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Summary

Electrophysiological responses of goldfish olfactory indicated that polyamine receptor sites are independent
receptor neurons (ORNs) and goldfish behavioral from those toL-amino acids (alanine, arginine, glutamate,
responses to polyamines were investigatéd vivo. Electro-  lysine, methionine and ornithine), bile salts (sodium
olfactogram (EOG) recordings indicated that polyamines taurocholate and taurolithocholate), the single amine
(putrescine, cadaverine and spermine) are potent olfactory containing compounds (amylamine and butylamine) and
stimuli for goldfish with estimated electrophysiological ATP. Further, the cross-adaptation experiments revealed
thresholds of 108-107"mol I-1, similar to that for L- the existence of independent receptor sites for the
arginine, the most stimulatory amino acid. Although different polyamines tested. Pharmacological experiments
thresholds were similar, the magnitude of the EOG suggested that polyamine odorant transduction does not
responses to intermediate (¥®-10“4moll-1) and high  primarily involve the cyclic AMP and IP3 second
(103 mol I7Y) concentrations of polyamines dwarfed the messenger pathways. Behavioral assays indicated that
responses to amino acids and related single amine polyamines are attractants that elicit feeding behavior
containing compounds (amylamine and butylamine). The similar to that elicited by L-amino acids.

EOG responses to 0.inmol I-1 putrescine, cadaverine and

spermine were, respectively, 4% 4.3x and 10.% the

response of the standard, O.tnmoll-1 L-arginine. Key words: electro-olfactogram, olfaction, receptor site, second
Electrophysiological cross-adaptation experiments messenger, goldfisiarassius auratus

Introduction

Odorant detection and discrimination begin at the level oévidence is for the cAMP pathway (Belluscio et 4998;
the olfactory receptor neuron (ORN). ORNs in vertebrate8runet et al. 1996), whereas in fish it is the sPathway
express in their apical cilia and microvilli, respectively,(Speca et al.1999; Bruch, 1996). In addition, in both
molecular odorant receptors encoded by a family ofnammals (Xu et al.2000) and fish (Hara and Zhang, 1996;
approximately 1000 genes in mammals (Buck and Axel, 1991Nikonov and Caprio, 2001; Friedrich and Korsching, 1997,
but only approximately 100 genes in teleosts (Ngai et al1998), ORNs expressing receptors for different classes of
1993), which are all members of the seven transmembramelorants project their axons to the olfactory bulb, forming a
domain G protein-coupled receptor superfamily (Cao et alrelatively precise odotopic map. Although numerous types of
1998; Speca et al., 1999; Mombaerts, 1999). volatile chemicals are known to stimulate ORNs of tetrapods,

Olfactory stimuli in tetrapods are volatile compounds,the identification of biologically relevant classes of water-
whereas those for fish are water-soluble. Further, in contrasbluble odorants for fish is limited.
to mammals (Raming et al1993; Zhao et al.1998; Amino acids, bile salts, nucleotides, gonadal steroids and
Krautwurst et al. 1998; Malnic et al. 1999; Wetzel et al. prostaglandins have been previously identified as behaviorally
1999; Araneda et al.2000), the ligand specificity for relevant olfactory cues for teleosts, and mediate behaviors
molecular olfactory receptors in any teleost is largelyranging from feeding and predator detection to social
unknown; the sole exception is the goldfistargininel- interactions and reproductive synchrony (Sorensen and Caprio,
lysine amino acid receptor (Speca ef 8899). Activation of  1998). Information concerning other classes of chemicals that
odorant receptors through ligand binding in vertebratesiight also be olfactory stimuli of biological relevance is
facilitates second messenger cascades, such as the cyclic AMEking; however, an electrophysiological survey of additional
(cAMP) and IR signaling pathways (Bruch, 1996; Schild andclasses of water-soluble, naturally occurring chemicals in
Restrepo, 1998). In mammals, however, the prevailingoldfish indicated that polyamines caused large olfactory
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generator potentials, which are reflected in the electroAnimal preparation

olfactogram (EOG) recordings. The present study investigates The procedures outlined below are in accordance with a
the electrophysiological (EOG and integrated neuralprotocol approved by the Institutional Animal Care and Use
responses of goldfish ORNs to polyamines and whether thee®mmittee (Louisiana State University School of Veterinary
compounds result in changes in animal behavior. Medicine).

Polyamines (putrescine, cadaverine and spermine) are gEach goldfish was immobilized with an initial intramuscular
naturally occurring aliphatic polycations that are widelyinjection of Flaxedil (gallamine triethiodide, 0.Cff/25¢
distributed in biological materials. Intracellular putrescine anthody mass). Subsequent injections of Flaxedil were provided
spermine concentrations have been reported in the ol a5 needed during experimentativia a hypodermic needle
range for a variety of organism&.(coli, rat and human) embedded in the flank musculature. After immobilization, the
(Tabor and Tabor, 1976; Ortiz et al., 1983), although thgyoldfish was wrapped in a wet Kim Wipand secured with
concentration of a specific polyamine can vary with cellateral body clamps in a custom-made Plexiglesntainer; the
type, growth cycle phase and overall health of the cellhead was stabilized with a metal mouthpiece. The gills were
Putrescine, a precursor in spermine biosynthesis, is producggligatedvia a constant flow of CFTW containing the general
by the ornithine decarboxylase (identified in prokaryotesanesthetic, MS-222 (ethyl-m-aminobenzoate methane sulfonic
fungi and mammals) and arginine decarboxylaseacid, initial concentration, 0.0005%; Sigma Chemical, St
agmatineureohydrolase (in prokaryotes) pathways. Putrescinguis, MO, USA). Minor surgery was performed to remove

and spermine play key roles in an array of fundamentghe skin and connective tissue superficial to the olfactory
cellular processes, including cell growth, cell division (Taborrosette, faci“tating electrode p|acement_

and Tabor, 1984) and ion channel modulation (see

Discussion). In addition to their occurrence in living tissuesStimulus solutions and delivery

a previous study indicated that concentrations of putrescine, The odorants included the followingamino acids: acidic
cadaverine and spermine were correlated with the degree @flutamate, —OOC-(Chl2-CH(NHz*)-COO"), basic (arginine,
decomposition of certain aquatic animals (Mietz and Karmag;2N-C(NH2*)-NH-(CH)3-CH(NHz*)-COO; lysine, *HaN-
1978). Since polyamine concentrations vary with degradatioffCH2)4-CH(NH3*)-COO- and ornithine, *H3N-(CHy)s-
and polyamines are distributed ubiquitously, teleosts are likelgH(NHz*)-COO"), short side-chain neutral (alanine3CH
to encounter them in an aquatic environment. A previou€H(NHz*)-COO"), and long side-chain neutral (methionine,
investigation tested putrescine as a possible olfactory stimuli$sC-S-(Ch)2-CH(NHz*)-COO"), together with amines
in zebrafish, but the results were negative (Fuss an@utrescine, BN*-(CH2)s-NH3z"; cadaverine, N*-(CH)s-
Korsching, 2001). NH3z*; spermine, HN*-(CH2)3-NH2"-(CH2)4-NH2*-(CH2)3-

The present study, which investigates ORN responses toHs*; butylamine, HN*-(CH2)3-CHz and amylamine, gN*-
polyamines, indicates that: (1) polyamines are potent olfactor§CH2)4-CHz), bile salts [sodium salts of taurocholic acid
stimuli to goldfish, (2) polyamine olfactory receptor sites ar§TCA; CaeHa4NO7SNa) and taurolithocholic acid (TLCA,;
relatively independent of receptor sites for other known classé&®eH44NOsSNa)], ATP (GoH14Ns5013P3Nag) and glutaric acid
of odorants, (3) relatively independent receptor sites exist fqrOOC-(Ch)3-COO"). All chemical stimuli were purchased
different polyamines, (4) polyamine odorant information isfrom Sigma (St Louis, MO, USA) and were of the highest purity
likely to be transduced by a signaling pathway other than thavailable. Stock solutions of amino acids, glutaric acid and
classical cAMP or IR cascades, and (5) polyamines areamines were prepared weekly using CFTW; bile salts and ATP
effective stimuli that promote feeding responses, similar to thevere prepared using Milli Q water (resistivity, 182 cnr?).
behavior exhibited in response iteamino acids. Preliminary All stock solutions were pH adjusted to match control CFTW
results were previously reported in abstract form (Rolen et al(pH 8.7) bathing the olfactory mucosa and refrigerated when
2001, 2002). not in use. Stock solutions of ATP were frozen (—=20°C)niml 1
portions for up to one month. Stock solutions were diluted daily
to experimental concentrations (26108 moll-1) with
CFTW. Analysis of the CFTW by the Dionex AAA-Direct
Amino Acid Analysis System (Sunnyvale, CA, USA) indicated
Experimental animals that no free amino acids were present (sensitivity was in the mid

Goldfish, 7.5-12.5cm sexually immature shubunkindemtomole to low picomole range).

Carassius auratuk., were obtained from a local pet store and  Stimulus delivery wasia a ‘gravity-feed’ system previously
from the Department of Fisheries, Wildlife and Conservatiordescribed (Sveinson and Hara, 2000). Briefly, stimulus
Biology, University of Minnesota (courtesy of Dr Peter solutions and the CFTW used to bathe the olfactory epithelium
Sorensen). Fish were held in the Louisiana State Universitwere delivered through separate Teflotubes (diameter
Animal Care Facility in 190 aquaria filled with charcoal- 0.8mm) to the olfactory mucosa at a flow rate of &nin—1.
filtered tap water (CFTW) and maintained on ahi2h A foot switch connected to an electronic timer (Model 645,
light:dark regime until used for experimental testing. The fistGraLab Instruments Division, Dimco-Gray Corporation,
were fed a daily diet of floating commercial fish chow. Centerville, OH, USA) triggered a pneumatic actuator valve

Materials and methods
Electrophysiological experiments
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to introduce the stimulus for 8 applications. CFTW Cross-adaptation paradigm

continuously perfused the olfactory mucosa to (1) prevent the Electrophysiological cross-adaptation experiments to

mucosa from desiccating, (2) facilitate stimulus delivery, (3determine the relative independence of receptors for the
avoid the introduction of mechanical artifacts associated witbdorant stimuli consisted of three stages: pre-adaptation,

stimulus presentation and (4) rinse the olfactory organ clear @fdaptation and post-adaptation.
any residual stimuli for a minimum ofrin between stimulus During pre-adaptation, CFTW continuously bathed the
applications. olfactory mucosa for a minimum of 18in prior to stimulus
) application. Initially, the concentrations of the test stimuli were
Pharmacological agents adjusted to provide approximately equal EOG-response
Forskolin (an adenylate cyclase activator; Sigma Chemicanagnitude. Some cross-adaptation experiments involved
St Louis, MO, USA) and 1,9-dideoxyforskolin (inactive analogmixtures of odorants, in which case the concentration of each
of forskolin; Calbiochem, La Jolla, CA, USA) were dissolvedcomponent of a stimulus mixture was also adjusted to provide
in dimethyl sulfoxide (DMSO) and added to CFTW to an approximately equal EOG-response magnitude when tested
provide 164moll~! stock solutions. Forskolin and 1,9- individually. The adjusted concentrations of the test stimuli
dideoxyforskolin were refrigerated when not in use for up to ensured that potent and weak stimuli were approximately
week during experimental testing. U-73122, a potent inhibitoequipotent. CFTW served as the control during pre-adaptation.
of agonist-induced phospholipase C (PLC) activation (Yule During adaptation, the adapting solution at the previously
and Williams, 1992) and U-73343, a weak inhibitor of agonistadjusted concentration continuously bathed the olfactory
induced PLC activation (purchased from Biomol Researclucosa for a minimum of 2@in prior to stimulus application.
Laboratories, Inc., Plymouth Meeting, PA, USA) wereA|l stimuli tested during the adaptation paradigm were
prepared in the same manner as forskolin and frozen gissolved in the adapting solution. Controls were portions of
—20°C when not in use. DMSO controls were adjusted ifthe adapting solution and CFTW, respectively. Adaptation to
concentration to match those used to dissolve than odorant suppressed the EOG responses to varying degrees
pharmacological agents. to some test stimuli while not affecting the responses to others.
) ) ) ) Responses to test stimuli that were suppressed to the control
Electrophysiological recording techniques level (complete adaptation) were considered to share the same
The underwater EOG, a slow DC potential change in theeceptor site(s) and/or the same transduction process as the
water above the olfactory mucosa, is suggested to be thgjapting stimulus. Responses to test stimuli significantly
summed generator potentials of the responding ORNS igreater than the control level were considered to have at least
response to odorant molecules (Ottoson, 1971; Caprio, 1999partially independent receptor site(s) and/or transduction
EOG recordings were obtainedvivowith calomel electrodes processes from the adapting stimulus.
via Ringer's-agar-filled capillary pipettes. The pipette of the puring post-adaptation, CFTW continuously bathed the
active electrode was positioned near the midline raphe of ﬂ'tﬂfactory mucosa for 1fin prior to stimulus app“cation_

olfactory rosette at a location that maximized the EOGstimuli and controls were identical to those described during
response to O.hmoll-1 L-arginine; the pipette of the pre-adaptation.

reference electrode was placed against the skin adjacent to the

olfactory cavity. The fish was groundedh a hypodermic Statistical analysis

needle inserted into the flank musculature. The EOG was Statistically significant differences between groups were
amplified (Grass P-18; Astro-Med Inc., West Warwick, Rl,determined by a one-way analysis of variance (ANOVA) with
USA), displayed on an oscilloscope and DC chart recordegtatMost Version 3.5 (2001; Dataxiom Software Inc., Los
During the experiments, the standard {@sol -1 L-arginine)  Angeles, CA, USA). Means were further analyzed using the
was applied intermittently; if the responses to the bracketefiykey post hoctest. P<0.05 was accepted as a statistically
standard differed by >25%, those data were excluded fromgnificant difference. A studenttstest P<0.05) was utilized

subsequent analysis. to determine significance between the responsesatginine
In vivo recordings of multiunit ORN activity were made and those to polyamines in Fi).

using metal-filled glass capillary electrodes plated with

platinum (Pt) (ball diameter, approx. 18-{2%; cross- Behavioral experiments

sectional area approx. 250-5087?; impedance, 10-4RQ) Two experiments were conducted. The first examined whether
placed against the sensory face of an olfactory lamellaxposure to polyamines stimulated changes in individual
(Gesteland et al., 1959; Caprio, 1995). The electrode was r.gehavior similar to that observed in response-amino acids,
coupled (22(F capacitor, 2MQ resistor) to a high- which are established feeding stimuli. The second experiment

impedance probe at one input with the other input groundeg@sted whether polyamines were attractive or repulsive.
via a hypodermic needle embedded in the flank musculature of

the fish. The multi-unit neural activity was amplified (GrassExperiment 1
P511; bandpass 30-362), observed on an oscilloscope, The first experiment observed the behavior of groups of
integrated (0.5) and displayed using a pen recorder. goldfish and followed a well-established behavioral testing



1686 S. H. Rolen and others

protocol (Sorensen et al.,, 1988, 1989; DeFraipont an
Sorensen, 1993). All fish were in good condition, held under
long (1€h:8h light:dark) photoperiod and fel libitumwith
flake food (Chemaqua, CA, USA). Although most fish were
tested only once, a small humber were tested a second tir
with different stimuli after a 3-week intersession period, during
which they were held in 1000stock tanks. The following
odors were employed for the first experiment: well watel

Opaque Plexiglass
walls

Test Test

s
| |
control (i.e. a sample of the same aquarium water in which tr arca A | Central area : area B
fish were held), 1 mol I-1 L-serine hydrochloride [an amino ® | o
acid that is a strong olfactory stimulant, but a poor tastar | Odainlet Drain  oda inlet”
in goldfish (Sorensen et al.,, 1987, P. W. Sorensen ar ard airstone | I andairstone
| |

T. H. Hara, unpublished results)], #nolI-1 L-proline
hydrochloride [a potent taste stimulus, but a poor olfacton
stimulant in the goldfish (Sorensen et al., 1987; Hara, 1994)
10-2mol I-1 putrescine dihydrochloride, ¥dmol I-1 spermine
tetrahydrochloride, @ moll-1 cadaverine dihydrochloride
and crude food odor (made by placinggi6f flaked food into
200ml of deionized water for approximatelyhl and then
filtering it to remove particulates). Odorants were prepared ¢
needed and maintained at —4°C. Concentrations were chos
so that when fully diluted (1000—-1®O0 times, see below) and 1.4m
encountered by fish, they evoked approximately the same SIZE%.l.Schematic diagram of the open field maze used in the
EOG responses. ; ) .
. . . attraction tests. See Materials and methods for details.

For testing, groups of three fish were placed intb gl@ss
aquaria, each of which was supplied with flowing 17°C well
water (100ml min-%) and maintained on the same photoperiodsing a manual counter. All stimuli were tested 10 times on 10
as the stock tanks. Fish were allowed to adjust to these aquagigerent groups of fish. Because these data were ordinal and
overnight (24h.). All aquaria were shielded on three sides withnot normally distributed (Kolmogrov-Smirnoff; Instat, San
a plastic screen, but had a clear front with a horizontal and @iego, CA, USA), they were ana]yzed using nonparametric
vertical line drawn to assess fish swimming rates. Gravel wagsts. Briefly, starting (pre-test) values were compared across
used as substrate within the aquaria. An air stone was a|%)5t groups using a Kruskall-Wallis test (|nstat, San Diegc)’
placed in the corner of each aquarium, with am.5 CA USA) to confirm that they were the same. Next, for each
(1.d.=0.7€mm) length of Tygon flexible plastic tubing test odor and behavior, pre- and test values were compared
connecting the stone to a plasticrbsyringe that was used uysing a Wilcoxon matched pairs test.
to inject the odor solutions. The syringes were positioned
below the aquaria so the fish could not see them. An opaqfperiment 2
black plastic sheet with a small viewing hole was also stretched The second experiment tested for attraction using a large
across the front of each aguarium so that the fish could not s€e4m diameter, 12m in depth, 3090, still-water circular
the observers who sat at a distance of m—2To start an maze divided into two test areas and a neutral middle zone
experiment, each group of fish was observed fomandpre-  (Fig. 1). Gravel was placed on the bottom and the apparatus
test period, after which 4@l of test odor were then injected was lit by an overhead light on a &@h light:dark
into the aquarium at a moment when the fish were not near tiplotoperiod. The same odorants as in Experiment 1 were tested
air stone. After a 15 period to permit complete dilution of the in this experiment, although they were made up and added at
odor (confirmed by dye tests), fish were observed fcman4 a slightly higher concentration (0moll-Y), because the
test period. The following behaviors (from DeFraipont andgreater size of the maze resulted in greater dilution, enabling
Sorensen, 1993) were noted: (1) swimming activity, i.e. theis to add odors at times when fish were not near the stimulus
total number of times that individual fish completely crossegort. The maze was surrounded by a dark canvas apron and
either of the lines drawn across the front of the aquaria; (d)ad a 1@m overhead hole through which the fish could be
feeding activity, i.e. the number of times that fish rapidlyobserved.
opened and closed their mouths in mid-water (‘snapping’) or Test protocols followed those of Maniak et al. (2000).
picked up gravel off the bottom (‘biting’; a characteristic Groups of five fish were introduced into this maze the day
behavior of goldfish when sampling for food on the bottom)pefore testing. The next morning, the fish were observed for a
(3) social activity, i.e. the number of times that fish physicallypre-test period, after which a test stimulus was introduced into
touched each other, termed nudging behavior (DeFraipont arlde side that contained the fewer number of fish; a blank control
Sorensen, 1993). Activities were recorded as they occurreglas introduced into the other side. Each test stimulus was

Medh screen wall
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introduced as a 3@l bolus, which was injected by a

remote plastic syringe through 0.#@6n polyethylene

tubing (Tygon) attached to an air stone and resulted in a
| final concentration of 1@ mol I-1. Dye tests showed that
| odor distribution remained restricted to the injection area
|_ for 15min. For each trial, the fish were continuously
observed during both the pre-test and test periods, and
their positions were noted every minute for M
periods. All stimuli were tested at least seven times and
the maze was drained and flushed between trails for a day.
Data were analyzed using Wilcoxon matched-pairs test
(Instat, San Diego, CA, USA).

Results
Electrophysiological experiments
EOG recordings to polyamines

EOG responses to putrescine, cadaverine and
spermine, and the amino acid standard,niol -1 L-
arginine (Arg), were recorded to determine the relative
effectiveness of polyamines as odorant stimuli. The EOG
responses to polyamines were compared to that to Arg,
the most potent amino acid for goldfish (Zippel et al.,

recordings to ascendind997). EOG recordings indicated that the thresholds for

concentrations of (A)-arginine, (B) putrescine, (C) cadaverine and (D)polyamines and Arg were similar (£810-7 mmoll-1)
spermine, performed in a single goldfish. Odorant concentrations (imnol (Figs2, 3). At equivalent concentrations (®aol |—1),
eliciting each response are listed below each respective trace. C, Chaf‘fﬂﬂrescine, cadaverine and spermine elicited EOG

filtered tapwater. Scale bars, 0% (vertical); 30s (horizontal).

254
| Spermine
Putesdne

1 Cadaerine
20 .

_ Amylamine
Butylamine
L-Arginine

O X oOx%rp>

Relative responsiveness

106 105 104

108 107
Concertration (mol 1-1)

+

responses 4.2+0x]1 4.3+0.1x and 10.3+0.4 (mean

S.E.M.) greater than Arg (0.4+012V; mean 1s.0.; N=10

fish), respectively (Fig3). Further, at supra-threshold

concentrations (16-10-3mol I-1), polyamines evoked a
significantly larger P<0.05; Student’d-test) EOG response
than Arg (Fig.3). Polyamines, in addition to being more potent
odorants than Arg, elicited a greater magnitude of EOG
response than structurally similar single amine containing
compounds (amylamine and butylamine; deaminated analogs
of cadaverine and putrescine, respectively) (8jg.

Integrated multiunit recordings to polyamines

To determine whether (1) the EOG responses to polyamines
are transduced into action potential activity of ORNSs, as are
amino acids (FigdA), and (2) the large relative EOG
effectiveness of polyamines compared to amino acids is
reflected in olfactory neural (i.e. action potential) activity,
integrated multiunit responses of ORNs were also recorded in
a subset of eight fish. An increase in action potential activity

Fig. 3. Compiled electro-olfactogram (EOG) responses of goldfish to
ascending concentrations afarginine, polyamines (putrescine,
cadaverine and spermine) and single amine containing compounds
(amylamine and butylamine). Responses were standardized to
0.1mmoll-1 L-arginine, which evoked a response of 0.440\2
(mean xs.p.). Values are means &t.M. 3—6 fish were tested for
each concentration series. Putrescine, cadaverine and spermine
evoked responses significantly greater thaarginine at all tested
odorant concentratiorsl0-° mol I-1 (Student'st-test; P<0.05).
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Fig. 4. Integrated multiunit recordings obtained from a single electrode location in the sensory epithelium to: (A) controd (Onenud |1
L-arginine (Arg); (B) putrescine, (C) cadaverine and (D) spermine (inset shows an example of spermine decreasing backaractiditygur
(E) The chart indicates the median (filled circle) and range (horizontal bar) of estimated electrophysiological thresHoRiso(matrescine
(Put;N=5 fish), cadaverine (Cabl=5) and spermine (Sphi=2). Odorant concentrations (o) in A-D are listed below each trace.

Fig.5. Representative
electro-olfactogram

recordings from
(EOG) Cross-

adaptation experiments recorded prior to @'
(i), during (ii) and after (iii) adaptation to 5

(A) 1 mmoll-1 glutaric acid (a deaminated
analog of glutamate; p¥4.34 and 5.22)
and (B) 1mmoll-l L-glutamate (a
negatively charged amino acid). The
adapting solution is underlined. C, CFTW
control; Glt, glutaric  acid; Glu,
L-glutamate; Arg, 0.mmoll-1 L-arginine;
Put, 10umoll-?  putrescine;  Cad,
10umol I-1 cadaverine; Spe, [3moll-1
spermine.
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was evident across stimulus concentrations in olfactorgttenuation in the background of botiminol I-1 L-glutamate

responses to putrescine (in five of eight fish tested; nand 1mmoll-1 glutaric acid, respectively (Fi$).

response in three fish), cadaverine (in five of eight fish tested;

no response in three fish) and spermine [in two of eight fisRolyamines bind olfactory receptor sites that are at least

tested; no response in three fish; decline in baseline activiartially independent from those that bind other known

in three fish (inset, FiglD); Fig.4B-D]. Neural thresholds classes of odorants

(based on integrated action potential activity) further indicated Polyamines tested during continuous presentation of either

that median thresholds were approximately>1foll-1  L-amino acids, bile salts or ATP to the olfactory organ elicited

(Fig. 4E). responses significantly greater than those to the adapting
The potency of the polyamines with respect to Arg, thestimuli (one-way ANOVA; Tukey'post hodest,P<0.05), but

amino acid standard, was noticeably less for the highesf comparable magnitude to those of odorants representing the

polyamine concentrations than indicated by the EOGeparate odorant classes (FigsC, 7A-C). Further,

recordings (compare Figs and 3). To investigate the adaptation to a mixture of polyamines did not significantly

discrepancy between the relative magnitude of the EOG arattenuate the response to mixtures-aimino acids, bile salts

multiunit recordings to polyamines, the net positive charge obr ATP to control levels (one-way ANOVA; Tukey®st hoc

the polyamine molecules was examined to determine whethest, P<0.05) (FigstD, 7D). The response to the adapting

this charge contributed to the magnitude of the EOG responsssmulus, however, was reduced to control level.

to polyamines. The amine groups of the polyamines tested in Adaptation to spermine alone, but not to putrescine or

this study have pkvalues of 8.9-11.5, which would result in cadaverine, resulted in partial cross-reactivity widrginine,L-

a net positive charge when the pH of the polyamine tedysine and.-ornithine, reducing the magnitude of the response

solution was adjusted to match the CFTW @) bathing the to these compounds by 38—-49% of their unadapted responses

olfactory mucosa. To negate this excess positive charge of tifleig. 8C); however, responses to the tested amino acids

polyamine molecules, the olfactory organ was adapted teemained significantly greater than the response to the adapting

1 mmoll-1L-glutamate, a negatively charged amino abidX  solution (one-way ANOVA; Tukey'sost hodest,P<0.05).

fish; pKa=2.2, 4.3 and 9.7) and rimol I~ glutaric acid, a

decarboxylated analog of glutamaté=@ fish; pk=4.34 and Multiple olfactory receptor site types for polyamines

5.22), respectively, during EOG recordings to individual To determine if putrescine, cadaverine and spermine bind to

applications of Arg, 1@umol I-1 putrescine.

10umol I-1 cadaverine and gmol -1

spermine. EOG responses to Arg and A B

polyamines persisted with only slig !Kv \—k J\\ JL ﬁ\ J{
i |

Fig.6. Representative recordings of elec

olfactogram (EOG) cross-adaptat - vk ,L L B JL

experiments prior to (i), during (i) and after ( 1 Y - L e

adaptation to: (A) a mixture of Crimoll-1 L-

amino acids (AA; alanine, arginine, glutam

and methionine), (B) a mixture of Q.@nol -1 k

bile salts (BS; sodium taurocholate i - i

taurolithocholate), (C) 4fmol =t  ATP C  AA PA BS

(compounds containing phosphate groups r
in positive EOG deflections in goldfish), ¢

(D) a mixture of polyamines (PA; j0mol -1 C D
putrescine and cadaverine and prBol -1
spermine). The adapting solution is underlil i

The concentrations of the test solutions va

in A, PA = 2Cumol I-! putrescine, cadaveri '
and 2umol -1 spermine) and BS = 3j@mol I-1
TCA and TCLA; in B, AA = 1Cumol -1 J\\ | i ]‘f
i - I i

alanine, arginine, glutamate and methionine

EOG iespong (mV)

PA = 3pmoll-1 putrescine, cadaverine &

1 umol I-1 spermine; in C, AA = 10Qmol -1

arginine, methionine, alanine and glutamate TR i -
PA = 1CumolI-1 putrescine, cadaverine & c AA PA  ATP C AA P BS ATP
2 umol I-1 spermine; in D, AA = 10Qmol -1 T
alanine, arginine, glutamate and methionine w...
BS = Sumol -1 TCA and TCLA; ATP = 4Qumol -1 Upward deflections from the baseline are negative. Responses that are positive
(downward) deflections were offset to enable comparison. Scale bamsy Q&rtical); 30s (horizontal).

Time
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160 160 responses that ranged in magnitude from 68% to 79% of the
140 A 140 B L unadapted response during polyamine adaptation §RigC).
2 Adaptation to any one of the three polyamines did not
120 120 T I T significantly attenuate the EOG response to either amylamine
100 1007 [3 8 3 or butylamine to control levels, suggesting that polyamine
80 80 receptors do not bind single amine compounds with high
60 3M31] 2 60 affinity (one-way ANOVA; Tukey’spost hodest,P<0.05). In
reciprocal experiments during amylamine or butylamine
40 40 adaptation performed in a single fish, EOG responses to the
20 20 individual polyamines were not eliminated and remained at
0 __|7__ 0 7 42-58% of the unadapted response (data not shown).
AA PA BS ATP AA PA BSATP FOR

Effects of forskolin on odor evoked responses

Relative respnsiveness (%)

160 160 To determine if transduction of polyamine odorant
10{ C 140{ D information and that for other known odorant classes in teleosts
120 120 involve the cAMP second messenger pathway, forskolin (an
I I adenylate cyclase activator) was continuously applied to the

100 3 100+ 4 . .
— olfactory mucosa on the assumption that the forskolin
80 2 801 |5 treatment would either decrease the number of adenylate
60 601 6 cyclase molecules available for G-protein coupled receptor
0 401 activation or desensitize certain components of this pathway
(e.g. cyclic nucleotide gated channels or the odorant receptors),

20 3 201 8 resulting in an attenuation of the response to odorants utilizing
== 0 this pathway. Odor-evoked responses to polyamines were

ATR PA AA odorant AA BA BS ATP slightly attenuated by the forskolin treatment, but not to control

levels (one-way ANOVA; Tukey'spost hoctest, P<0.05).
Fig. 7. Results of cross-adaptation experiments utilizing mixtures oDuring adaptation to forskolin (5-3@molI-%), however, the
odorants. Adaptation to (AL-amino acids (alanine, arginine, magnitude of the EOG response to a mixture of bile salts (TCA
glutamate and methionine; 10-50@ol I%), (B) bile salts (sodium and TLCA) was reduced to baseline levels, while the
taurocholate and taurolithocholate; 0.34tfolI™), (C) ATP  magnitude of the EOG responses to ATP remained relatively
(30-7Cumol 1Y) and (D) polyamines (1-4@moll= putrescine,  atfected. During the forskolin treatment, the response to

cadaverine and spermine). The adapting solution in A-D i$, iy e of L-amino acids (alanine, arginine, glutamate
underlined. Bars indicate the percentage of unadapted response

. o
(mean #s.0.). Numbers associated with each bar indicate the numbe"’}n,d methionine) was reduced. to 59112./0 (mears;t)
of fish tested for each odorant category. Responses to test stimgﬁ'g' 9A,C). Importantly, adaptation to the mixture of bile salts

(A-D) are all significantly greater than the response to the adaptirid not attenuate the response to forskolin (F&). This non-
solution (one-way ANOVA, Tukey’post hodest,P<0.05). reciprocal cross-adaptation between forskolin and bile salts

indicates that forskolin, whose structure resembles that of bile

salts, did not compete for the bile salt receptors. Consistent
a single generic type of polyamine receptor or to different typewith these data, EOG responses to bile salts were only slightly
of polyamine receptors, EOG responses to each polyamirstenuated during continuous application ofu2@ol I-1 1,9-
were recorded during adaptation to other individualdideoxyforskolin (an inactive analog of forskolin), which is
polyamines. During adaptation to each of the three testeshjuivalent to the highest concentration of forskolin testie (
polyamines, EOG responses to the remaining two tedish; Fig.9B).

polyamines were significantly greater than that to the adapting
stimulus, ranging from 42% to 72% of their unadaptedEffects of U73122 and U73343 on odor evoked responses

responses (one-way ANOVA; Tukey®st hoctest,P<0.05) To determine if transduction of polyamine odorant
(Fig. 8A—C). Responses to the adapting polyamine in the thréaformation and that for other known odorant classes in teleosts
paradigms were reduced to the control level. involve the IR second messenger pathway, U-73122 [a potent

inhibitor of agonist-induced phospholipase C (PLC) activation]
Polyamine olfactory receptors are independent from olfactoryas continuously applied to the olfactory mucosa. The
amine receptors assumption was that U-73122 treatment would inhibit G-
To further investigate the independence of polyamingrotein coupling with PLC resulting in an attenuation of
receptor sites, related single amine containing compounds, tkiee response to odorants utilizing this pathway. U-73122
deaminated analogs of cadaverine and putrescine, amylamitiepmol I-1) did not elicit an appreciable EOG response
and butylamine were tested during adaptation to individual<0.09mV) when applied to the olfactory mucosa; therefore,
polyamines. The single amine containing compounds elicitethe concentrations of the odorant stimuli tested were equivalent
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to those used during the forskolin treatment. During adap 140
to 1umol I-1 U-73122 (=3 fish), the magnitudes of the E! A
response to a mixture of polyamines, bile salts and to 120
were relatively unaffected (Fi@OA,B). However, respons
to a mixture ofL.-amino acids were reduced to 57+12% (i 100- I I
way ANOVA; Tukey’s post hoctest, P<0.05). By contras 3 T[3
during adaptation togmol I-1 U-73343 (a weak inhibitor o0 BRE I
agonist-induced PLC activation\N£3 fish), the magnitude 7
the EOG response to the test stimuli were not aff T 5|4
significantly (Fig.10C,D). 607 3
Behavioral experiments 401 3

Exposure to crude food odor extract stimulated
(approximately tenfold) increases in feeding activitg@.01 201
as well as an approximate doubling of swimming act 8
(P<0.01; Fig.11A). In contrast, adding well water alone 0

tanks was without any apparent effect on any behavior, ¢ But CadSpeArg LysMet OmAmy But
the preovulatory sex pheromone. Exposure to sper

putrescine, and cadaverine elicited approximately thre 140 B
increases in feeding activity?€0.01), but had no effect
swimming or nudging (data not shown). Similar increas 120 I
feeding behavior were elicited by exposure to the three i S I
acids,L-serine,L-proline and.-arginine P<0.01). % 100 31313

The second behavior experiment found spermine anc g I I
odor to be highly attractive to groups of goldfig?<Q.01 Z 80 3 I
(Fig. 11B). L-serine and putrescine were also attra o) :; 4
(P<0.05), while neither blank water control neproline hai @' 60 I s
any effect on fish distribution. © 3

§ 40
Discussion

Polyamines are essential, naturally occurring compoun 20

Polyamines (putrescine, cadaverine and spermine obLL. L | | O
naturally occurring aliphatic polycations, widely distribute Put Cad SpeArg Lys Met OmAmy But
biological materials and serving a host of cellular func
(Tabor and Tabor, 1984). Intracellular concentration 140
polyamines have been reported in the millimolar rang C
most tissues and organisms, but concentrations vary wi 120 1
type, health and growth cycles (Tabor and Tabor, 1976,
Ortiz et al., 1983). Increasing concentrations of putres 100
cadaverine and spermine appeared to be correlated w
degree of decomposition of certain aquatic animals (Miet 80 - T
Karmas, 1978) and are therefore probably prevalent i 3| T
aguatic environment where they are presumably encou I I 3
by teleosts. The current study provides electrophysiolc 60 3|3
and behavioral evidence indicating that putrescine, cada 4 3
and spermine are odorants to goldfish, that they repre 4071 I3

. . - 20 1
Fig.8. Results of cross-adaptation experiments to (A) putre
(Put; 9-50umol I-1), (B) cadaverine (Cad; 20—4@nol -1 or (C) 6
spermine (Spe; 2-{Imoll-Y). The adapting solution in A-C 0 Put cédg';eA'rg Lys O'mArhy But

underlined. Bars indicate percentage of unadapted response (
s.0.). Numbers associated with each bar indicate the number Odorant

tested for each odorantarginine (Arg; 0.1-Immoll-1); L-lysine, (Lys; 0.1-Immoll-1); L-methionine (Met; 0.1-0.B1mol I-Y); L-ornithine
(Orn; 0.1-tmmolI-1); amylamine (Amy; 0.03-0.1mol|-%); butylamine (But; 0.05-0..1moll-1). Response magnitudes to test stimuli (A-C)
are significantly greater than the response magnitude to the adapting solution (one-way ANOVA,; gagtdyostest,P<0.05).
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Fig. 9. The effects of forskolin and 1,9-dideoxyforskolin on odorant-

evoked responses. (A) Representative electro-olfactogram (EOC A
recordings to a mixture of 1@0mol I-1 L-amino acids (AA; alanine,
arginine, glutamate and methionine), polyamines (PAur2ol -1 i

R

putrescine, cadaverine anguiol I-1 spermine) and 1@mol I-1 bile

salts (BS; sodium taurocholate and taurolithocholate) prior to (i)

during (ii) and after (iii) adaptation tcgiol I-1 forskolin (For). DS, ’k =
dimethyl sulfoxide; C, CFTW control). (B) Representative EOG . J\ LD_’
recordings to 10Qumol =1 AA, 1 umol I~ BS and PA (1Qumol I-1 I v ™~ 030—
putrescine, cadaverine angumol I-1 spermine) during adaptation to s
20 umol I-1 1,9-dideoxyforskolin (De). (C) Percentage of unadaptec

response (mean +sD.) to mixtures of L-amino acids

(50-500umol I-1),  polyamines  (1-2@molI-Y), bile salts

(10-5Cumol 171, forskolin control and ATP (30—4@mol I-1) during ~
i~ A

adaptation to forskolin (5-20molI-1). Numbers associated with
each bar indicate the number of fish tested for each odorant. Tl
adapting solution is underlined. X, Y and Z designate statistice
significance across groups (one-way ANOVA; Tukegyost hodest,

P<0.05). B \
class of odorants distinct from previously identified classes ¢ i— A Jk

odorants, and are probably primarily transduced by a no

C DS For AA PA BS

EOG response (mV)

cAMP/IP; signaling pathway. ‘/LE
Peripheral recordings to polyamines i o e N g|
EOG dose—-response recordings indicated that polyamines 30s

concentrations of fimol -1 to 1 mmoll-1 were considerably
more effective odorants for goldfish thasarginine, the most
stimulatory amino acid for goldfish. Integrated multiunit neural

recordings, however, did not reflect this relative magnitud il JK
difference. Polyamines atrimoll~! concentration elicited
integrated multiunit responses that were equal to or less thi
the multiunit response to Orimoll-1 L-arginine. Also, the

CDS De AA PA BS

electrophysiological thresholds to polyamines estimated wit| C 160

neural recordings were variable across the fish tested.

reasonable possibility to account for these results is that tf < 1401

specific ORNs that responded excitedly to polyamines ar \g 120 v
sparsely dispersed across the sensory epithelium, such that 5 100! T
tip of the multiunit electrode (approx. 18-t platinum tip; e Y 3
cross-sectional area approx. 250-5@) contacted fewer S 8y X 1
polyamine-responsive ORNs relative to the number.-of @- 60+
arginine-responsive ORNSs. If this were the case, the neur E 0] 4

activity of the fewer polyamine-responsive ORNs would have ° z 5

to be driven by higher concentrations of polyamines in orde @x 204 4 7

to generate a response with a magnitude comparable to t o+—- -I-—'"— .
response generated by the more numerous L-arginin AA PA BS ForATP
responsive ORNs when presented with rrholl-1 - Odorant

arginine. The failure of detecting calcium changes in ORNM

synaptic boutons of zebrafish in response to putrescine |

optical imaging (Fuss and Korsching, 2001) is consistent witthen the transduction currents associated with individual
our hypothesis of a sparse distribution of polyaminepolyamine responsive neurons are unusually large.
responsive ORNSs, especially since unpublished data indicate

that polyamines do evoke EOG activity in zebrafishPolyamine olfactory receptors are independent from those for
(W. Michel, personal communication). Further, if ORNs known odorant classes and related compounds
responding to polyamines in goldfish are few in number, and The previously identified, biologically relevant odorants to
EOG responses to polyamines are of a vastly greater magnitudeosts (amino acids, bile salts, nucleotides, sex steroids and
than those to the amino acid standard ndmol -1 L-arginine,  prostaglandins) are initially recognized and discriminated by
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Fig. 10. The effects of the potent inhibitor A r|: \ C | i

of agonist-induced phospholipase C (PLC) \ ' '| | l |

activity, U-73122 (U7P), and its weaker \_ 1\ |& \ i P N AN il.,\ ]

analog, U-73343 (U7W) on odorant-evoked i . A . . I AN { ‘”>' ' o

responses. (A,C) Representative electrgz EI_
1o}

olfactogram (EOG) recordings to a mixture o= > . )
gram (EOG) g i E| k( 3
n

wn

100umol 11 L-amino acids (AA; alanine,

arginine, glutamate and methionine),% S 30s ]\\
polyamines (PA; 1umol I-! putrescine and £ 11 v~ — . J ™
cadaverine and @moll-1 spermine) and 8 |
10umol -t bile salts (BS; sodium W / / 1 ‘ l

taurocholate and taurolithocholate) prior to /\ V I\ (t

i), during (ii) and after (i) adaptation to ! A

(i) g (i) (iiiy adap i A - A N i \ AN\
C u7p PA ATP C urw PA ATP

1 umol 171 U-73122 (U7P) and umol I-1 U-
DS AA BS DS AA BS

-~
Pl

73343 (U7W), respectively. DS, dimethyl
sulfoxide; C, CFTW control. The EOG
response to ATP has been offset to allow for
comparison. (B,D) Percentage of unadapted
response (mean is.p.) to the adapting
controls (underlined), (U7P in B; U7W in D),
L-amino acids, polyamines, bile salts and ATP
during adaptation to U7P (in B) and U7W
(in D). Data in B and D were compiled
from three fish. The adapting solution is 20
underlined. X, Y and Z designate statistical 0 X N 0 X B
significance  across  groups  (one-way U7P AA BS PAATP U7WAA BS PAATP
ANOVA; Tukey's post hodest,P<0.05). Odorant Odorant

140
1201 D
100
80 1
60 -
40

Relative
responsiveness(%)
roxo R
OO Ogo o 8
o
_<
N

20

different molecular olfactory receptors (Sorensen and Caprigolyamine receptors. Therefore, the persistence of the EOG
1998). These odorants bind to seven transmembrane doma@sponses to single amine containing compounds suggests that
G-protein coupled receptors located within ciliary and/orgoldfish probably possess molecular olfactory receptors with the
microvillar membranes of ORNs (Buck and Axel, 1991; Caaability to discriminate polyamines from single amine containing
et al., 1998; Speca et al., 1999; Mombaerts, 1999). The presaampounds. Single amine compounds were previously shown to
cross-adaptation experiments suggest that olfactory receptbe olfactory stimuli for sharks (Hodgson and Mathewson, 1978),
sites for polyamines are relatively independent from olfactoryput a recent study failed to visualize calcium influx into ORN
receptor binding sites for these other known classes of odorasynaptic terminals in the zebrafish olfactory bulb in response to
stimuli. amines (Fuss and Korsching, 2001). Although the present study
In the present experiments, EOG responses to a mixture sfiggests that the teleost olfactory system responds to single
polyamines were not attenuated significantly by adaptation to amines, future studies should reinvestigate single amine
amino acids, bile salts or ATP and, conversely, adaptation to@mpounds as olfactory stimuli for fish.
mixture of polyamines did not attenuate significantly the EOG Previous investigations in teleosts indicated that ORNSs
responses to these other classes of odorants. Further, durpassessing receptors for different classes of compounds project
adaptation to cadaverine and putrescine, responses to the améixons to specific sub-regions of the olfactory bulb (Hara
acidsL-lysine andL-ornithine remained unaffected. Thus, theand Zhang, 1996; Nikonov and Caprio, 2001; Friedrich and
addition of ana-carboxylic acid group to putrescine and Korsching, 1997, 1998). An independence of olfactory
cadaverine (resulting in-ornithine and.-lysine, respectively) receptor sites for polyamines, distinct from other known
results in the binding of these compounds to different (i.e. aminclasses of biologically relevant stimuli, suggests the possibility
acid) receptor sites. Consistent with these data, putrescine afod differential processing of polyamine odorant information
cadaverine were shown to bind with low affinity to the within the olfactory bulb of the goldfish and possibly for other
argininel-lysine amino acid olfactory receptor in goldfish teleost species. In addition, the identification of independent
(Speca et al., 1999). Further, EOG responses to single amiakactory receptors for polyamines may possibly aid research
containing compounds in the present study were not eliminatezfforts into the molecular and biochemical characterization of
during adaptation to polyamines, nor were responses teleost orphan olfactory receptors.
polyamines eliminated during adaptation to amines. These data
suggest that the removal of a single amine group from putrescirfi@elatively independent receptor sites for different polyamines
and cadaverine (resulting in butylamine and amylamine, In addition to receptor sites for polyamines being
respectively) decreases the affinity of these molecules fandependent of those for other known biologically relevant
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Fig.11. (A) Results of Behavior Experiment 1. The
A median (and 75% quartile) number of snapping and
. Pre biting behaviors exhibited by groups of goldfish in a
I B During 4 min period before odor was added (‘Pre’) and then
while odor was present (‘During’) in Experiment 1.
Significant differences between the Pre- and test periods
are noted. *P<0.01. (B) Results of Behavior
Experiment 2. The median percentage time (75%
quartile) spent by goldfish in the area of the maze to
which test odors were added. Time spent during the
12min period prior to odor addition (‘Pre’) and then
*k after it had been added and was still present (‘During’)
** *ok are shown for each stimulus. Significant differences
** between Pre- and test periods are note@<0*05,

iddddad

00 Blank Food L-Se¢ L-Pro Sperm Cadav Putri
control odor induced sensory transduction currents (Bruch, 1996;
Odor Schild and Restrepo, 1998). The present results
100 - showed that the response to polyamines persisted
B I Pre with only a slight reduction from control levels
3 During during forskolin adaptation, suggesting that
80 - polyamine transduction is relatively independent of
I the cAMP second messenger pathway. The current

Number of fealing attempts

3 8 & 3 8
>*
*

=
o
1

study also found no evidence linking theszIP
60 - * pathway to polyamine odorant transduction.

I * Continuous application of U-73122 (an agonist-
induced PLC inhibitor) to the olfactory mucosa
failed to affect the EOG response to polyamines (or
to bile salts or ATP), while reducing the EOG
response te-amino acids to 57% of the unadapted
response. That thed4Bignaling cascade is involved
in the transduction ofL-amino acid odorant
information in teleosts is also consistent with
Not tested molecular investigations (Bruch, 1996).

In contrast to polyamines, the EOG response to
bile salts was reduced by forskolin to control levels,
Odor while responses teamino acids were attenuated by

approx. 41%. These data suggest that the cAMP
pathway is utilized by ORNs responding to bile salt
odorants for fish, the present results indicate the relativelgdorants, while at least some ORNs responding-amino
independent olfactory receptor sites among the polyaminexcids also utilize this pathway. The forskolin results are
themselves. Although the partial reduction of the EOGCconsistent with data from similar experiments obtained in
response to other polyamines during adaptation to a singiebrafish (Michel, 1999); however, species differences may
polyamine suggests that some receptor sites possibgiso occur as the tFpathway was reported to be involved in
accommodate a number of polyamines, the cross-adaptatitime transduction of bile salt odorant information in the Atlantic
results indicated the existence of polyamine receptor sitesalmonSalmo salai(Lo et al., 1994).
that are specific for each of the different tested polyamines. The elimination of ORN responses to bile salts by forskolin
These results suggest the possibility that goldfish camight have occurredvia multiple mechanisms. Direct
behaviorally discriminate among the polyamines; howeveractivation of adenylate cyclase by forskolin could have
further behavioral testing is required to assess this suggestiaffectively saturated enzymatic activity, reducing the number
of enzymes available for receptor activation. Alternatively,
Second messenger pathways in polyamine odorant  protein kinase A activation by elevated cAMP concentrations
transduction could have desensitized the bile salt receptors (Boekhoff and

Subsequent to receptor activation, cytosolic secon®8reer, 1992; Schleicher et al., 1993). Also, increased cytosolic
messengers (CAMP and/ors)Rncreasevia heterotrimeric G- cAMP concentrations could have opened cyclic nucleotide-
protein modulation of enzymatic activity resulting in odorant-gated channels, elevating intracellular calcium concentrations

40 -

Time in odor (%)

20 A

0 T :
Blank  Food L-Sa  L-Pro  Sperm Cadav  Putri
control  odor
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and leading to increased channel susceptibility to intracellulasompounds. Interestingly, the polyamines, and spermine in
calcium block (Frings et al., 1992; Balasubramanian, 1996)articular, were strong attractants, perhaps stronger ithan
and decreased affinity of the cyclic nucleotide-gated channakerine and equivalent to food odor itself. In contiasgtoline,
for cAMP (Kramer and Siegelbaum, 1992). It is also possibl@a strong tastant, but a poor odorant in this species (Hara, 1994;
that forskolin might have competed for bile salt receptorsP. W. Sorensen and T. J. Hara, unpublished results), failed to
however, continuous application of bile salts to the olfactoryause the fish to spend more time within that odor than the
mucosa did not reduce the EOG response to forskolin. loontrol, suggesting that olfactory cues may have a greater role
addition, continuous application of 1,9-dideoxyforskolin (anin attraction in this species than gustation, and that polyamines
inactive analog of forskolin) did not attenuate the EOGexert the bulk of their behavioral activity through the olfactory
response to bile salts. Irrespective of which of these possibfystem.
mechanisms were operating, our collective data suggest that
bile salt odorant information is transduced in goldfighthe We thank Mr S. Finckbeiner for his assistance in obtaining
cAMP second messenger pathway. the goldfish. This study was supported by NIH grant DC-
_ _ _ _ 03792 (to J.C.), NSF/IBN 972398 (to P.W.S.) and the UROP
Spermlne attenuation of responses to amino acids and undergraduate research program at the Uni\/ersity of
spontaneous activity Minnesota.
Although the polyamines spermine, cadaverine and
putrescine were each used as adapting stimuli in the present References
study, only spermlne as. an adapting stimulus attenuated .EO,Qaneda, R. C., Kini, A. D. and Firestein, S(2000). The molecular receptive
responses to amino acids; also, the response to spermine irange of an pdorant receptdtat. Neurosci3, 1248-1255. '
some multiunit preparations recorded with the microelectrodBaiasubramanian, S., Lynch, J. W. and Barry, P. H(1996). Calcium-
| d reduction in baseline spontaneous activit depgndent quulatlon of the agonist affinity _of the mammalian olfactory
only .Cause a . p _y'cycllc nucleotide-gated channel by calmodulin and a novel endogenous
Possibly both of these effects were a direct result of sperminefactor.J. Membrane Biol152, 13-23.
block of specific ORN ion channels. Polyamines have beepelluscio, L., Gold, G. H., Nemes, A. and Axel, R1998). Mice deficient in
indi dt dulat ietv of i h s includi K Goir are anosmicNeuron20, 69-81.
Indicated to modulate a variety o 'on channels, Iinclu .lﬂg Boekhoff, I. and Breer, H. (1992). Termination of second messenger
channels (Fakler et al., 1994; Lopatin et al., 1994; Ficker et signaling in olfactionProc. Natl. Acad. Sci. US89, 471-474.
al., 1994; Pellegrini-Giampietro, 2003), glutamate receptOBOWi_ev D. and Mayer, M. L.(1995). Inward rectification of both AMPA and
h s (Bowi d M 1995: D d R i kainate subtype glutamate receptors generated by polyamine-mediated ion
channeis ( OV\'/Ie an ayer, ; bonevan an .OgaWS Iy channel blockNeuron15, 453-462.
1995; Kamboj et al., 1995), voltage-gated calcium andruch, R.C.(1996). Phosphoinositide second messengers in olfactamp.
potassium channels (Droiun and Hermann, 1994)rpK  Biochem. Physioll13B, 451-459. _
h Is (Niu and Meech, 1998), calcium-activated OtaSSiuPnruneL L., Gold, G. H. and Ngai, J.(1996). General anosmia caused by a
channels ( . ’ ’ p o targeted disruption of the mouse olfactory cyclic nucleotide-gated cation
channels (Weiger et al., 1998), nAchR channels (Haghighi andchannelNeuron17, 681-693.

Cooper, 1998) and retinal rod cyclic nucleotide-gated channefick, L. B. and Axel, A. (1991). A novel multigene family may encode
odorant receptors: a molecular basis for odor recognifief 65, 175-187.

(Lu and Ding, 1999)' Intracellular .pUt_reSC'ne and intra- anQ:ao, Y., Oh, B. C. and Stryer, L.(1998). Cloning and localization of two
extracellular spermine were also indicated to attenuate themultigene receptor families in goldfish olfactory epitheliuPnoc. Natl.

conductance of the rat olfactory cyclic nucleotide-gated (CNG), Acad. Sci. USAS, 1108711992, o

h | (Lvnch. 1999: Nevin et al 2000) Consistent with theaprlo, _J. (1995). In vivo olfactory and taste recordings in 'ﬂsh. In
c an_n?' ( y ’ ' " : Experimental Cell Biology of Taste and Olfaction (Current Techniques and
possibility that spermine blocks CNG channels of ORNS, Protocols)(ed. A. I. Spielman and J. G. Brand), pp. 251-261. Boca Raton:
forskolin experiments in zebrafish (Michel, 1999) and goldfish CRC.

- . . DeFraipont, M. and Sorensen, P. W(1993). Exposure to the pheromone
(present StUdy) indicated that the cAMP S|gnaI|ng pathway, 170,20B3-dihydroxy-4-pregnen-3-one enhances the behavioural spawning

and therefore the CNG channel, is involved Liramino success, sperm production and sperm motility of male goldfiaim.
acid odorant transduction. In the present experiments, bothBehav.46, 245-256.

. . Donevan, S. D. and Rogawski, M. A(1995). Intracellular polyamines
forskolin and spermine treatments reduced the EOG r€SPONSEHiediate inward rectification of €apermeable a-amino-3-hydroxy-5-

to L-amino acids by comparable margins, 41% and 38-49%, methyl-4-isoazoleproprionic acid receptdPsoc. Natl. Acad. Sci. US83,
respectively. 9298-9302. , _
Droiun, H. and Hermann, A. (1994). Intracellular action of spermine on
. . neuronal C& and K currents Eur. J. Neurosci6, 412-419.
Behavioral responses to polyamines Fakler, B., Brandle, U., Glowatzski, E., Konig, C., Bond, C., Adelman, J.
Both behavioral experiments strongly suggest that P- Zenner, H. P. and Ruppersburg, J. P(1994). Structural determinant

| . h i feedi in th Idfish. Both of the differential sensitivity of cloned inward-rectifier” Kkhannels to
polyamines function as t1eeding cues In the golansn. BOtN jyyacellular spermine-EBS Lett356, 199-203.

putrescine and spermine elicited high levels of spontaneowsker, E., Tagglialatela, M., Wible, B. A., Henley, C. M. and Brown, A.
feeding behavior that were similar in nature and magnitude to M. (1994). Spermine and spermidine as gating molecules for inward rectifier
. . . . K* channelsScience266, 1068-1072.
the two amino acidsi-serine andL-prollne. Further, no Friedrich, R. W. and Korsching, S. 1.(1997). Combinatorial and chemotopic
changes in social behavior or swimming rates were seen to anyoding in the zebrafish olfactory bulb visualized by optical imagjiegiron
of these cues. It was reasonable that food odor alone was_a8 737-752. _ . o
. . . ._Friedrich, R. W. and Korsching, S. I.(1998). Chemotopic, combinatorial,
stronger feed'ng stimulus than any of the synthetlc CUES, SINCEnd noncombinatorial odorant representations in the olfactory bulb revealed
naturally occurring foods are a mixture of many different using a voltage-sensitve axon trackrNeuroscil8, 9977-9988.



1696 S. H. Rolen and others

Frings, S., Lynch, J. W. and Lindemann, B.(1992). Properties of cyclic =~ Ortiz, J. G., Giacobini, E. and Schnmidt-Glenewinkel, T. (1983).
nucleotide-gated channels mediating olfactory transduction. Activation, Acetylation of polyamines in mouse brain: subcellular and regional
selectivity, and blockagd. Gen. Physiol100, 45-67. distribution.J. Neurosci. Re®, 193-201.

Fuss, S. H. and Korsching, S. 1(2001). Odorant feature detection: activity Ottoson, D. (1971). The electro-olfactogram. IRlandbook of Sensory
mapping of structure response relationships in the zebrafish olfactory bulb. Physiology(ed. L. M. Beidler), pp. 95-131. Berlin: Springer-Verlag.

J. Neurosci21, 8396-8407. Pellegrini-Giampietro, D. E. (2003). An activity-dependent spermine-
Gesteland, R. C., Howland, B., Lettvin, J. Y. and Pitts, W. H(1959). mediated mechanism that modulates glutamate transmis3i@nds
Comments on microelectrodé®roc. Inst. Radio. Engrst7, 1856-1862. Neurosci.26, 9-11.

Haghighi, A. P. and Cooper, E.(1998). Neuronal nicotinic acetylcholine Raming, K., Krieger, J., Strotmann, J., Boekhoff, I|., Kubick, S.,
receptors are blocked by intracellular spermine in a voltage-dependent Baumstark, C. and Breer, H.(1993). Cloning and expression of odorant

manner.J. Neuroscil8, 4050-4062. receptorsNature 361, 354-356.
Hara, T. J. (1994).The diversity of chemical stimulation in fish olfaction and Rolen, S. H., Finckbeiner, S. M., Poling, K., Mattson, D., Sorensen, W.
gustation Rev. Fish Biol. Fish4, 1-35. and Caprio, J. (2001). Polyamines as olfactory stimuli in goldfish

Hara, T. J. and Zhang, C.(1996). Spatial projections to the olfactory bulb  (Abstract).Chem. Sense5, 1043.
of functionally distinct and randomly distributed primary neurons in Rolen, S. H., Michel, W. C. and Caprio, J(2002). Update on polyamines
salmonid fishesNeurosci. Res26, 65-74. as olfactory stimuli in goldfish (Abstractthem. Sensex7, A73-A74.
Hodgson, E. S. and Mathewson, R. F1978). Electrophysiological studies Schild, D. and Restrepo, D(1998). Transduction mechanisms in vertebrate
of chemoreception in elasmobranchsSknsory Biology of Sharks, Skates  olfactory receptor cellhysiol. Rev78, 429-466.
and Rayged. E. S. Hodgson and R. F. Mathewson), pp. 227-267. ArlingtonSchleicher, S., Boekhoff, I., Arriza, J., Lefkowitz, R. J. and Breer, H.
VA, USA: Office of Naval Research, Department of the Navy. (1993). Ap-adrenergic receptor kinase-like enzyme is involved in olfactory
Kamboj, S. K., Swanson, G. T. and Cull-Candy, S. @1995). Intracellular signal terminationProc. Natl. Acad. Sci. US90, 1420-1424.
spermine confers rectification on rat calcium-permeable AMPA and kainat8orensen, P. W., Hara, T. J. and Stacey, N. EL987). Extreme olfactory

receptorsJ. Physiol.486, 297-303. sensitivity of mature and gonadally-regressed goldfish ta, 20B-
Kramer, R. H. and Siegelbaum, S. A(1992). Intracellular Ci regulates dihydroxy-4-pregnen-3-one, a potent steroidal pheromahe.Comp.

the sensitivity of cyclic nucleotide-gated channels in olfactory receptor Physiol. A160, 305-313.

neuronsNeuron9, 897-906. Sorensen, P. W., Hara, T. J., Stacey, N. E. and Goetz, F. (1988). F
Krautwurst, D., Yau, K.-W. and Reed, R. R.(1998). Identification of prostaglandins function as potent olfactory stimulants that comprise the

ligands for olfactory receptors by functional expression of a receptor library. postovulatory female sex pheromone in goldfBlel. Reprod.39, 1039-

Cell 95, 917-926. 1050.

Lo, Y. H., Bellis, S. L., Cheng, L. J., Pang, J. D., Bradley, T. M. and Sorensen, P. W., Stacey, N. E. and Chamberlain, K. §1989). Differing
Rhoads, D. E.(1994). Signal transduction for taurocholic acid in the behavioral and endocrinological effects of two female sex pheromones on
olfactory system of atlantic salmo@hem. Sensekd, 371-380. male goldfishHorm. Behav23, 317-332.

Lopatin, A. N., Makhina, E. N. and Nichols, C. G.(1994). Potassium Sorensen, P. W. and Caprio, J(1998). Chemoreception. [Fhe Physiology
channel block by cytoplasmic polyamines as the mechanism of intrinsic of Fishes(ed. D. H. Evans), pp. 251-261. Boca Raton: CRC.

rectification.Nature 372, 366-369. Speca, D. J., Lin, D. M., Sorensen, P. W., Isacoff, E. Y., Ngai, J. and
Lu, Z. and Ding, L. (1999). Blockade of a retinal cGMP-gated channel by Dittman, A. H. (1999). Functional identification of a goldfish odorant
polyaminesJ. Gen. Physiol113 35-43. receptorNeuron23, 487-498.
Lynch, J. W. (1999). Rectification of the olfactory cyclic nucleotide-gated Sveinson, T. and Hara, T. J(2000). Olfactory sensitivity and specificity of
channel by intracellular polyamineks. Membr. Biol.170, 213-227. Artic char,Salvelinus alpinusto a putative male pheromone, prostaglandin
Malnic, B., Hirono, J., Sato, T. and Buck, L. B.(1999). Combinatorial Foq. Physiol. Behave9, 301-307.
receptor codes for odor€ell 96, 713-723. Tabor, C. W. and Tabor, H. (1976). 1,4-Diaminobutane (putrescine),

Maniak, P. J., Lossing, R. D. and Sorensen, P. {2000). Injured Eurasian spermidine and spermin&nn. Rev. Biocherd5, 285-300.
ruffe, Gymnocephalus cernuueelease an alarm pheromone that could beTabor, C. W. and Tabor, H. (1984). PolyaminesAnn. Rev. Biochenk3,
used to control their dispersdl. Great Lakes Re&6, 183-195. 749-790.

Michel, W. C. (1999). Cyclic nucleotide-gated channel activation is notWeiger, T. M., Langer, T. and Hermann, A.(1998). External action of di-
required for activity-dependent labeling of zebrafish olfactory receptor and polyamines on maxi calcium-activated potassium channels: an
neurons by amino acidBiol. Signals Rec8, 338-347. electrophysiological and molecular modeling stuBjophys. J.74, 722-

Mietz, J. L. and Karmas, E. (1978). Polyamine and histamine content of  730.
rockfish, salmon, lobster, and shrimp as an indicator of decomposition. Wetzel, C. H., Oles, M., Wellerdieck, C., Kuczkowiak, M., Gisselmann, G.

Assn Off. Anal. Chengl, 139-145. and Hatt, H. (1999). Specificity and sensitivity of a human olfactory
Mombaerts, P. (1999). Seven-transmembrane proteins as odorant and receptor functionally expressed in human embryonic kidney 293 cells and
chemosensory receptoScience286, 707-711. Xenopus laevisocytesJ. Neuroscil9, 7426-7433.

Nevin, S. T., Haddrill, J. L. and Lynch, J. W.(2000). A pore-lining glutamic ~ Xu, F., Greeer, C. A. and Shepherd, G. M(2000). Odor maps in the
acid in the rat olfactory cyclic nucleotide-gated channel controls external olfactory bulb.J. Comp. Neurol422 489-495.

spermine blockNeurosci. Lett296, 163-167. Yule, D. I. and Williams, J. A. (1992). U73122 inhibits G4 oscillations in
Ngai, J., Dowling, M. M., Buck, L., Axel, R. and Chess, A(1993). The response to cholecystokinin and carbachol but not to JMV-180 in rat

family of genes encoding odorant receptors in the channel ca@gdhv2, pancreatic acinar celld. Biol. Chem267, 13830-13835.

657-666. Zhao, H., lvic, L., Otaki, J. M., Hashimoto, M., Mikoshiba, K. and

Nikonov, A. A. and Caprio, J.(2001). Electrophysiological evidence for a  Firestein, S. (1998). Functional expression of a mammalian odorant
chemotopy of biologically relevant odors in the olfactory bulb of the channel receptor.Science279, 237-242.
catfish.J. Neurophys86, 1869-1876. Zippel, H. P., Hansen, A. and Caprio, J(1997). Renewing olfactory receptor
Niu, X. W. and Meech, R. W.(1998). The effects of polyamines oni neurons in goldfish do not require contact with the olfactory bulb to develop
channels in guinea-pig ventricular myocytésPhysiol.508 401-411. normal chemical responsivenedsComp. PhysiolA 181, 425-437.



