill membrane preparations from tr

adult upstream-migrating lamprey (Fig. 5). Porcine CNP an < 85
C-ANF also failed to stimulate cGMP production in these .‘=

adults (not shown). However, Quinoll~ and lumoll?

rANP stimulated cGMP production above basal rates in bot . . < 65
FW- and SW-acclimated juvenile lamprels0.0001, Fig. 5). f

In FW juveniles, the rates increased to 126+8 % and 13314 ¢ |
(means #s.e.m.) of basal rates at Ouinol =1 and dumol 12 :

rANP, respectively. In SW juveniles, the rates increased abo\ -
basal rates to 142+14 % at Quhol "2 rANP and to 1839 % 1 '.-2? 3
(means 1s.e.M.) at Jumol =1 rANP. There was no significant .
difference between the rates in FW and SW juveniles, excefig. 6. Autoradiograph of SDS—polyacrylamide gel electrophoresis
that the rate for SW juveniles atpmoll™ rANP was  of affinity cross-linked 9JANP to gill membrane binding sites
significantly different from all other lamprey valu€%-0.002).  from adult upstream-migrarGeotria australisunder non-reducing
Neither pCNP nor C-ANF was assayed for guanylate cyclas(A) and reducing (B) conditions. Specifically labelled bands indicate
stimulation in juveniles in this study. Stimulation of guanylateapparent molecular masses of 205 and 65kDa under non-reducing
cyclase activity by rANP in gill membranes isolated from theconditions (A, lane 1), and 85 and 65kDa under reducing conditions
Atlantic hagfishMyxine glutinosa previously described by (B, lane 1). Cross-linking of radiolabelled ligand was inhibited by

Toopet al.(1995), is also shown for comparison (Fig. 5).  the presence ofpimol "t rANP (A and B, lanes 2) andtnol I+ C-
ANF (A and B, lanes 3).

Affinity cross-linking and SDS-PAGE

Affinity cross-linking of [29]JANP to gill membranes
followed by SDS—-PAGE under non-reducing conditionsof 205kDa and 65kDa (Fig. 6A, lane 1). The 65kDa band was
revealed two binding sites with the apparent molecular masse$ greater density than the 205kDa band. Both bands were
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GAGCGGAATTGI TATTTCACAATGGAAGGGEGTGCACCTCAAATTCATGGAGGAATATCAG 60
ERNCYFTMEGVHLIKFMETEYQ

ACTGTCACCTATGCCATCAACT CTAAAGAT GAGCGCCT GAACACAGACGAAATCATCAAA 120
TV TYAI NSKDERLNTWDTETI I K

TATATCTACGAGAGTGAAGT TGTTATCATGT GT GOGGGAGCTGACATGGT CCGAGACATC 180
Yyl YESEVVI MCAGADMVRDI

ATGCTAGCTGCTCATCGACGGAGECT CACTAATGECAGCTACATCTTCTTCAACATCGAA 240
ML AAHRRRLTNGSYIl FFNI E

CTCTTCAACTCCACATCT TATGECAACGCECT CGT GGAAGCGAGGEGATAAGCACGACAGT 300
L FNSTSYGNGSWKIRGDIKHTDS

Flg. 7. Nucleotide sequence an_d_ deduced amln_oGA CAAGAGTACTCT CAACACGGTCACGCTGT OCGTCAAACCA 360
acid sequence of a PC;R-amphﬂed 471basepairg 5T R QE Y S AEC:L: N TV TLL CRCGGT‘ V K P

cDNA fragment of putative NPR-D from lamprey

Geotria australiggill. Primer sites are underlined. GAATTTGAGCAATTCTCTCTAGAGGT CAAGAGGT CCATTCAGAAGGCTGRCCTACCGGAC 420
Cysteine residues appear in bold underlined type. & F E Q F S L E V K R S 1 Q K A G L P D

Numbers to the right indicate the base pair TGTGACGACTGTGACAACATCAACATGTTCATCGAAGGCTTTCACGATGCT 471
number. CDDCDNI NMFI EGFHDA

displaced by the addition ofpinoll~ rANP and C-ANF primer sequence), 51 and 141 were conserved between the eel
(Fig. 6A, lanes 2 and 3, respectively). Under reducingN\PR-D and the lamprey sequence (all cysteines are indicated
conditions, the 65kDa band remained the dominant bandh bold and numbered according to the lamprey sequence in
whereas the 205kDa band was replaced by a band with &ig. 8); the cysteines at positions 4 and 51 are also conserved
apparent molecular mass of 85kDa (Fig. 6B, lane 1). Botin vertebrate NPR-C sequences. An additional cysteine is
bands were again displaced buriol |1 C-ANF and rANP  present in the lamprey sequence (position 144) that appears to
(Fig. 6B, lanes 2 and 3, respectively). be unique (Fig. 8).

Molecular cloning

PCR of cDNA isolated from the lamprey gill, using Discussion
degenerate primers specific for NPR-C, resulted in the The location of }29]ANP binding sites in the adult
amplification of a 471 bp product that was subsequently clonaegpstream migrants oGeotria australis demonstrates that
and sequenced; the amino acid sequence was deduced fromgpecific binding occurred in the endothelium of the ventral
resulting nucleotide sequence (Fig. 7). Computer comparisamorta (Fig. 1) and in large areas of the gill endothelium and
of the amino acid sequence with known NPR-C and NPR-DParticularly the pillar cell regions (Fig. 3). Binding was also
protein sequences demonstrated the closest homology with tgeeater in the efferent than in the afferent parts of the gill
eel NPR-D (68 %) and a 63 % homology with the eel NPR-C(Fig. 3). The fact that specific binding of2}]ANP to the
The cysteines at amino acid positions 4 (part of the forwardentral aorta was displaced byrhol "1 rANP, pCNP and C-

laNPR 1 ERNCYFTMEGVH- - LKFMEEYQTVTYAI NSKDERLNTDE! | KYI YESE- WI MCAGADWR
Fig. 8. Amino acid sequence of the eNPR- D 176 QRNCYFTLEGVHNI LK- TENVHI DALNI HSKDNKVDSDEI | KLI YDSE- VI | MCAGAD! | R
putative NPR-D fragment from ++++++ -+ + + +++ +++++ ++ -+ + .+
- o eNPR-C 175 ERNCYFTI EGVHSSLH VEGYKVDSWI H KDHRVETDE! | KDI YKTEAVWVMCAGGDTVR
'ampreyede"t_rf ";‘]“Stra“sg'" ("'?‘NPRf) ho SNPR ERNCYFTVEGVHVAFVGQDYSMHSI SI - YDEEDQVD- - HI VQEI QDNARI VI MCASSHTI R
compared with the same region of the p\pr ¢ 206 ERNCFFTLEGVHEVF- - QEEGLHTSAYNFDETKDLDLEDI VRHI QASERWI MCASSDTI R
eel NPR-D (eNPR-D) sequence and *okk kk kkkk * * >k *
various NPR-C sequences. + indicates
homology between eel NPR-D and !|aNPR 59  VRDI M.AAHRRRLTNGSYI FFNI ELFNSTSYGNGSWKRGDKHDSEARGEYSALNTVTLLRT
e o eNPR-D 233 | RDI MLAAHRRRLTNGSY! FFNI ELFNSSSYGNGSVWKRGDKFDVDAKQAYATLNTVTLLRT
the lamprey sequence; * indicates T i o 2 e e e it o e

homology with eNPR-D, shark NPR  eNpR. C 232 VRDI M_AAHRRRLTSGGY! FFNI ELFNSSSYGDGSWRRGDKYDAEAKL AYSALNVWTLMRT

(sNPR) and bovine NPR-C (bNPR-C). sNPR I RKI MLAAHRQGMTNGDYVFFNI EL FNSSL YGNGSVKQGEDKFDPEAKQAYQSL QTVTLLRT

Cysteines are in underlined bold type. bNPR-C 263 | RG MLAAHRHGMI'SGDYAFFNI EL FNSSFYGDGSWKRGDKFDPEAKQAYQSLQTVTLLRT
* *

* *kkkkk*k * * k% *kkkkkkkk*k *k k*k%k *kk * * **k k*%
Numbers to the left correspond to the

respective amino acid positions in the | \\pr 120 VKPEFEQFSLEVKRS! QKAGLPDCDDCDNI NVFI EGFHDA
lamprey fragment, the eel NPR-D and eNPR-D 294 VKPEFEDFSMEVKKSLQKAG RHCDS- DNI NVFVEGFHDA

the eel and bovine NPR-C. Sequences +H++++ o+ + ++  ++++ b
for Comparison were obtained from €eNPR-C 293 AKAEFETFTTEVKKSI QRAG GP- - DSANVNIVFMEGFHDA
BLAST (National Centre for SNPR AKPEFHKFAADVRNKSRHQ YDL TSECDNVNMVFVEGFHDA

. . bNPR- C 324 AKPEFEKFSMEVKSSVEKQ - GL- SEEDYVNMFVEGFHDA
Biotechnology Information). * %k % -
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ANF contrasts with the situation regarding binding to thebe interesting to determine whether the reverse situation is
vascular endothelium which occurs in the hagfdixine  true for adult upstream migrants, in which NP-stimulated GC
glutinosa in which specific T24]ANP binding was only activity might be progressively arrested as the adults enter the
displaced by rANP and#9]CNP failed to bind (Toopet al.  estuaries. Future studies will also determine whether CNP
199%). The displacement of binding in the lamprey aortastimulates guanylate cyclase activity in juveniles.
strongly suggests that the major binding site is of the NPRnterestingly, Takei and Balment (1993) report that
C/D type, which is consistent with the fact that thestimulation of GC activity by ANP occurred in saltwater but
predominant NPR in the mammalian vasculature is NPR-@ot freshwater troubncorhynchus mykisghereby mirroring
(Anand-Srivastava and Trachte, 1993). The distribution of NBhe results observed here in juvenile and adult lampreys
binding sites in the lamprey gill is similar to that ®¥{]CNP  (Fig. 5).
binding sites in the gill of the dogfisBqualus acanthias The apparent molecular mass of binding sites, as shown by
(Donaldet al. 1997) and to some extent that of NP bindingaffinity cross-linking and SDS-PAGE (Fig. 6), differs from
sites in the hagfistMyxine glutinosa(Toop et al. 199%), the apparent molecular mass of hagfish binding sites, in which
although it is not known whether binding occurred overa single site was revealed under reducing conditions at
epithelial or endothelial tissue in the respiratory lamellae 0150 kDa (Toopet al. 1995). This binding site was displaced
the latter agnathan. Specifi€2fiJANP binding sites in the by rANP, but only partially by C-ANF. In the toadfish, NP
teleost gill, however, seem to vary according to species. In tH#nding sites were observed at 140 and 75 kDa under reducing
toadfishOpsanus betaNP binding occurs to a greater extentconditions (Donalcet al. 1994). In a two-receptor system, the
on the qill vasculature than on the secondary lamellae but, &C receptors would be expected to migrate at approximately
in the lamprey, appears to be more concentrated in the efferef80-140kDa under reducing conditions, whereas the
than in the afferent regions of the gill (Donaldal.1994). In  monomer of the dimeric NPR-C receptor would be expected
the eel Anguilla japonica strong specific binding was to migrate at approximately 65-75kDa. The size of the
observed in the chondrocytes of the gill cartilage, whereasinding site of the hagfish therefore appears to be close to that
only weak binding occurred in the secondary lamellae andf an expected GC receptor, whereas the toadfish appears to
interlamellar cells (Sakaguclat al. 1993). In the antarctic have two sites with the approximate molecular masses
fishesChionodraco hamatuand Pagothenia bernacchiiNP  observed for both GC and NPR-C receptors. In contrast, a band
binding was densest on the interlamellar chloride cellsat 65kDa appears under reducing conditions in upstream-
implying that, in these cells, NPs play a role in ion transporinigrant lampreys, which is consistent with an NPR-C type,
(Uva et al. 1993). Specific binding in the trout is located onbut an additional band at 85kDa appears, with no apparent
the efferent vasculature and also on the chondrocytes in gitland at the size predicted for a GC receptor (Fig. 6B). In view
cartilage (M. Powell, personal communication). of the lack of GC activation by NPs in the FW upstream
It is clear from binding studies in the gills of all fishesmigrant, it is not surprising that there is no evidence of a GC
studied, and now also in the lamprey, that the majority of siteeceptor from affinity cross-linking. However, the additional
are probably of the NPR-C/D type. In the present study85kDa band still needs to be accounted for. Under non-
displacement of specific binding in both autoradiography andeducing conditions (Fig. 6A), the 65kDa band remains, but
competition assays indicates that CNP and C-ANF competée 85kDa band is lost and a 205 kDa band appears, suggesting
for [129]ANP binding sites and displace virtually all of the that the 85kDa site is an oligomeric species in the membrane.
specific binding at fimoll~l, which suggests that a The presence of a strong band at 65kDa is surprising since
‘clearance’-type receptor is present. The lack of NPNPR-C is dimeric under non-reducing conditions and migrates
stimulated cGMP production in upstream-migrant lampreyst approximately 130-140kDa, together with the GC-type
indicates that a GC-type binding site is absent at the level ®PR. Whether this finding may be interpreted as a monomeric
sensitivity of this assay (Fig. 5). This finding contrasts withform of NPR-C in the membrane is not known. Analysis of
the fact that NP-stimulated GC activity occurs in the gills oNP affinity cross-linking and SDS—PAGE of membranes from
the hagfish, dogfish and toadfish in salt water, as determinedltured COS-7 cells expressing the novel eel receptor NPR-
by GC assay (Donaldt al. 1994, 1997; Toogt al. 1995). D revealed a binding pattern similar to that observed in the
Additionally, in upstream-migrant adult lampreys, CNP andamprey (Kashiwaget al. 1995). The eel NPR-D is reported
C-ANF failed to stimulate GC activity. In the case ofto be a tetramer of approximately 240 kDa. However, instead
lampreys, ANP GC stimulation would appear to be linked t@f being reduced to an 85kDa protein, as is the case in the
developmental stage as well as to environmental salinitfamprey, it forms a 65kDa monomer on reduction (Kashiwagi
since the NP-stimulated GC activity in FW-acclimatedet al. 1995).
juveniles was not as pronounced as that observed in SW-Additional evidence from our lamprey study that a major
acclimated juveniles (Fig. 5). This observation suggests th&inding site in the lamprey gill is NPR-D is provided by the
a developmental trigger initiates the process of GC receptdact that the PCR product of a fragment of NPR shows
upregulation before the juveniles have reached salt water, boonsiderable homology to the eel NPR-D (Figs 7, 8). PCR
that the stimulation of GC activity by NP is not fully primers were designed to amplify NPR-C, and coincidently
developed until the animals are in 100 % salt water. It wouldNPR-D, fragments from the extracellular binding domains of



Natriuretic peptide binding sites in the lamprey gllB07

these NPRs. Five separate clones from the resultant PCR band References
were sequenced, each producing the same sequence, whicAIBND-SRIVASTAVA, M. B. AND TRACHTE, G. J. (1993). Atrial
shown in Figs 7 and 8. Apart from showing the greatest natriuretic factor receptors and signal transduction mechanisms.
sequence homology to the eel NPR-D (68 %), the sequencePharmac. Rewds, 455-497.
also contained a cysteine residue at position 141, which w&EENNER B. M., BALLERMANN, B. J., GINNING, M. E. AND ZEIDEL,
hitherto unique to the eel NPR-D and is not shared with the M. L. (1990). Diverse biological actions of atrial natriuretic

. - - peptide.Physiol. Rev70, 665-699.
NPR._.C from any other species gxammed (Fig. 8_)'CHOMCZYNCKI, P.AND SaccHi, N. (1987). Single-step method of RNA
Additionally, the lamprey sequence contains a novel cysteine

X o T S isolation by acid guanidinium thiocyanate—phenol—chloroform
residue at position 144, which is not observed in either the gygraction.Analyt. Biochem162 156-159.

NPR-C or the NPR-D, indicating that the tertiary and/orponacp, J. A., Toor, T. AND Evans, D. H. (1994). Localization and
quaternary structure may be different in the lamprey. The exactanalysis of natriuretic peptide receptors in the gills of the gulf
identification and structure of this lamprey NPR will be toadfish, Opsanus beta(Teleostei). Am. J. Physiol. 267,
revealed by complete sequencing and molecular analysis. R1437-R1444.

In summary, the NP binding sites in the gill and ventral aort&0oNALD, J. A., Toor, T. AND Evans, D. H. (1997). Distribution and
of the lampreyGeotria australisare not similar to those of the chgracterizgtion of natriuretic pgptide receptors in the gills of the
hagfishMyxine glutinosa(Toop et al. 1995,b). This lack of spiny dogfish, Squalus acanthias. Gen. comp. Endod0§

2 . 338-347.
e e e O e e oo, 3. A Vo, & 3 i Ev, D W, (158)
9 group Immunohistochemical localisation of natriuretic peptides in the

Iamp.reys and hagflshe§ are not closely related (Forey andbrains and hearts of the spiny dogfBhualus acanthiaand the
Janvier, 1993). Indeed, since lampreys are now regarded as Morgantic hagfishMyxine glutinosa. Cell Tissue R&0, 535-545.
closely related to gnathostomes than the hagfishes, it is relevaiifer, D. W. anp OLson, K. R. (1992). Atrial natriuretic peptide
that NP binding sites in the lampreys appear to be mainly of clearance receptors in trout: effects of receptor inhibitiowivo.

a non-GC type (i.e. NPR-C/D-like), as is the case in J. exp. Zool262 343-346.

gnathostomous fishes. The location of binding sites in the regid#sPINER E., RcHARDS, M., YaNDLE, T. AND NicHoLLs, G. (1995).

of pillar cells suggests either that the binding site in question hasNatriuretic hormonesEndocr. Metab. Clinics North Am24,

a clearance function to remove NPs from the circulation or that 481-509 _ , .

the binding site is linked to second messenger systems other tr%\fiﬁwﬁ'sr?'o ;'h(c}izz)lé ﬁgrimsgggh;‘:&f%rza:;rgg‘c peptide hormone
cGMP, as has been suggested to be the case with the mamma]lzlaBNS, D. H. Girouras E. AnD Pave, J. A. (1989).

NPR-C (Anand-Srivastava and Trachte, 1993). The clearance 0¥Immunoreactive atriopeptin in plasma of fishes: its potential role in

NPs_a.t. the gills from thg I'amprey circulation is indeed a gill hemodynamicsAm. J. Physiol257, R939-R945.
possibility because the majority of the NPRs are located on the,,\s, D. H., Donalp, J. AND SribHam, J. D. (1993). C-type

pillar cells, which are in direct contact with the perfused blood. natriuretic peptides are not particularly potent stimulators of hagfish
Clearance of NPs at the gills has already been observed in troutMyxine glutinosayascular smooth musclBull. Mt Desert Island
(Olson and Duff, 1993) and is therefore also likely in the biol. Lab.32, 106.

lamprey, although this must await confirmatory studies. IrEvans, D. H. anp Takel, Y. (1992). A putative role for natriuretic
addition, since pillar cells may have contractile properties, peptides in fish osmoregulatioNews. physiol. Sc¥, 15-19.
enabling blood flow through the lamellar spaces to be regulatédRRELL, A. P., ®BIN, S. S., RNDALL, D. J.AND CroSBY, S. (1980).
(Farrellet al. 1980), it is possible that NPs regulate blood flow Intralamellar blood flow patterns in fish gillsm. J. Physiol239

through the lamellae by binding and stimulating non-cGMP R428-R436.

s . . REY, P.AND JaNVIER, P. (1993). Agnathans and the origin of jawed
second messenger systems in pillar cells. While the gills of F\vaertebratesNature%l 129-134.

adult migrants clearly lack NP-.stimuIated GC a,Ct,iVit.y’ indicatiV.eFREEMAN, J. D.AND BERNARD, R. A. (1990). Atrial natriuretic peptide

of GC-type receptors, ANP-stimulated GC activity is present in gnq salt adaptation in the sea lamprégtromyzon marinus.

FW juveniles and to an even greater extent in SW juveniles. This physiologist33, A38.

suggests that there is a developmental/environmental switch th@tciwara, H., HRosE S.anD Takel, Y. (1995). Natriuretic peptides

results in an upregulation of a putative GC-type NPR in the and their receptorgool. Sci.12, 141-149.

saltwater phase of the life-cycle. HarDISTY, M. W. (1979). Biology of the Cyclostomed.ondon:
Chapman & Hall. 429pp.

Our gratitude is expressed to David Morgan for collecting$ASHIWAGI, M., KATAFUCHI, T., KaTo, A., INUYAMA, H., ITO, T,
juvenile Geotria australisand to Andrew Sanger and Kevin ~HAGWARA, H., Takel, Y. AND HIROSE S. (1995). Cloning and
Langey of the Inland Fisheries Commission, Hobart, ETOpﬁrt'ezs?f ionzovia(l)gatnuretlc peptide receptor, NPREM. J.
Tasmania, for the provision of the adults. John Donald i lochem 233 102-109.

hanked for hi h hi . d ATAFUCHI, T., TAKASHIMA, A., KasHiwaGl, M., HaGciwARrRA, H.,
thanked for his photographic assistance and comments on t eTAKEI, Y. AND HIROSE S. (1994). Cloning and expression of eel

manuscript. Financial support was provided to I.C.P. by the natiyretic peptide receptor B (NPR-B) and comparison with the
Australian Research Grants Committee and to T.T. by the mammalian counterpart&ur. J. Biochem222, 835-842.

School of Biological and Chemical Sciences, Deakinkioas, W., FLuGGE, G., FicHs, E. AND SToLTE, H. (1988). Binding
University. sites for atrial natriuretic peptide in the kidney and aorta of the



1808 T. Toor D. GrozpaNoOvsKI AND |. C. POTTER

hagfish Myxine glutinosq Comp. Biochem. Physiol91A, chondrocytes of eel gill cartilageAm. J. Physiol. 265
685—688. R474-R479.

Maack, T. (1992). Receptors of atrial natriuretic factér. Rev.  SakaGucHI, H., Sizuki, H., HaGIwARA, H., Kaiva, H., Takel, Y., ITo,
Physiol.54, 11-27. M., SHiBABA, S. AND HIROSg S. (1996). Whole body
Maack, T., Szuki, M., AwMEIDA, F. A., Nussenzveig D., autoradiography and microautoradiography in eels after intra-

ScARBOROUGH R. M., McENROE, G. A.AND LEwick1, J. A. (1987). arterial administration o#23-labelled eel ANP.Am. J. Physiol.
Physiological role of silent receptors of atrial natriuretic factor. 271, R926—R935.
Science238 657—-678. TAKASHIMA, A., KaTAFuCHI, T., SHBASAKI, M., HaGiwarA, H.,
MaARTIN, E. R., LlEwicki, J. A., $ARBOROUGH R. M. AND TaAKEl, Y. AND HIRosE S. (1995). Cloning, properties, site-directed
BALLERMAN, B. J. (1989). Expression and regulation of ANP mutagenesis analysis of the subunit structure, tissue distribution
receptor subtypes in rat renal glomeruli and papillae J. and regulation of expression of the type-C eel natriuretic peptide
Physiol 257, F649-F657. receptor Eur. J. Biochem227, 673—-680.
Nakao, T. AND UcHinomiya, K. (1978). A study on the blood Takel, Y. AND BALMENT, R. J. (1993). Natriuretic factors in non-
vascualar system of the lamprey gill filamefAm. J. Anatl151, mammalian vertebrates. INew Insights in Vertebrate Kidney
239-264. Function (ed. J. A. Brown, R. J. Balment and J. C. Rankin), pp.

OLsoN, K. R.AND DuFF, D. W. (1993). Single-pass gill extraction and  351-385. Cambridge: Cambridge University Press.
tissue distribution of atrial natriuretic peptide in trodm. J. Toor, T., DoNALD, J. AND Evans, D. H. (199%). Localisation and
Physiol 34, R124-R131. characteristics of natriuretic peptide receptors in the gills of the
REINECKE, M., BETzZLER, D. AND ForssmanN W. G. (1987). Atlantic hagfishMyxine glutinosa(Agnatha).J. exp. Biol.198
Immunocytochemistry of cardiac polypeptide hormones 117-126.
(cardiodilatin/atrial natriuretic polypeptide) in brain and hearts ofToor, T., DoNALD, J.AND Evans, D. H. (199%). Natriuretic peptide

Myxine glutinosg Cyclostomata)Histochemistry86, 233-239. receptors in the kidney and ventral and dorsal aortae of the Atlantic
RoseNswWEIG A. AND SEIDMAN, C. E. (1991). Atrial natriuretic factor hagfishMyxine glutinosgAgnatha).J. exp. Biol.198 1875-1882.

and related peptide hormonés.Rev. Biochen60, 229-255. Uva, B. M., Masini, M. A., NapoLl, L. AND DeveccHl, M. (1993).
SAKAGUCHI, H., KaTAFucHI, T., HagiwarA, H., TAkEl, Y. AND Immunoreactive atrial natriuretic-like peptide in antarctic teleosts.

Hirosg S. (1993). High-density localization of ANP receptors in  Comp. Biochem. Physial04A, 291-297.



