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Abstract

Ferrets (Mustela putorius furo) are useful animals for determining anti-emetic activity via 5-HT; receptors in vivo. We isolated a
cDNA encoding the 5-hydroxytryptamine (5-HT) type 3A receptor subunit (5-HT,,) from ferret colon, expressed it in a human
embryonic kidney cell line and determined its pharmacological properties. The open reading frame of the isolated cDNA encoded a
483-amino acid protein, corresponding to the shorter splice variant of 5-HT;, receptors. Splice variants were no longer detected by
reverse transcriptase-polymerase chain reaction. The ferret 5-HT,, receptor exhibits a high degree of amino acid sequence identity
(> 80%) to that of other species. Binding studies demonstrated the following rank order of potency for agonists: meta-chlorophenylbi-
guanide (MCPBG) > 2-methyl-5-hydroxytryptamine (2-Me-5-HT) = 5-HT, and for antagonists: ondansetron = tropisetron > (+)-
tubocurarine > metoclopramide. Electrophysiological studies revealed that mCPBG was a partial agonist and 2-Me-5-HT was an almost
fully effective agonist compared to 5-HT. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

5-HT; receptors are ligand-gated ion channels which
cause fast, depolarizing responses in the central and pe-
ripheral nervous systems, and therefore mediate many
physiologica and behaviora responses, such as emesis
(Fozard, 1987), anxiety (Jones et al., 1988), cognition
(Barnes et al., 1990) and stress-induced defecation (Miyata
et a., 1992). Pharmacological studies to define the roles of
5-HT; receptors have been greatly facilitated by the devel-
opment of selective ligands (Greenshaw, 1993).

Therapeutically, selective 5-HT, receptor antagonists
are useful in the treatment of emesis induced by cytotoxic
chemotherapy or radiation therapy (Bunce et al., 1991). To
assess the effects of these 5-HT, receptor-selective drugs,
various animal models have been used, including mice,
rats, guinea pigs, ferrets (Mustela putorius furo), dogs and
monkeys. In these models, ferrets were found to be the
most useful animals to determine anti-emetic activity in
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vivo (Andrews et a., 1990). However, there are pharmaco-
logical differences among species (Peters et al., 1992) and
these differences can lead to problems during the clinical
development of drugs. To overcome these problems, the
molecular pharmacological characterization of the 5-HT,
receptors in each species is essential.

cDNAs encoding the 5-HT,, receptor subunit have
been cloned from many mammalian species including
mouse, rat, guinea pig and human (Maricq et al., 1991;
Johnson and Heinemann, 1992; Isenberg et al., 1993;
Belelli et al., 1995; Miyake et al., 1995; Lankiewicz et al.,
1998). These cloned 5-HT,, receptors form functional
homo-oligomers when expressed in Xenopus oocytes or
mammalian cells. Our previous study demonstrated that
the binding affinity of the 5-HT, receptor-selective ago-
nist, meta-chlorophenylbiguanide (mCPBG), for rat 5
HT,, receptors was about 100 times higher than for
human 5-HT,, receptors, whereas the affinity of other
ligands was almost identical in both species (Miyake et al.,
1995). In addition, 2-methyl-5-hydroxytryptamine (2-Me-
5-HT), a partial agonist at mouse 5-HT,, receptors, was
found to be a full agonist at human 5-HT,, receptors
(Miyake et al., 1995).
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Human 5-HT,, receptor mRNA is expressed in several
tissues, including colon (Miyake et al., 1995). In guinea
pigs, contraction mediated via 5-HT; receptors has been
demonstrated in isolated distal colon (Miyata et al., 1991).
Therefore, we isolated 5-HT,, receptors from ferret colon
and expressed the homo-oligomeric receptors in a human
embryonic kidney cell line (HEK 293).

2. Materials and methods

2.1. Cloning of ferret 5-HT,, receptor

Tota RNA was isolated from adult ferret colon using
ISOGEN (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s instructions. Poly(A)*™ RNA was prepared
using Oligotex dT30 super (Takara, Shiga, Japan). A
cDNA library was prepared from poly(A)* RNA with a
NZAPIl cDNA synthesis kit (Stratagene, CA). Nylon
membranes (NEN Dupont, MA) were prepared from a
plated cDNA library, and prehybridized for 1 h at 42°C in
50% formamide, 4 X Denhardt’s solution, 5 X standard
saline citrate (SSC, 1 X SSC =150 mM NaCl, 15 mM
sodium citrate, pH 7.4), 0.1% sodium dodecyl sulfate, 25
mM NasPO,, and 100 pg/ml denatured salmon sperm
DNA. The membranes were hybridized for 18 h at 42°C in
the same medium with * P-labelled probes. Post-hybridiza:
tion washes were performed at 65°C twice in 2 X SSC for
30 min and then twice in 1 X SSC for 30 min. X-ray films
were exposed to the membranes at —80°C overnight and
analyzed. Using *P-labelled human and rat 5-HT,, recep-
tor cDNA as probes, a total of 3x 10° phages were
screened for new clones. Two positive clones (3.5 and 3.1
kb) were isolated and the longer clone was sequenced by
the chain termination method (BigDye Terminator Cycle
Sequencing, Applied Biosystem, CA). The nucleotide se-
quence of ferret 5-HT,, receptor cDNA has been submit-
ted to the GenBank with accession number AB029898.

2.2. PCR detection of alternative splicing

A reverse transcriptase-polymerase chain reaction (RT-
PCR) andysis of ferret 5-HT,, receptor transcript was
performed using the primers 5-TTCTCGAAGGCCCCT-
TGTCATC-3 and 5-CCAAATGGCTGCAGTGGTTTCC-
3. Polymerase chain reaction (PCR) with the primers
amplified an 80-bp fragment, including the splicing junc-
tion, in which mouse, rat and guinea pig 5-HT,, receptor
genes were aternatively spliced. Total RNA (1 p.g) from
ferret colon or hippocampus was converted into the first-
strand cDNA using an oligo(dT) primer (Advantage RT-
for-PCR kit, Clontech, CA). PCR was performed in 50 p.l
containing the cDNA (1/25 volume of cDNA synthesis

reaction mixture), 10 mM Tris—HCI (pH 8.3), 50 mM KCl,
1.5 mM MgCl,, 10 ng/ml gelatin, al four dNTPs (each
at 0.2 mM), primers (each at 0.25 wM), and 1.25 units of
AmpliTag DNA polymerase (Perkin-Elmer, CT). The ther-
mal cycle was as follows: initial denaturation at 94°C for 1
min and 40 cycles of denaturation at 94°C for 15 s,
annealing at 56°C for 15 s, and extension at 72°C for 15 s.
Aliquots (15 wl) of PCR products were separated by
electrophoresis on a 4% NuSieve 3:1 agarose gel (FMC
BioProducts, ME), including 0.5 pwg/ml ethidium bro-
mide. As a control experiment, rat 5-HT,, receptor
transcripts were analyzed by RT-PCR using the primers
5-CCACCTTCCAAGCCAACAAGA-3 and 5-AAG-
TCCTGAGGGCTTCCGACAT-3, to detect the expression
of short and long forms of rat 5-HT,, receptor through the
amplification of two fragments with 79 and 94 bp. Ampli-
fied fragments were directly cloned into the plasmid
pCR2.1 (Invitrogen, CA) for sequence analysis.

2.3. Cdll culture and stable transfection of HEK 293 cells

Culture and transfection of HEK 293 cells (ATCC CRL
1573) were performed as described previously (Mochizuki
et al., 1999b). Cells were grown in Dulbecco’'s Modified
Eagle's Medium supplemented with 10% fetal bovine
serum in a humidified atmosphere of 5% CO, in air at
37°C. Cdls were transfected using a modified calcium
phosphate precipitation method (Chen and Okayama,
1987), with a combination of the mammalian expression
vector pME18S (Maruyama and Takebe, 1990) containing
the ferret 5-HT,, receptor cDNA and the neomycin resis-
tance gene expression vector pMClneo PolyA (Stratagene).
Single colonies of G418 (1 mg,/ml)-resistant cells were
isolated individually and screened for receptor expression
using the patch—clamp technique. The single clone, which
elicited the highest current response to 5-hydroxytryp-
tamine (5-HT, 100 uM), was selected for further studies.

2.4. Radioligand binding studies

HEK 293 cells stably expressing the ferret 5-HT,,
receptor were harvested and homogenized in HEPES buffer
(50 mM, pH 7.4). The homogenate was centrifuged at
40,000 X g for 30 min. The resulting pellet was resus-
pended in HEPES buffer and stored at — 80°C until further
use.

For saturation studies, membranes (8—-25 g protein)
were incubated with increasing concentrations of
[*H]GR65630 in a final volume of 500 wl for 1 h at 25°C.
For competition studies, membranes (12 w.g protein) were
incubated with a single concentration (170 pM) of
[*HIGR65630 in the absence or in the presence of increas-
ing concentrations of competing drugs. Incubation was
terminated by rapid filtration through Whatman GF/B
filters using a Brandel Cell Harvester (Brandel, MD),
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followed by washing with ice-cold HEPES buffer. Ra-
dioactivity retained on the filter was measured with a
liquid scintillation counter (Packard 2100TR). Non-specific
binding was determined in the presence of 1-10 uM
tropisetron (saturation studies, 1-10 wM; competition
studies, 1 wM). Protein concentrations were determined
with a Bio-Rad protein assay kit (Bio-Rad, CA).

2.5. Electrophysiological studies

Voltage clamp measurements were performed as de-
scribed previously (Hamill et al., 1981). Currents were
measured using whole-cell voltage-clamp configurations
with an Axopatch ID patch—clamp amplifier (Axon Instru-
ments, CA) using pClamp 6 and AxoGraph software (Axon
Instruments). Transfected HEK 293 cells were voltage-
clamped at a holding potential of —64 mV. The external
solution contained (in mM): NaCl 145, KCI 5, CaCl, 2.4,
HEPES 10, glucose 10, pH 7.4 with NaOH. Patch pipettes
(2-4 M Q) were filled with the internal solution containing
(in mM): CsCl 150, EGTA 5, HEPES 10, pH 7.2 with
CsOH. Series resistance was compensated for at |east 80%.
All recordings were done at room temperature (25°C).

5-HT; receptor agonists and antagonists were applied to
the cell using a rapid perfusion system as described previ-
ousy (Mochizuki et a., 1999b). Drug solutions were
prepared in the externa solution and applied from a ta-
pered-tip glass pipette (600 wm i.d.), positioned 2 mm
from the cell being measured. The pipette was connected
to solenoid valves followed by reservoirs which contained
various solutions. Only one valve was open at any one
time, and the external solution flowed continuously be-
tween drug applications. At a flow rate of approximately 1
ml /min, the 10-90% exchange time (determined from
current response obtained when switching an open patch
electrode between solutions of different ionic composition)
was less than 10 ms. Constant bath perfusion was also
maintained at a flow rate of approximately 0.5 ml/min.
Cells were repetitively exposed to the agonists at intervals
of at least 90 s in order to allow complete recovery from
desensitization.

2.6. Data analysis

Seguence motifs of 5-HT,, receptors were analyzed
using the PROSITE motif dictionary (release 15.0).

Radioligand binding and electrophysiological data were
anayzed with a nonlinear curve fitting program (SAS
Institute, Japan). The maximal binding of [*HIGR65630 at
equilibrium (B,,,) and the equilibrium dissociation con-
stant (K,) were derived directly from saturation curves
fitted with the one-site ligand binding model. IC,, values,
the concentration required to inhibit specific binding by
50%, were calculated using the Hill equation. The inhibi-
tion constant (K;) of the competing drug was calculated

using the Cheng—Prusoff equation (Cheng and Prusoff,
1973):

K=o
L1+ [LI/Ky

where L is the radioligand concentration.

Concentration—response curves in electrophysiological
studies were aso fitted to the Hill equation. The antagonist
dissociation constant (K ,) was calculated using the follow-
ing equation (Craig, 1993):

o
Ko = 1 TA]/EC
/ECg

where IC, is the antagonist concentration required to
inhibit the agonist response by 50%, A is the agonist
concentration used to induce the response, and ECy, is the
agonist concentration evoking a half-maximal response.

2.7. Drugs

2-Me-5-HT maeate, mCPBG hydrochloride, endo-8-
methyl-8-azabicyclo[3.2.1]oct-3-yl-1 H-indol-3-carboxylate
hydrochloride (tropisetron), 4-amino-5-chloro-N-[(2-dieth-
ylamino)ethyl]-2-methoxy-bemzamide hydrochloride
(metoclopramide hydrochloride) and (—)-9,10- didehydro-
N-(1-(hydroxymethylpropyl) - 1,6 -dimethyl-ergoline- 8-3-
carboxyamide maleate (methysergide maleate) were pur-
chased from Research Biochemicals (Natick, MA); 5-HT
creatinine sulfate was from Merck; (+ )-tubocurarine was
from Nakarai Tesque (Kyoto, Japan); and 3-(5-methyl-
1 H-imidazol-4-y1)-1-(1-methyl-[*H]-1H-indol-3-yl) -1-pro-
panone, 2331 GBq,/mmol ([*HIGR65630) was from NEN
Dupont. 1,2,3,9-tetrahydro-9-methyl-3-[(2-methyl-1H-im-
idazole-1-yl)methy]-4 H-carbazole-4-one hydrochloride
(ondansetron) was synthesized at the Y amanouchi Institute
for Drug Discovery Research.

3. Results
3.1. Structure of ferret 5-HT;, receptor

A 3597-nucleotide cDNA sequence of the ferret 5-HT,,
receptor has an open reading frame, encoding a predicted
483-amino acid protein, with a potential signal peptide.
Hydrophobicity analysis of the deduced amino acid se-
guence revealed features typical of ligand-gated ion chan-
nels, with four putative transmembrane domains (M1-M4),
a large N-terminal extracellular domain, and a large cyto-
plasmic loop (Maricq et al., 1991). Also, the N-terminal
extracellular domain contained the Cys—Cys loop (Cys'®?
and Cys'®), typica of nicotinic, glycine and GABA ,
receptor channels (Maricq et al., 1991). Potential sites for
N-glycosylation (Asn®, Asn’®, Asn'’® and Asn'*®') and
protein kinase C phosphorylation (Ser®®8, Thr%2 and



100

S Mochizuki et al. / European Journal of Pharmacology 399 (2000) 97-106

Signal peptide

*
1 MLLWVPRALL ALLLPMLLAQ GEAKHWRPLQ Al SRPALL RLSEHLMANY Ferret
1 . ....00.c. eunn. T.... ...RRS.--- - Peenn. ...DY.LT.. Human
1 .v..LQL... .....TS... ..VRGKGTA. . .Te...Q ...D..L.D. Guinea pig
1 .p.cr.qQv.. ..F.SV.I.. ..GSRR.AT. .HSTTQ.... ...D..L... Rat
1 .R.CI.QV.. ..F.S..T.P ..GSRR.AT. ED-TTQ.... ...D..L... Mouse
51 EKGVRPVRDW RKPTTVAIDV IIYAILSVDE KNQVLTTYIW YRQYWTDEFL Ferret
S S - B A . Human
Bl ReS:cieeeee cceeeeSeeBD Vieeeeoee evsscennse soeFeveans Guinea pig
51 K.eoeoooo e eoeelieS.ee M...Nove ceveescsee eaeFoouaee Rat
50 Keceeooooe ooeeeeSece MieeNive teeeeeeeees coeconnces Mouse
*
101 QWNPEDF!RI TKLSVPTDNI WVPDILINEF VDVGKSPSIP YVYVGHHGEV Ferret
96 ceecsscafefe ceeeleeeSe teeeccssss sesseesN.o ...IR.Q... Human
101 ........ ceeeleeeS. ciiiieines ceeee..N.oo (.. .R.Q... Guinea pig
101 ..T..... eeelI .S, ceesessess soe..H.Q... Rat
100 ..T..... vessI...S. eeseessN.. ....H.R... Mouse
[ S-S *
151 QNYKPLQVMT ACSLDIYNFP TSWLHTIQDI NEISLWRLPEK Ferret
2 N cecee |ofpocccaas . Human
R N cececsscce |ofpocescans Guinea pig
151 ... ee LV, tiieeencee coes|eforeee ceceeccecne ofoocen T..E Rat
150 ....... LV. ceeeeeeeee cececccces |[foTe..S..E Mouse
M1
201 VKLDKTVFMN QGEWELLGVL TQFREFS-LE DSSHYAEMKF YVVIRRRPLF Ferret
196 ..S.RS:cee soceeseses PYoiiiee-M. S.NY.ieeiee coeeccnnns Human
201 ..S..Scter cecececenns .E.L...DR. SRGSF..ve¢ coccscssse . Guinea pig
201 .RS..sI.I. .........F .K.Q...-I. T.NS..... e esecsccescse Rat
200 .RS..SI.I. .......E.F P..K...-ID I.NS...... «oXlcccccan Mouse
M2
250 YAVSLLLPSI FLMLMDIVGF YLPPDSGERV SFKITLLLGY SVFLIIVSDT Ferret
245 Veieeeeee seoeVeieenee seoeNieier tececncoes sesesnanes Human
7 B ¢ ) Guinea pig
250 tiiiiicene ceeVV.eiiiee Cuovrnencee cococonces ssovsesces Rat
249 L. iiiieieee e eV iee Cuitinennee cocncasces sscssessas Mouse
_M3
300 LPATAIGTPL IGVYFVVCMA LLVMSLAETI FIVRLVHKQD LQQPVPAWLR Ferret
B s Human
301 ... iiiiee cSeiereses eseIliiieee Liceeoeeee esesesblicas Guinea pig
300 ..i.iiiieeee ceeeeeeeee seelieeees eeeQeeeee. ..R...D... Rat
e P | JUPS » JN Mouse
#
350 HLVLERVAPL LCLGEQP RPLVISPATK TDDCT----- ~-DVGNHCSHL Ferret
345 ,.....I.W. ...R..S «ePAT.Q.ce cooeoeSmm=m= -AM......M Human
351 ......I.G. ......L .GPATLQ... ...FSGSTLL PAM....GP. Guinea pig
350 ....D.I.W. .......MAH ..PATFQ.N. ....SGS-LL PAM......V Rat
348 ese.D.I.WI .......MAH ..PATFQ.N. ....SGSDLL PAM......V Mouse
#
394 GDPWDLEKTP RGRDSPPPPP REASLAVRGL LEKRDESREV Ferret
389 .G.Q.F..S[. .D.Civevee coeseesCon ececeslece Human
401 .G.Q.... eeeBGueeeee ceess.MC.. cee .E.T... Guinea pig
399 .S.Q.... eSeeeelicee ceececnnnn eeesssM... Rat
398 .G.Q.... eeeGeelicee ceeesccnns eesee.M... Mouse
M4
444 AREWLRVGSV LDRLLFRVYL VAVLAYSVTL IALWSIWQYS Ferret
439 ..D...¢.¢.. +.K.. .HI.. L.ccoo.I.. VM.......A Human
451 ..D....... +.Keveeeeo Loceeo.I.. VI...V.H.A Guinea pig
449 ..D.....Y. ...c...I.. L..ee..I.. VT.....H.. Rat
448 eeDeceeY. eI Liieeees I.. VT.....H.. Mouse

Fig. 1. Alignment of amino acid sequences of 5-HT;, receptors. Ferret, human, and longer splice variants of guinea pig, rat and mouse 5-HT,, receptors
were aligned. Lines: a putative signal peptide or putative M1-M4 domains. Boxes: consensus sites of N-glycosylation (*) or protein kinase C
phosphorylation (#). S-S: putative Cys—Cys loop. Double headed arrow: 5- or 6-amino acid insert in a longer splice variant of guinea pig, rat and mouse
5-HT,, receptors.
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Ser®2%) were located in the N-terminal extracellular do-
main and cytoplasmic region between the M3 and M4
domains, respectively.

The amino acid sequence of the ferret 5-HT,, receptor,
corresponded to the shorter splice variant of 5-HT,, recep-
tors in other species. Cloned mouse, rat and guinea pig
5-HT,, receptors, unlike human 5-HT,, receptors, exist as
two splice variants, where the longer splice variant has five
or six amino acid insertions in the intracellular loop be-
tween the M3 and M4 domains. Fig. 1 shows the align-
ment of the amino acid sequences in ferret and human
5-HT,, receptors (Miyake et al., 1995), and the longer
splice variant of guinea pig (Lankiewicz et a., 1998), rat
(Miyake et al., 1995) and mouse (Maricq et al., 1991)
5-HT,, receptors. The ferret 5-HT,, receptor exhibits
amino acid sequence identity to that of other species as
follows: human 85%, guinea pig 82%, rat 80% and mouse
80%. The M2 domain, which is believed to constitute the
channel pore, is completely conserved. Glu'?® of the mouse
sequence in Fig. 1, which affects ligand binding (Boess et
al., 1997), was dtrictly conserved in al other species. In
contrast, another putative ligand-binding domain of 5-HT,
receptors, corresponding to Leu®®—Tyr??8 of the human
sequence in Fig. 1 (Mochizuki et al., 1999a), was not
strictly conserved among species, athough elements within
the region were conserved.

3.2. Alternative splicing

To analyze dlternative splicing of ferret 5-HT,, recep-
tors, we performed RT-PCR analysis with primers flanking
the putative position of the insertions. cDNAS, synthesized
from colon and hippocampus RNA from ferrets and rats,
were used as templates for PCR reactions. Predicted prod-
ucts from the nuclectide sequence of these receptors were:
ferret, 80 bp; rat short form, 79 bp, and rat long form, 94
bp. Gel electrophoresis of the PCR products demonstrated
that only a single, predicted 80-bp band was synthesized
from ferret colon and hippocampus cDNAs (Fig. 2). In
contrast, short and long forms of the rat 5-HT,, receptor

Ferret Rat

Hippocampus
No template
Hippocampus
No template

Colon

c
2

Q
(&]

94 bp

80 bp 79 bp

Fig. 2. RT-PCR anaysis of 5-HT,, receptor alternative splicing in ferret
and rat tissues. PCR was performed with oligo (dT)-primed cDNAs. PCR
products were separated by electrophoresis on 4% NuSieve 3:1 agarose
gel including 0.5 wg,/ml ethidium bromide.

(a)
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[*HIGR65630 (nM)

Ondansetron
Tropisetron
(+)-Tubocurarine
Metoclopramide
mCPBG
2-Me-5-HT

5-HT
Methysergide

<« > RO » OO

100
80
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40
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PRTTT R R BRI BT A TTTT MR TTTT B

10 9 8 7 6 5 4
[Drug] (-log M)

Fig. 3. Radioligand binding characteristics of the ferret 5-HT,, receptor.
(a) Binding of [*HIGR65630 to membranes from HEK 293 cells stably
expressing the ferret 5-HT5, receptor. Membranes were incubated with
indicated concentrations of [*H]GR65630 in the presence or absence of
1-10 wM tropisetron. The difference is represented as specific binding.
Inset: Scatchard plot of data. Vaues are means of duplicate determina
tions from a typica experiment. (b) Competition by drugs for
[*HIGR65630 binding to the membranes. Each data point is the mean +
S.E.M. (n=4). Absence of error bars indicates that the S.E.M. is smaller
than the symbol size. Curves were fitted to the points as described in
Section 2.

[*H]GR65630 bound (% of control)

cDNAs were found in both tissues (Fig. 2). Amplified
fragments were confirmed as the predicted products by
sequencing analysis. These results suggest that ferret 5-
HT,, receptor mRNA exists solely as a shorter splice
variant, as in human 5-HT,, receptor mRNA (Werner et
al., 1994).

3.3. Radioligand binding studies

Radioligand binding studies were performed with mem-
branes obtained from HEK 293 cells stably expressing



102 S Mochizuki et al. / European Journal of Pharmacology 399 (2000) 97-106

Table 1
Binding parameters of ferret 5-HT,, receptor expressed in HEK 293 cells

Drug ICgy (M) K; (M) ny

[PHIGRE5630 (K,) — 14401x107 1 -

5-HT 79+12x1077 - 23403
2-Me-5-HT 56+08%x1077 - 21+0.2
mCPBG 1.9402%1077 95+04x10°% 1.3+01
Ondansetron 20+02%x107° 95+0.7x10°° 1.0+01
Tropisetron 30+06x107° 15+02x10°° 1.1+0.1
Metoclopramide 44406x1077 22401x10°7 11401
(+)-Tubocurarine  20+05x1077 1.14+02x10"7 1.0+0.1
Methysergide >1x107% - -

Data are presented as mean+ S.E.M., n= 5-6.

ferret 5-HT,, receptors. The 5-HT receptor-selective radi-
oligand [*HIGR65630 (Kilpatrick et &., 1987) specifically
bound to these membranes with a K, value of 140 + 10

pM and a B, vaue of 990+ 110 fmol /mg protein
(mean + SE.M., n=5; Fig. 3a). Only non-specific bind-
ing was detected in membranes prepared from untrans-
fected HEK 293 cells (data not shown). To assess the
binding potency of 5-HT, receptor agonists and antago-
nists, we performed competition studies using 170 pM
[*HIGR65630 (which is close to the K, value). All the
drugs tested showed a concentration-dependent inhibition
of [*HIGR65630 hinding to the ferret 5-HT,, receptor,
while the 5-HT, and 5-HT, receptor antagonist methy-
sergide did not significantly inhibit radioligand binding
(Fig. 3b). The IC., and n, values derived from curve
fitting to the Hill equation, and the K, values derived from
the Cheng—Prusoff equation, are summarized in Table 1.
The rank order of potency was for agonists: mCPBG > 2-
Me-5-HT = 5-HT, and for antagonists: ondansetron =
tropisetron > (+ )-tubocurarine > metoclopramide.

2-Me-5-HT

500 pA

(a)
5-HT
500pA|
500 ms
mCPBG
500 pAl
(b)
e
I
v 100F @ 5-HT
2 gl 0O 2Me-5-HT
= A mCPBG
— 60}
s
& 40f
(0]
5 20
E oo
<

aal L e |

5 4

[Agonist] (-log M)

Fig. 4. Agonist pharmacology of the ferret 5-HT,, receptor expressed in HEK 293 cells. (a) Typical responses dlicited by 100 uM 5-HT, 2-Me-5-HT and
mCPBG recorded at a holding potential of —64 mV. Agonist applications are indicated by horizontal bars above each trace. Each response was recorded
from a different cell. (b) Concentration—response curves for 5-HT, 2-Me-5-HT and mCPBG at the ferret 5-HT,, receptor. Peak current amplitudes were
normalized to 100 wM 5-HT-induced current. Each data point is the mean + S.E.M. (n = 5). Absence of error bars indicates that the S.E.M. is smaller than

the symbol size. Curves were fitted to the points as described in Section 2.
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Table 2

Pharmacological properties of ferret 5-HT,, receptor expressed in HEK 293 cells

Drug ECsg Or ICgo (M) Ny Ky (M) Maximal response® (%)
5-HT 9.6 (8.9-10.6) x 10~© 1.9(1.6-2.3) - 100 (96-103)
2-Me-5-HT 7.2(6.5-8.0) X 107° 2.0(1.6-2.4) - 89 (84-93)

mCPBG 49(3.6-8.0)x 1076 15(0.7-2.3) - 53 (45-61)
Ondansetron 2.9(25-3.3) x 10710 -16(-20-13) 1.3(1.1-15) x 1071 -

(+)-Tubocurarine 27(21-35x 1078 —0.8(—-10-0.6) 1.2(0.9-1.6)x 10" 8 -

Antagonists were tested in the presence of 12 wM 5-HT. Values are means with 95% confidence intervals in parentheses, n=5 (agonists) or 4
(antagonists).

#Peak amplitude of inward currents, elicited by the agonists, is expressed as a percentage of 100 WM 5-HT-evoked response, and fitted to the Hill
equation to yield a maximal response.

3.4. Electrophysiological studies HT,, receptors expressing HEK 293 cells were recorded
in the whole-cell voltage-clamp configuration. Application
We examined the potency and efficacy of 5-HT, recep- of agonists evoked a rapidly developing inward current,
tor agonists (5-HT, 2-Me-5-HT and mCPBG). Ferret 5- which was desensitized in the continued presence of the
(@)
Control Ondansetron Recovery
500 pA| _\r__‘
500 ms
Control (+)-Tubocurarine Recovery
500 pA| [
500 ms
(b)
— ® Ondansetron
[e] -
= 100 ° " W (+)-Tubocurarine
g 80} °
kS
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3 40}
2
'7;1 20
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[Antagonist] (-log M)

Fig. 5. Antagonist pharmacology of the ferret 5-HT, receptor expressed in HEK 293 cells. (&) Blockade of 12 .M 5-HT-induced currents by 300 pM
ondansetron and 30 nM (4 )-tubocurarine recorded at a holding potential of —64 mV. 5-HT applications are indicated by horizontal bars above each trace.
Intervals between 5-HT applications were 90 s. Cells were pre-perfused for 30 s with either of antagonists, and then 5-HT was co-applied with the
antagonist. Each antagonist was tested on a different cell. (b) Concentration—response curves for ondansetron and (+)-tubocurarine. Peak current
amplitudes are expressed as a percentage of the control current response to 12 wM 5-HT. Each data point is the mean + S.E.M. (n = 4). Absence of error
bars indicates that the S.E.M. is smaller than the symbol size. Curves were fitted to the points as described in Section 2.
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agonists (Fig. 4a). The rates of desensitization fitted well
to two-exponential functions. mCPBG-€licited currents
showed a rather fast desensitization (100 wM, time con-
stant 7r,q = 59 + 4 ms, 74, = 239 + 35 ms, n = 6), com-
pared with the responses elicited by 5-HT (100 wM,
Tiag = 87 £ 7 MS, 74, = 612 + 250 ms, n=7) and 2-Me-
5-HT (100 pM, 71,4 =140+41 ms, 7y, =502+ 176
ms, n=5).

The concentration—response curves for the agonists,
normalized to the 100 wM 5-HT-elicited current response
(assigned a value of 100%), are shown in Fig. 4b. EC,
and n, vaues derived from curve fitting to the Hill
equation are summarized in Table 2. Although the rank
order of potency of the agonists was mCPBG = 2-Me-5-
HT > 5-HT, differences in potency among the agonists
varied only twofold. This phenomenon, a small difference
in agonist potency, was similar to that seen with cloned
human 5-HT,, receptors (Miyake et al., 1995; Davies et
al., 1999).

The maximal current amplitudes, predicted from con-
centration—response curves (Fig. 4b), are shown in Table
2. mCPBG demonstrated partial agonistic responses and
2-Me-5-HT dlicited amost full agonistic responses, com-
pared with 5-HT at the ferret 5-HT,, receptor.

To evauate the antagonists pharmacologicaly, we fo-
cused on ondansetron, a potent and selective antagonist of
5-HT, receptors, and (+)-tubocurarine, a non-selective
antagonist, which has a potency that is variable among
species. Current responses dlicited by 12 wM 5-HT (which
is close to the EC, vaue of 5-HT) were suppressed in a
concentration-dependent manner by ondansetron (Fig. 5b,
Table 2). The potency of ondansetron for the cloned ferret
5-HT,, receptor (IC., =290 pM) was comparable to that
for cloned mouse (ICg, = 440 pM; Gill et a., 1995), rat
(ICg = 231 pM; Mair et a., 1998), and human 5-HT,,
receptors (IC., = 103 pM; Brown et al., 1998). Although
(+)-tubocurarine also inhibited the 5-HT elicited re-
sponses (Fig. 5b, Table 2), the IC, vaue (27 nM) was
90-fold higher than that for ondansetron. The antagonism
of ondansetron and (+)-tubocurarine was readily reversed
on washout (Fig. 5a).

4, Discussion

Isolated ferret 5-HT,, receptor cDNA corresponded to
the shorter splice variant of 5-HT,, receptors. Although in
rat, two splice variants were detected in colon and hip-
pocampus, the longer splice variant of the ferret 5-HT,,
receptor was detected in neither of the tissues by RT-PCR
analysis. 5-HT,, receptors of mouse, rat and guinea pig
exist as two splice variants (Maricq et al., 1991; Hope et
a., 1993; Belelli et a., 1995; Miyake et a., 1995;
Lankiewicz et al., 1998). In contrast, the cloned human
5-HT,, receptor was found to be of the shorter splice

variant (Belelli et al., 1995; Miyake et al., 1995), owing to
the lack of splicing consensus sequence in human genomic
DNA (Werner et a., 1994). The lack of detection of the
longer splice variant of the ferret 5-HT,, receptor by
RT-PCR analysis might be caused by a very low expres-
sion level of the variant (Werner et al., 1994; Miquel et al.,
1995; Emerit et a., 1995; Lankiewicz et al., 1998). Further
genomic DNA analysis may still be required to conclude
whether the ferret 5-HT,, receptor lacks the longer splice
variant, as does the human 5-HT,, receptor.

The rank order of agonist binding potency at ferret
5-HT,, receptors was mCPBG > 2-Me-5-HT = 5-HT with
differences among IC,, values for [*HIGR65630 binding
within a fourfold range. This finding was comparable with
the electrophysiological study results, which yielded the
order of potency as mCPBG = 2-Me-5-HT > 5-HT with
differences among EC., values within a twofold range.
mCPBG binding affinity is quite variable among species.
At the rat 5-HT,, receptor, mCPBG affinity is about
40-60-fold higher than that of 5-HT and 2-Me-5-HT,
whereas at the human 5-HT,, receptor, these drugs are
amost equally potent (Miyake et al., 1995). Additionally,
mMCPBG demonstrates 35-fold higher affinity over 2-Me-5-
HT at the mouse 5-HT,, receptor (Boess et a., 1997).
Therefore, the pharmacological response of the ferret 5-
HT,, receptor closely resembles that of the human 5-HT,,
receptor, with relatively small differencesin affinity among
these agonists.

The ferret 5-HT,, receptor also resembles the human
5-HT,, receptor in agonist efficacy. 2-Me-5-HT was an
amost fully effective agonist, relative to 5-HT, at ferret
5-HT,, receptors (89%), as it is at human 5-HT,, recep-
tors (87-97%; Belelli et al., 1995; Miyake et a., 1995),
but different from that at mouse (23—28%; Niemeyer and
Lummis, 1998; Werner et al., 1994) and rat 5-HT,, recep-
tors (66%; Mair et al., 1998). The efficacy of mCPBG
(53%) at the ferret 5-HT,, receptor was lower than at
mouse (91%; Niemeyer and Lummis, 1998), rat (100%;
Mair et al., 1998) and human 5-HT,, receptors (79—-99%;
Davies et al., 1999; Miyake et al., 1995). Agonist efficacy
is reported to be variable among expression and assay
systems (Niemeyer and Lummis, 1998; Werner et a.,
1994; Downie et a., 1994). Therefore, further studies
carried out under the same experimental conditions may be
warranted to clarify the inter-species differences.

(+)-Tubocurarine clearly discriminates between mouse,
rat and human cloned 5-HT,, receptors. In electrophysio-
logical studies, the IC4, value for the ferret 5-HT,, recep-
tor (IC,, =27 nM ) was comparable to the value for rat
receptors (IC, = 31.9 nM; Mair et al., 1998), but was
100-fold lower than the IC, for human receptors (IC, =
2.8 wM; Brown et al., 1998), and was 15-fold higher than
the ICg, for mouse receptors (ICg, = 1.8-2.1 nM; Gill et
al., 1995; Hussy et a., 1994).

The N-termina extracellular domain of the 5-HT,,
receptor contributes to (+ )-tubocurarine potency (Hope et
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al., 1999). In the mouse, Asp?® (Fig. 1) is thought to be
one of the amino acids which contribute to the affinity of
(+)-tubocurarine, because the substitution from Asp?8 to
Glu?® increases the 1Cy, value 10-fold compared with the
wild type (Hope et al., 1999). The amino acid in the ferret
5-HT,, receptor, which corresponds to Asp?® in the
mouse receptor, is glutamic acid, a conserved amino acid
in human and rat receptors. The higher ICg, values of the
cloned receptors of the three species compared with the
mouse can partly be explained by the presence of glutamic
acid.

In our study, IC,/K; vaues from binding studies and
EC,,/K, vaues from electrophysiological studies were
qualitatively similar, but quantitatively different. Similar
observations have been made for mouse, rat and human
5-HT,, receptors (Miyake et a., 1995; Boess et a., 1997;
Mair et a., 1998). 5-HT, receptors are thought to exist as
severa conformational states: a closed state, a low agonist
affinity activable state and a high agonist affinity desensi-
tized state (Lummis et a., 1993; Sepllveda et al., 1991).
Therefore, the discrepancy between binding and electro-
physiological studies might be due to methodological dif-
ferences, because binding parameters were obtained from
equilibrium reactions after prolonged exposure of the re-
ceptors to ligands (Sepllveda et al., 1991).

Agonist-mediated competition binding curves with n,
values higher than unity have been observed with native
and cloned 5-HT;, receptors (Morain et a., 1994; Downie
et a., 1995; Akuzawa et al., 1995, 1996). Our hinding
study with cloned ferret 5-HT,, receptors demonstrated
n, values of 5-HT and 2-Me-5-HT close to 2. This result
suggests a positive cooperativity of agonist binding, such
as concerted switching of several binding sites between
low and high affinity states (Bonhaus et al., 1995; Léna
and Changeux, 1993).

The decay of current responses elicited to ferret 5-HT,,
receptors by prolonged application of 5-HT, 2-Me-5-HT
and mCPBG fitted well to two-exponential functions. This
phenomenon has also been demonstrated with cloned
mouse and human 5-HT,, receptors (Lankiewicz et al.,
1998). It might mean that 5-HT,, receptors have at least
two desensitized states.

Newberry et al. (1992b) demonstrated the pharmacol-
ogy of native 5-HT, receptors of ferret vagus nerve using
an electrophysiological technique. The potency of agonists
for the native ferret 5-HT, receptor (5-HT |ECs, = 4.89,
2-Me-5-HT ECs, = 5.18) was comparable to that for the
cloned ferret 5-HT,, receptor. In addition, 2-Me-5-HT was
a fully effective agonist relative to 5-HT at the native
receptors. Although the potency of (+)-tubocurarine (, A,
= 6.6) was similar to that at the rat vagus 5-HT, receptor
(, K, =72, Newberry et a., 1992a), it was dissimilar to
that at the cloned ferret 5-HT,, receptor. This discrepancy
might possibly be caused by the methodology or by the
association of auxiliary subunits with the native 5-HT,
receptor.

Recently, another subunit of the human 5-HT, receptor
(5-HTg5) has been isolated (Davies et al., 1999). The basic
properties and pharmacological responses of the 5-HT,,
and 5-HT,; subunits co-expressed in HEK 293 cells and
Xenopus oocytes are reported to be different from those of
the 5-HT,, subunit alone. Although native 5-HT, recep-
tors might exist as 5-HT,, and 5-HT,; hetero-oligomers,
the 5-HT 5 subunits in other species have not been isolated
and the pharmacological character of such hetero-oligomers
is still not fully studied. The 5-HT,; subunit is not func-
tional as a homo-oligomer, and therefore, before the 5-HT ;5
subunit functions are evaluated, it is essential to fully
characterize the 5-HT,, subunits themselves.

Our data show that 5-HT, 2-Me-5-HT and mCPBG
were equipotent at cloned ferret and cloned human 5-HT,,
receptor subunits, athough the efficacies were dightly
different. These characteristics will be important for the
development of receptor-selective drugs, especially ago-
nists, in in vivo studies using ferrets.
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