The Journal of Experimental Biology 205, 851-867 (2002) 851
Printed in Great Britain © The Company of Biologists Limited 2002
JEB3890

Dual antennular chemosensory pathways mediate odor-associative learning and
odor discrimination in the Caribbean spiny lobsterPanulirus argus

Pascal Steullet*, Dana R. Krutzfeldt, Gemma Hamidani, Tanya Flavus, Vivian Ngo and
Charles D. Derby

Department of Biology and Center for Behavioral Neuroscience, Georgia State University, Atlanta, GA 30303, USA

*Present address: Center for Research in Psychiatric Neuroscience, University of Lausanne, Hépital Psychiatrique Ude/€sitgifRoute
de Cery, 1008 Prilly-Lausanne, Switzerland (e-mail: Pascal.Steullet@inst.hospvd.ch)

Accepted 21 December 2001

Summary

Chemosensory neurons in the antennular flagella of non-aesthetasc setae. There was a strong but statistically
lobsters mediate long-range responses to chemicals. Thesenon-significant trend that Ilobsters lacking either
neurons are part of two parallel chemosensory pathways aesthetascs or non-aesthetasc setae generalized more
with different peripheral and central components. between complex odor mixtures than did intact lobsters.
Aesthetasc sensilla on the lateral flagella are innervated by After aversive conditioning with generalization testing,
chemosensory neurons that project to the olfactory lobes. aesthetasc-ablated lobsters had more  difficulty
A diversity of other ‘non-aesthetasc’ sensilla on both discriminating among the most closely related complex
lateral and medial flagella are innervated by mechano- mixtures than did intact or non-aesthetasc-ablated
and chemosensory neurons, and most of these non- lobsters. However, after discrimination conditioning,
aesthetasc neurons project to the lateral antennular aesthetasc-ablated lobsters were as proficient as intact
neuropils. We investigated the roles of these two pathways animals in discriminating highly similar mixtures. These
in odor-associative learning and odor discrimination by results indicate overlap and redundancy in the function of
selectively removing either aesthetasc or non-aesthetasc these two chemosensory pathways in odor-associative
sensilla from the spiny lobsterPanulirus argus Lobsters  learning and odor discrimination, but these pathways also
lacking both aesthetasc and non-aesthetasc antennular complement each other to enable better discrimination.
sensilla show very reduced or no odor-mediated searching This study presents the first evidence for a role of non-
behavior. We associatively conditioned lobsters using two aesthetasc chemosensory neurons in complex odor-
paradigms: aversive conditioning with generalization mediated behaviors such as learning and discrimination.
testing (which reveals the similarity in the lobsters’
perception of odorants) and discrimination conditioning Key words: Crustacea, olfaction, chemoreception, chemical sense,
(which reveals the lobsters’ ability to discriminate odour discrimination, odour-associative learning, aesthetasc, sensory,
odorants). Sham-control intact lobsters performed these olfactory lobe, lateral antennular neuropil, Caribbean spiny lobster,
tasks well, as did lobsters lacking either aesthetascs or Panulirus argus

Introduction

Olfactory systems from phylogenetically diverse animalsThe fact that olfactory glomerular neuropils may have evolved
have similar organizational features. Afferents of olfactoryindependently among several arthropod groups (Strausfeld,
receptor neurons terminate in glomeruli in primary olfactory1998) and in other phyla suggests that a glomerular
centers in the brain of vertebrates (Pinching and Powell, 197byganization to the primary olfactory neuropils might be a
Mori and Yoshihara, 1995; Hildebrand and Shepherd, 199%&uperior adaptation to minimize neuropilar volume and to
Mori et al., 1999) and many invertebrates; for examplecapture the diverse and complex nature of chemical signals
molluscs (Chase and Tolloczko, 1993), insects (MaynardHildebrand and Shepherd, 1997).

1966; Tolbert and Hildebrand, 1981; Boeckh et al., 1984; The olfactory neurons of some invertebrates, such as snails
Laissue al., 1999) and crustaceans (Mellon and Munger, 199(hase and Tolloczko, 1993) and decapod crustaceans (Schmidt
Sandeman et al.,, 1992; Schmidt and Ache, 1996b). Oda@nd Ache, 1996a), project into non-glomerular neuropils,
quality is represented in glomerular neuropils as spatiauggesting that non-glomerular neuropilar organizations can
odotopic patterns (Cinelli et al., 1995; Mombaerts et al., 1996lso efficiently process chemosensory information. The
Friedrich and Korsching, 1998; Galizia et al., 1999; Sachse glomerular and non-glomerular pathways operate in parallel in
al., 1999; Wachowiak et al., 2000; Belluscio and Katz, 2001)some species. For example, in lobsters and other decapods,
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chemosensory neurons in the flagella of the first antennae, chmidt and Ache, 1992, 1996b; Sandeman and Sandeman,
antennules (Fig. 1), which mediate long-range responses 1®94). These unimodal sensilla are located exclusively on the
chemicals (McLeese, 1973; Reeder and Ache, 1980; Devirdistal part of the antennular lateral flagella (Fig. 1), and each is
and Atema, 1982; Giri and Dunham, 1999, 2000; Steullet et ainnervated by several hundred chemosensory neurons (Spencer
2001), project into two paired neuropils of the brain: theand Linberg, 1986; Grunert and Ache, 1988; Steullet et al.,
olfactory lobes (OLs) and lateral antennular neuropils (LANsR000). Each aesthetasc contains similar populations of
(Sandeman and Denburg, 1976; Schmidt et al., 1992; Schmiclhemosensory neuron types, and thus each appears to be a
and Ache, 1992, 1996a,b; Helluy et al., 1996). The OLs contaifunctional unit of odor quality coding (Steullet et al., 2000).
many glomeruli (e.g. 1000 in the spiny lobd®anulirus argu} In contrast, the LANs are multimodal sensory-motor
and receive input primarily from chemosensory neurongrocessing centers. They receive input from non-aesthetasc
associated with aesthetasc sensilla (Mellon and Munger, 199€ensilla, which are diverse types of bimodal (chemo- and

Fig. 1. Intact and ablated antennular medial
and lateral flagella of the spiny lobster.
(A) Drawing of a lobster showing the
antennules (first antennae) and antennae |l
(second antennae). The higher-magnification
drawing of an antennule shows the medial
and lateral flagella. Aesthetascs are located
exclusively on the distal half of the lateral
flagellum, in the aesthetasc tuft region. Non-
aesthetasc chemosensilla are located along
the entire length of both the lateral and
medial flagella. Letters B-G indicate the
position on the antennule where respective
micrographs were taken. (B) Scanning
electron micrograph of the aesthetasc region
of an intact lateral flagellum with rows of
aesthetascs (a) and accompanying setae:
companion setae (c), guard setae (g) and
asymmetric setae (as). (C) Scanning electron
micrograph of the aesthetasc tuft region
after shaving aesthetascs (a) and asymmetric
setae (arrows), but not other setae including
guard setae (g). The asterisk marks an
aesthetasc whose base was not completely
removed by shaving (in these aesthetasc
bases, dendrites were also completely
disrupted, as shown by histological
techniques; data not shown). (D) Light
micrograph of the aesthetasc tuft region
covered by cyanoacrylate glue (arrow) after

# shaving all setae except aesthetascs (a) and
asymmetric setae (not visible on this
micrograph). The asterisk indicates the
original location of a guard seta prior to
shaving. (E) Light micrograph of a region of

. an intact medial flagellum. Arrows indicate
setae. (F) Scanning electron micrograph of a
region of an intact medial flagellum showing
two types of non-aesthetasc sensilla: hooded
sensillum (hs) and plumose seta (ps).
Hooded sensilla house both mechano- and
chemosensory neurons [modified from (Cate
and Derby, 2001)]. (G) Light micrograph of

a region of a medial flagellum covered by
cyanoacrylate glue (arrow) after shaving all
setae. Scale bars: B, 10f; C, 15Qum; F,
50um; D,E,G, 40Qum.

Antennule

Medial flagellum

Aesthetas
tuft region
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mechano-) sensilla on the lateral and medial flagella (Fig
(Cate and Derby, 2000, 2001, 2002a,b). The LANs also con
arborizations of antennular motoneurons (Schmidt et al., 1¢
Schmidt and Ache, 1993, 1996a). On the basis of -
organization of the OLs and LANSs, it has been postulated t
the LANs, and consequently non-aesthetasc chemosen
neurons, are involved in antennular movements and ol
simple and reflexive behaviors driven by chemo- a
mechanosensory inputs from the antennules, whereas the
and hence aesthetasc chemosensory neurons, are implical
more complex odor-mediated behaviors such as discrimina
and orientation (Maynard, 1966; Schmidt and Ache, 1993)

The aim of our study was to use the Caribbean spiny lob:
Panulirus argusto investigate the functional role of bott
aesthetasc and non-aesthetasc chemosensory neurons ¢
antennules, and hence of both antennular chemosen
pathways, in odor-associative learning and od
discrimination. The role of these two distinct pathways in od
mediated activation of searching and orientation is descril
elsewhere (Horner et al., 2000; Derby et al., 2001; Steulle
al., 2001). In the present study, we show, by making spec
ablations of either aesthetasc or non-aesthetasc sensilla o
antennules, that either the aesthetasc or the non-aesth
pathway is sufficient but not necessary to mediate od
associative learning and odor discrimination.

Materials and methods
Animals

Lobsters Panulirus argus (Latreille, 1804) (55-75mm
carapace) were collected in the Florida Keys, shipped
Georgia State University, kept under a 12h:12h light:d¢
photoperiod in 8001 aquaria containing aerated, recirculat
filtered artificial sea water (ASW) (Instant Ocean, Aquariu
Systems, Mentor, OH, USA) and fed squid or shrim
Intermolt lobsters, determined by the method of Lyle a
MacDonald (1983), were selected for behavioral assays if t
responded to a piece of squid or shrimp introduced into
tank. Selected lobsters were placed individually in 801 aque
(60cm longx 30cm widex 45cm high) containing filtered
ASW, which was vigorously mixed and aerated using
recirculating pump, and a layer of crushed coral gra
covering the bottom. The lobsters were acclimated to their r
environment under a 12h:12h light:dark photoperiod f
several days prior to testing. During the acclimation period ¢
pre-conditioning testing, lobsters were fed approximately
of squid every 2—-3 days.

Odorants

Oyster extract (OE) was prepared as described by Carr
Derby (1986), stored in samples at —80°C and diluted
30 gtissuetl ASW prior to use. The compositions of artificie
oyster odor (OO), crab odor (CO), inverse crab odor (1C(
shrimp odor (SO) and mullet odor (MO) are given in Table
(Carr and Derby, 1986). All odorants were prepared in AS
OO was used in the electrophysiological evaluation of 1

Table 1.Composition of the complex odors used in this study

Concentrationy(mol I-1)
of components in complex odors

Component CO ICO SO MO 0]0)
Alanine 50.4 2.8 63.2 32.2 90.4
B-Alanine 0 0 0 0.3 21.2
a-Aminobutyrate 0 0 0 0.4 0
Arginine 53.8 25 26.2 34 7.6
Asparagine 4.6 7.5 3.0 4.1 2.8
Aspartate 0.8 102.4 25 4.1 12.1
Cysteine 2.8 50.4 0 0 1.6
Glutamate 6.7 5.3 4.9 5.1 12.5
Glutamine 69.4 2.4 18.8 6.2 9.6
Glycine 266 0.6 278 374 59
Histidine 3.2 20.6 1.0 82 1.2
Hydroxyproline 3.8 9.5 0 0.8 3.0
Isoleucine 25 53.8 3.1 1.8 0.4
Leucine 5.8 6.2 5.7 3.1 1.0
Lysine 5.3 6.7 14 14.3 4.1
Methionine 9.2 4.3 3.1 0.9 0.3
3-Methylhistidine 0 0 0 15 0
Ornithine 0 0 0 3.3 2.3
Phenylalanine 2.2 79.6 1.6 1.1 0.1
o-Phosphoserine 0 0 0 11 0
Proline 131 0.8 34 5.7 30.4
Serine 6.2 5.8 4 6 8.3
Taurine 44.2 3.1 98.2 140 408
Threonine 9.5 3.8 1.9 5.9 1.4
Tryptophan 3.1 44.2 0 0 0
Tyrosine 2.4 69.4 2.7 0.4 0.6
Valine 7.5 4.6 6.8 3.3 1.0
Adenosine 5 0.6 266 14.5 0.2 7.3
monophosphate
Adenosine 5 4.3 9.2 4.2 0.1 0.6
diphosphate
Adenosine 5 20.6 3.2 1.2 0 0
triphosphate
Guanosine 5 0 0 0 0.7 1.0
monophosphate
Inosine % 3.7 11.0 5.9 50.4 14
monophosphate
Xanthosine 5 0 0 0 2.1 0
monophosphate
Hypoxanthine 0.8 131 0.7 0.9 0
Inosine 1.6 87 0.2 12.1 0.9
Betaine 87 1.6 150 76 250
Homarine 11.0 3.7 20.6 0 24.6
Trimethylamine 79.6 22 160.8 72.4 0
oxide
L-Lactate 102.4 0.8 81.8 420 6.7
D-Lactate 0 0 0 0 1.1
Succinate 0 0 0 0 26.4

Each complex odor has a total concentration of 1 mrhoMll
amino acids are theisomer.

CO, crab odor; ICO, inverse crab odor; SO, shrimp odor; MO,
mullet odor; OO, oyster odor. These recipes are from Carr and Derby
(1986).
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ablations; CO, ICO, SO and MO were used in behavioral testagain, except for aesthetascs and asymmetric setae) with a
Blend ratios of the binary mixture adenosine’- 5 uniform layer of cyanoacrylate glue. Because covering
monophosphate (AMP) and taurine were also used at a tot@bpendages with cyanoacrylate glue efficiently prevents
concentration of 1 mmatt. The compositions of the blend chemical responses (Derby and Atema, 1982), we used this
ratios were 0.999mmot} AMP + 0.001 mmolt! taurine  method as a supplementary measure to cover any remaining
(99.9:0.1), 0.99 mmott AMP + 0.01 mmolt! taurine (99:1), small or unshaven setae. This treatment also resulted in
0.90mmolt? AMP + 0.10mmolt! taurine (90:10) and functional disruption of most antennular mechanosensory
0.50 mmolt1 AMP + 0.50 mmoltltaurine (50:50). The purity neurons, since many of the non-aesthetasc setae contain

of all chemicals was >99 %. mechanoreceptor neurons in addition to chemoreceptor
_ neurons (Cate and Derby, 2000, 2001, 2002a,b). The distal tip
Ablations of each lateral flagellum, which consists of small annuli

To perform ablations and sham ablations, odorant-responsivathout aesthetascs, was also removed. During this procedure,
lobsters were immobilized in an ASWH-filled container. Theaesthetascs were carefully maintained in an ASW-filled groove
following bilateral antennular ablations were performed. to prevent desiccation and physical damage.

Chemoreceptor-ablated animals Evaluation of efficacy of ablations

Exposure to distiled water functionally ablates Morphology
chemosensory neurons in lobsters and other marine Following completion of the behavioral assays, flagella of
crustaceans by osmotically disrupting the outer dendrites dbbsters on which ablations had been performed were cut and
chemosensory neurons that are located in the permealfieed in 2.5% glutaraldehyde, 1% paraformaldehyde, 10%
chemosensilla (Derby and Atema, 1982; Gleeson et al., 1998ucrose in 0.2 mot} phosphate buffer solution at pH7.4. The
2000). Distilled water ablation was accomplished by placingjuality of ablation was evaluated under high magnification
all antennular flagella in 15ml centrifuge tubes containingusing a Zeiss Axioskop compound microscope.
distilled water for 15—-30 min.

Electrophysiology

Sham-control animals The efficacy of ablations was also evaluated by quantifying

These animals were immobilized in the ASW tray forodorant-evoked electrical activity from the axons of
approximately 30 min, and antennular flagella were placed inhemoreceptor neurons. The electrophysiological preparation

centrifuge tubes containing ASW for 15-30 min. used is described in detail in Derby (1995). A continuous stream
_ of ASW flowed at 10 mI mirt over the flagellum. Stimuli were
Aesthetasc-ablated animals delivered by using an electronically driven valve to insert a 3s

Physical removal of setae eliminated the activity of theipulse of stimulus at the same flow rate. Interstimulus intervals
chemoreceptor neurons, for two reasons: (i) shaving removegere 1 min. For a flagellum, electrical activity was recorded
the chemoreceptor neurons’ receptor sites, which are locateding a suction electrode positioned randomly at 20 different
on the neurons’ dendrites in the setal shafts (Spencer asides along different axonal bundles of the antennular nerve. The
Linberg, 1986; Grunert and Ache, 1988; Blaustein et al., 199Zlectrode tip was large enough to record multiple units
Gleeson et al., 1996, 2000; Cate and Derby, 2001, 2002a); asidnultaneously. For each recording site, responses to ASW and
(i) shaving causes rapid death and degeneration of neuroasificial oyster odor (OO) at 1 mmaok total concentration
innervating the shaved sensilla (Harrison et al., 2001). Shavingere recorded. Extracellular recordings were digitized using
of aesthetasc sensilla was performed under a compourdoscope 8.0 (Axon Instruments Inc.) and analyzed using
microscope using a 0.2 mm wide piece of carbon steel bladBata-Pac Ill (Run Technology). For each recording, electrical
which allowed removal of aesthetascs without damaging thactivity was quantified as the number of action potentials that
neighboring guard and companion setae. Shaving aesthetageseeded a threshold level set just above the upper limit of the
removes the outer dendrites of the chemosensory neurons agldctrical noise of the recording before odor stimulation.
completely disrupts the inner dendrites within any remainindglectrical activity generated by an odorant was quantified as the
bases of shaved sensilla. This ablation also removes tmember of action potentials occurring in the first 1s of the
asymmetric setae, which are located just lateral to aesthetasmssponse following stimulation minus the number of action
The innervation of asymmetric setae is unknown, but they magotentials occurring during the 1s period before stimulation.
contain chemosensory neurons that project to the OLBinally, the odorant-evoked activity of an antennule was
(Schmidt and Ache, 1996a). qguantified by summing the activity of all 20 independent

recording sites on the nerve bundles of that flagellum.
Non-aesthetasc-ablated animals

Ablation of non-aesthetasc chemosensory neurons was Behavioral assays
accomplished by shaving all visible setae on both medial and All behavioral assays were conducted in the 801 aquaria
lateral flagella, with the exception of aesthetascs andescribed above under a dim red light during the dark phase of
asymmetric setae, and by subsequently covering the flagelilae 12h:12 h light:dark cycle.
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Role of antennular chemosensory neurons in odorant- phase, during which lobsters were stimulated randomly and
mediated search behavior blindly with the CS+ and other non-conditioned but related

The aim of this experiment was to assess the effect @fdorants. To assess the effect of conditioning in each group of
distilled-water ablation of chemosensory neurons in théobsters, the responses of conditioned and unconditioned
antennular medial and lateral flagella on search responses to Gimals were compared.

Pre-ablation test ASW and three concentrations of CO Odorants were presented by delivering 5ml of stimulus
(0.05, 0.5 and 5mmot}) were presented to lobsters in aWithin 2s from a hand-held glass pipette whose tip was
random order by an observer unaware of the identity of eadpsitioned approximately 5cm away from the antennules of an
stimulus. Each stimulus was presented twice per day, with #tactive lobster. The US was a black plastic panel
least 15min between stimulations, for two consecutive day4$6.5cnmx9.5cm) mounted on a rod that was rapidly moved
Stimuli consisted of 5ml solutions delivered to the antennuletpwards the lobster until the animal walked or tail-flipped
within 2s from a hand-held glass pipette whose tip wagway. The US was presented 3s after the delivery of the CS+.
carefully positioned approximately 5cm from the antennules Two slightly different conditioning paradigms were used: (i)
of an inactive lobster. After reaching the antennules, th@versive conditioning with odor generalization testing; and (ii)
stimulus was rapidly dispersed and diluted by the vigorougiscrimination conditioning. Both paradigms are described in
flow in the aquarium. Responses were quantified by measuriftgtail by Livermore et al. (1997), and they are briefly presented
the duration of ‘search’ behavior during 3min following in the following section.
stimulation. A search response was defined as forward or ) S ) o )
lateral movement of a lobster. From the 2 days of testing, tH&Versive conditioning with odor generalization testing
mean response to ASW was subtracted from the mean responsd his paradigm (Table 2) tested how lobsters generalize
to each odorant concentration. Lobsters that did not respond B§tween complex odor mixtures with related but different
odorants or responded only weakly in a concentrationcompositions — specifically, between an aversively conditioned
independent manner during the pre-ablation phase (five of Z®mplex mixture (CS+) and three novel, non-conditioned
animals) were removed from the study. complex mixtures.

Ablation For the treated lobsters, both antennular lateral and Pre-conditioning phasePre-conditioning tests started the
medial flagella were treated with distilled water as describedlay after ablation or sham control treatment. This consisted of
above. For control animals (sham ablation), the antennuléelivering OE (30 gtissuelASW) and ASW to the antennules
were placed in ASW rather than distilled water. of an inactive lobster twice a day with at least 15 min between

Post-ablation testOne day after ablation or sham ablation,Stimulations, using a random and blind procedure. Responses
lobsters were tested twice with ASW and the threavere quantified by measuring the duration of search behavior
concentrations of CO (005, 0.5 and 5mmb|h$ in the pre- during 3min foIIowing odorant stimulation as described in the
ablation test. Search responses were corrected for ASWeVious section. The response to ASW was subtracted from
responses as described in the pre-ablation test. Lobsters tkg response to OE. Pre-conditioning tests were repeated every
searched in response to ASW for longer than 42 €ay untillobsters responded consistently to OE for at least two
(corresponding to the 99th percentile of all ASW responses @Pnsecutive days. Lobsters that did not consistently respond to
all animals in all experiments) during either the pre- or postOE within approximately a week following ablation or sham
ablation phase were discardeast-hog this excluded the nine control treatment (19 of 94 animals) were discarded.
most unpredictable animals that tended to be highly active Conditioning phaseCO at 1 mmof! total concentration
independent of odorant stimulation. For both the distilledwas the CS+ and was forward-paired with the US. Such
water-treated lobsters and the sham control lobsters, poderward pairing of the CS+ and US was repeated three times
ablation responses were compared with pre-ablation responde® day for two consecutive days. During this conditioning

using one-way within-subjects analysis of variance (ANOVA)Phase, ASW was also presented three times randomly between
with multiple dependent measures (MANOVA). the conditioning trials to ensure that learning was associated

with features of the CS+ and not simply with the mechanical

Role of aesthetascs and non-aesthetasc setae in olfactorycomponent of stimulus presentation. The interval between

learning and discrimination forward pairings or ASW presentations was 15 min.

The aim of this experiment was to determine the roles of Post-conditioning phaseThe CS+ and the novel non-
aesthetascs and non-aesthetasc setae in odor learning andditioned odors (ICO, SO, MO), all at 1 mmdltotal
discrimination. Discrimination was evaluated in intact,concentration, and ASW were presented randomly and blindly
aesthetasc-ablated and non-aesthetasc-ablated lobsters usitgiee a day with at least 15min between stimulations for two
conditioning paradigm consisting of three phases: (i) a prezonsecutive days. The search response to each stimulus was
conditioning phase, during which lobsters were tested foguantified as in the pre-conditioning phase. Responses to these
responsiveness to oyster extract (OE, ®arantd; (i) a  mixtures (after subtraction of the ASW response) were
conditioning phase, during which an odorant (the conditionedtandardized to the mean response to OE (after subtraction of
stimulus, CS+) was forward-paired with an aversivethe ASW response) during the last 2 days of the pre-
unconditioned stimulus (US); and (iii) a post-conditioningconditioning phase.
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Table 2.Aversive conditioning with generalization testing to assess the ability of lobsters to generalize and discriminate between

an aversively conditioned complex odor (CS+=CO) and other novel, non-conditioned complex odors (ICO, SO and MO)

Pre-conditioning

Conditioning

Post-conditioning

Lobstes aversively conditioned to @b odor (CO)

Stimuli

Stimulation protocol

OE

ASW

Twice per day
For at least 2 days

CO forward-paired with
aversive stimulus

ASW

Three times per day
For 2 consecutive days

CO (=Cs+)
ICO
SO
MO

ASW

Twice per day
For 2 consecutive days

Unconditioned lobstar

Stimuli OE CcO
ICO
SO
MO
ASW ASW

Stimulation protocol Twice per day

For at least 2 days

Twice per day
For 2 consecutive days

OE, oyster extract; CO, crab odor; ICO, inverse crab odor; SO, shrimp odor; MO, mullet odor; ASW, artificial sea water.

Discrimination conditioning was blend ratio 99.9:0.1 (which is 0.999 mmaIAMP and

This paradigm (Table 3) assessed the ability of lobsters 1©.001 mmolt? taurine). CS— blend ratios of AMP and taurine
discriminate among odorants. As in the previous paradignwere 99:1, 90:10 and 50:50. Taurine and AMP were chosen
one odorant (CS+) was aversively conditioned by forwardbecause both odorants stimulate antennular chemosensory
pairing it with the aversive US during the conditioning phaseneurons (Derby et al., 1991; Cromarty and Derby, 1997;
But, unlike in the previous paradigm, other odorants wer&teullet and Derby, 1997) and behavior (Lynn et al., 1994;
presented explicitly unpaired with the US during theLivermore et al., 1997; Derby, 2000) and they elicit similar
conditioning phase. Thus, these other non-conditionetkvels of search responses when presented alone at 1Thmol |
odorants became the conditioned inhibitor of the aversivédata not shown). Because responses to binary mixtures can
stimulus (i.e. CS-) and served as a safety signal indicating thla¢ low, lobsters were stimulated twice with OE at the end of
the aversive stimulus would not occur (Rescorla, 1969%he post-conditioning phase to ensure that weak responses to
Mackintosh, 1973; Livermore et al., 1997). During theblend ratios during the post-conditioning phase were not due
conditioning phase, the CS- odorants and ASW weréo loss of olfactory responsiveness. Lobsters that did not
delivered twice randomly between the three forward pairingsespond to OE at the end of post-conditioning phase were
of the CS+ and US. The interval between stimulations was abnsidered unresponsive to odorants and were discpoded
least 15min. Search responses during the pre- and postec Only one of the 64 lobsters was removed from the
conditioning phases were quantified as in the generalizaticemalysis.
paradigm described above, but only during the first 1 min
following stimulation. After the pre-conditioning phase, 33 of Results
97 lobsters were discarded because of their lack of consistent ] ]
responses to OE. Efficacy of ablations

The odorants used in this paradigm were blend ratios of tHdorphological evaluation
binary mixture of AMP and taurine, each blend at a total Ablation of aesthetascs resulted in the removal of
concentration of 1 mmat}. We used these blend ratios rather99.9+0.02 % of aesthetascs (meas.em., N=48), and thus
than the complex mixtures used in the other protocol becausesthetasc-ablated lobsters possessed, on average, only 2.5
we wanted to make the discrimination task more difficult. Thentact aesthetascs. An example is shown in Fig. 1C. Further
results of the previous procedure indicated that ablations halidence that the removal of aesthetascs eliminates the
little effect on learning and discrimination. Therefore, tofunction of aesthetasc chemoreception is the fact that shaving
increase the likelihood of observing the effects of ablation, weauses the chemosensory neurons and the glial cells
selected stimuli that were even more similar and thereforassociated with the aesthetasc to degenerate (Harrison et al.,
should be more difficult for lobsters to discriminate. The CS+001).
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Table 3.Discrimination conditioning to assess the ability of lobsters to discriminate between an aversively conditioned blend
ratio of a binary mixture of AMP+taurine (CS+=99.9:0.1) and other ‘safe’ conditioned blend ratios of the same binary mixture

(CS—=99:1, 90:10 and 50:50)

Pre-conditioning

Conditioning

Post-conditioning

Lobstes aversively conditioned to AMP+taume & blend @tio of 99.9:0.1

Stimuli

Stimulation protocol

OE

ASW

Twice per day

99.9:0.1 forward paired
with the aversive stimulus

99:1

90:10

50:50

ASW

Three times per day for

99.9:0.1 (=CS+)

99:1 (=CS)
90:10 (=CS)
50:50 (=CS)
ASW

OE*

Twice per day

forward pairing and ASW

Twice per day for
other three blend ratios
For 2 consecutive days

For at least 2 days For 2 consecutive days

Unconditioned lobster

Stimuli OE 99.9:0.1
99:1
90:10
50:50
ASW ASW

Twice per day
For 2 consecutive days

Stimulation protocol Twice per day

For at least 2 days

*Qyster extract (OE) was tested twice after the post-conditioning phase to ensure that any weak responses to €$turamgl t8& post
conditioning phase were not due to loss of odor responsiveness.
ASW, artificial sea water.

Similarly, the quality of ablation of non-aesthetascof aesthetascs, which house the largest proportion of
chemosensory neurons was evaluated by counting the numlmremosensory neurons on the lateral flagella (Cate and Derby,
of visible intact setae that were not covered by glue on both001). Thus, the odorant-evoked activity was significantly
lateral and medial flagella of non-aesthetasc-ablated lobstereduced after ablation of the aesthetascs only (planned-
Examples are shown for non-aesthetasc ablation of theomparisons one-way ANOVAP<0.05, Fig. 2), and was
antennular lateral flagellum (Fig. 1D) and medial flagellumslightly but not significantly decreased after ablation of the
(Fig. 1E,G). Overall, only 35+5 non-aesthetasc setae (meannon-aesthetasc setae only (planned-comparisons one-way
s.E.M., N=14) were found intact and uncovered by glue on nonANOVA, P>0.05, Fig. 2). After ‘total ablation’ (i.e. ablation
aesthetasc-ablated lobsters. This corresponded to @afh non-aesthetasc setae and the subsequent shaving of all
approximately 99.4 % reduction of non-aesthetasc setae on thesthetascs and asymmetric setae), the odorant-evoked activity
antennules of non-aesthetasc-ablated lobsters. Moreoveavas significantly smaller than after ablation of aesthetascs only
70+4.5% of aesthetascs (meansx.m., N=14) remained (planned-comparisons one-way ANOVR<0.05) and was
undamaged by the end of the experiments on non-aesthetastmse to zero (Fig. 2). This suggests that ablation of either
ablated animals. Damaged aesthetascs were located primaidgsthetascs or non-aesthetasc setae on lateral flagella was
on the most distal aesthetasc-bearing annuli. This damadgrgely or completely effective in removing the intended
occurred because aesthetascs were not protected by gualgmoreceptor neurons. Moreover, ablation of non-aesthetasc
setae, and these animals performed more grooming of theietae on medial flagella completely and significantly
antennules than normal. eliminated odorant-evoked activity in medial flagella (one-way

ANOVA, P<0.05, Fig. 2).
Electrophysiological evaluation

Removal of either aesthetascs or non-aesthetasc setaeEffects of ablation of antennular flagellar chemosensory
decreased the odorant-evoked activity in the nerves of lateral neurons on odor-activated search behavior
flagella (Fig. 2). The greatest reduction occurred after removal Distilled-water treatment of all four antennular flagella
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g % ,5 g g '% © D '% £ Fig. 3. Effect of distilled-water treatment of antennular flagellar
=~ £8 2= 35¢g E 3 Gé chemosensory neurons on search responses to a concentration series
8 f,:’ ® § E © % E B = of artificial crab odor. The ordinate represents the ratio between the
E o o E o [S] _ . _ . . .
Sg F [ post-ablation and pre-ablation responses. A value of one indicates no
§ 3 effect of ablation treatment, and a value of zero indicates complete

elimination of responses after ablation. Each column shows the
upper and lower quartiles with the median (solid line) and the mean
Fig. 2. Effect of ablations of aesthetascs and non-aesthetasc setae(dotted line) N=7 lobsters in each group. Distilled-water treatment of
odor-evoked responses recorded from nerves of antennular lateall antennular flagella significantly reduced search responses (shaded
and medial flagella. Six conditions are shown: (i) intact latéa6), ~ columns) [one-way within-subjects ANOVA with multiple
(i) aesthetasc ablatioNE4); (iii) non-aesthetasc ablation of lateral dependent measures (MANOVAP=0.02]. Sham control lobsters
(N=4), (iv) total ablation of lateraN=5), (v) intact medialN=4) and ~ (open columns) were not affected (MANOVR=0.62). For further
(vi) total ablation of medialN=3). For more details, see Materials details, see Materials and methods.
and methods. Values are meansetv. *Odor-evoked responses are
significantly different from each other (planned-comparisons one
way ANOVA, P<0.05). For the planned comparisons, critical valuespi o as  non-conditioned odors) is especially useful in

for a 5.% experime_nt-wise error rate were determined by th‘?evaluating the ability of animals to assess perceptual
;?)thffritlgegg?onferrom test using the Duniua® method (Sokal and similarities between conditioned and novel odors. The results
' ' from this paradigm are shown in Figs 4 and 5.

significantly reduced search responses to CO [one-way withidntact lobsters
subject ANOVA with multiple dependent measures The results in Fig. 4A show that intact lobsters learned to
(MANOVA), P<0.05, Fig. 3]. Responses to 0.5 and 5mmol| avoid the conditioned odor CO and could discriminate CO
CO were reduced by approximately 50% and 80 %rom the novel odors SO, MO and ICO to a lesser extent. Intact
respectively. Responses to 0.05mmbICO prior to any lobsters did not generalize between the conditioned odor CO
ablation treatment were very weak, which caused thand the novel odors. Unconditioned intact (sham control)
percentage change in search response following ablation to lmbsters did not respond differently to CO, ICO, SO or MO
highly variable and thus not very informative. Reductions ifone-way ANOVA with odors as repeated measures,
search responses to CO were not observed for sham contfa56=0.459, P=0.712) (Fig. 4A). They searched for 29+2s
lobsters (MANOVA,P>0.05, Fig. 3). These results show that(mean +s.e.m., N=60) following stimulation with these odors.
antennular flagella primarily mediate odor-activated searchindntact lobsters conditioned to avoid CO responded less to CO
which is the behavior used as the dependent measure in dban did unconditioned intact lobsters, whereas conditioned
subsequent analyses of learning and discrimination. The faahd unconditioned intact lobsters responded equally well to the
that some odorant-evoked search responses, although weakn-conditioned odors ICO, SO and MO (Fig. 4A). A two-way
still occurred after removal of chemoreceptors on antennul&kNOVA (conditioning treatment as independent variable, odor
flagella suggests that chemosensory neurons located elsewhsfge as dependent variable) revealed a significant odor effect
can also mediate this behavior, although much less effectivel{f3 76=3.966, P=0.011) and a significant interaction effect
between odor type and conditioning treatmeg 76=6.342,
Odor learning and generalization among complex odor  p=0.0007). Only responses to CO were significantly smaller in
mixtures conditioned animals compared with unconditioned animals
The aversive conditioning with generalization testing(planned-comparisons one-way ANOVR<0.05, Fig. 4A).
protocol (Table 2, using CO as the CS+ odor, and ICO, SO arteurthermore, for conditioned intact lobsters, responses to CO
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were significantly smaller than to the novel complex odor
and MO (planned-comparisons one-way ANOVR0.05
Fig. 4A). The difference between responses to the condif
CO and to ICO was also close of being statistically signi 2.0 ;
(planned-comparisons one-way ANOVA, 0.050.10
Fig. 4A).

A Intactlobsters
1 UnconditionedN=15)
Bl Crab-conditioned(N=13)

1.6 |

121 T
@)

Aesthetasc-ablated lobsters

The results presented in Fig. 4B show that aesth
ablated lobsters learned to avoid the conditioned odol
could discriminate CO from SO, but generalized to ¢ 04
extent between CO and the non-conditioned odors, partic
ICO. Unconditioned aesthetasc-ablated lobsters dic 0 ' ' .
respond differently to the four complex odor mixtures ( 0) ICO [Se) MO
way ANOVA with odors as repeated measufes4s=0.600  _ _____________________
P=0.618) (Fig. 4B). They searched for 36+1s (mea&EM., CS+ Non-conditioned odors
N=52) following odor stimulation. Aesthetasc-ablated lob
that were conditioned to avoid CO responded less to Ci
the non-conditioned odors than did unconditioned aesth B Aesmetas‘ablf”‘,tedl()bsmrs
ablated lobsters (Fig. 4B). A two-way ANOVA (condition [ UnconditionedN=13)
treatment as independent variable, odor type as dep Bl Crab-conditioned(N=12)
variable) revealed a significant conditioning ef 2.0 *
(F1,2=15.308, P=0.0007) and a significant odor eff * l_[
(F3,6=4.254, P=0.0081). There was also a non-signifi 16 _T__[ * l
trend towards an interaction effect between odor type 1
conditioning treatment3 65=2.435,P=0.0721). Responses
CO were significantly smaller in conditioned than
unconditioned  aesthetasc-ablated lobsters  (pla
comparisons one-way ANOVAR<0.05, Fig. 4B). This wz 0.4
also true for the non-conditioned odors ICO and MO (plar i
comparisons one-way ANOVAR<0.05, Fig. 4B). Respons 0 , , , ,
of conditioned aesthetasc-ablated lobsters to CO co ICO SO MO
significantly smaller than those to SO (planned-compat
one-way ANOVA,P<0.05), but not to ICO and MO (plann CS+ Non-conditioned odors
comparisons one-way ANOVAR>0.05, Fig. 4B). The abilif
of aesthetasc-ablated lobsters to learn the odor-associati
and to discriminate partially between complex odors wa
due to animals with incomplete ablations because aestt
ablated lobsters with no remaining aesthetascs did not k 20,

0.8 1

Standardized searchsgong

1.2

0.8 -

Standardized searchspong
—+

C Non-aesthetaseblatedlobsters
[ UnconditionedN=10)
Il Crab-conditioned(N=12)

differently from those with a few intact aesthetascs (three 2

ANOVA with conditioning treatment and the prese %16- * *
e * 1 T 11

. - . 812 1 T

Fig. 4. The ability of intact (sham control) lobsters (A), aesthe g t T

ablated lobsters (B) and non-aesthetasc-ablated lobsters (C) 1 3 08

an aversive associative task and to discriminate betwes %‘ 1

aversively conditioned odor (CS+=crab odor, CO) and three S

complex odor mixtures (inverse crab odor, ICO; shrimp %0'4'

SO; mullet odor, MO) following aversive conditioning w 0 0

generalization testing (see Table 2 for protocol). Values are me
S.E.M. *Search responses significantly different in unconditi
and conditioned lobsters (planned-comparisons one-way AN T TTTTTTTTTmTooommmmoes

P<0.05).'Search responses significantly larger than those elicit CS+ Non-conditioned odors

crab odor in conditioned lobsters (planned-comparisons one-way

ANOVA, P<0.05). {) Search responses close to being significantly different from those elicited by crab odor in conditioned lobsters (planned-
comparisons one-way ANOVA, 0.0B<0.10). For the planned comparisons, critical values for a 5% experiment-wise error rate were
determined by the sequential Bonferroni test using the Diidak$nethod (Sokal and Rohlf, 1998). For a description of search responses and
calculation of standardized search responses relative to the responses to oyster extract in the preconditioning phates sewl Medthods.
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of aesthetascs as independent variables, and odor type
dependent variable; no effect of the presence of aesthetas
F1,21=1.972,P=0.175; no interactions between the presence c
aesthetascs and any of the other varialftes,05).

1 Intactlobsters
I Aesthetas@bateal lobsters
20, [ Nonaesthetasabated lobsters

_;;:' UIH“'UDIH

(0] ICO SO MO

Non-aesthetasc-ablated lobsters

The results in Fig. 4C show that non-aesthetasc-ablate
lobsters learned to avoid the conditioned odor CO and coul
discriminate CO from the novel non-conditioned odors bu
also generalized to some extent between these odol
Unconditioned non-aesthetasc-ablated lobsters did not respo
differently to the four complex odor mixtures (one-way
ANOVA with odors as repeated measurds 36=0.994,
P=0.407) (Fig. 4C). They searched for 25t1s (me&EM.,
N=40) after odor stimulation. Non-aesthetasc-ablated lobste CS+ Non-conditioned odors
that were conditioned to avoid CO responded less to CO at

% Difference in sealcresponsbetween
conditioned ard uncorditioned lobsters
5

- . . Fig. 5. Percentage change in search responses to the aversively
the non-conditioned odors than did unconditioned non.. . qiioned odor CS+ (crab odor, CO) and the novel non-

aesthetasc-ablated lobsters (Fig. 48) two-way ANOVA  qnitioned odors (inverse crab odor, ICO: shrimp odor, SO; mullet
(conditioning treatment as independent variable, odor type idor, MO) following an aversive conditioning with generalization
dependent variable) revealed a significant conditioning effegesting (protocol of Table 2) in intact lobsters, aesthetasc-ablated
(F1,115=7.215, P=0.0146) and a significant odor effect lobsters and non-aesthetasc-ablated lobsters. For each group of
(F3,57=6.147,P=0.0011). Responses to CO were significantlylobsters, the percentage change in search responses to an odorant
smaller in conditioned than in unconditioned non-aesthetasifollowing conditioning is the percentage difference between
ablated lobsters (planned-comparisons one-way ANOVAresponses of conditioned lobsters and unconditioned lobsters relative
P<0.05, Fig. 4C). This was also true for the non-conditioned© responses of unconditioned lobsters. Data are from Fig. 4.
odors ICO and MO (planned-comparisons one-way ANOVA
P<0.05, Fig.4C). For conditioned non-aesthetasc-ablate
lobsters, responses to CO were significantly smaller than tho§€able 2) is particularly useful in assessing perceptual
to the novel non-conditioned odors ISO, SO and MO (plannedsimilarities between the CS+ and novel non-conditioned odors.
comparisons one-way ANOVAR<0.05, Fig. 4). Results from that paradigm suggested that all lobsters, but
particularly —aesthetasc-ablated lobsters, had difficulty
Comparisons between intact, aesthetasc-ablated and non-  discriminating between two complex odor mixtures that
aesthetasc-ablated lobsters differed only in the ratio of their components (@€rsusiCO)

A three-way ANOVA using data from intact, aesthetasc{Fig. 4B). Therefore, we challenged intact lobsters and
ablated and non-aesthetasc-ablated lobsters (ablation aaesthetasc-ablated lobsters with the task of discriminating
conditioning treatments as independent variables, odor type bhetween blend ratios of the same binary mixture,
dependent variable) showed no statistically significant ablatioAMP+taurine, by using a discrimination conditioning, as
effect F2,69=1.455,P=0.241) and no significant interactions described in Table 3. During the conditioning phase of this
between ablation treatments and any of the other variablgmradigm, we not only aversively conditioned one blend ratio
(P>0.05). These results indicate that overall responses of intactf AMP+taurine (=CS+), but other blend ratios of the same
aesthetasc-ablated and non-aesthetasc-ablated lobsters werenmigture were also presented specifically unpaired to the US to
significantly different from each other. However, as summarizedllow lobsters to associate these odors as safe stimuli (=CS-).
in Fig. 5, both groups of ablated lobsters tended to generaliZéherefore, this paradigm emphasized the perceptual
between the conditioned odors and the novel non-conditionedifferences between the CS+ and CS- blend ratios, so that the
odors more than did intact lobsters. Furthermore, although alliscrimination abilities could be more easily evaluated.
groups of lobsters could discriminate some of the complex
odors, aesthetasc-ablated lobsters tended to have the great@&ct lobsters
difficulty. This analysis reflects the results of Fig. 4: aesthetasc- The results in Fig. 6A show that intact lobsters learned this
ablated lobsters only significantly discriminated SO from theaversive odor-associative task and discriminated the CS+ blend
aversively conditioned CO, whereas both intact and norratio 99.9:0.1 from the CS— blend ratios. Discrimination-
aesthetasc-ablated lobsters tended to clearly discriminate athnditioned intact (sham control) lobsters responded slightly
novels odors (SO, MO and ICO) from the conditioned odor COess to the CS+ AMP:taurine 99.9:0.1 blend ratio than did

unconditioned intact lobsters (Fig. 6A). In contrast,
Odor learning and discrimination of blend ratios of a binary conditioned intact lobsters responded more to the three CS-
mixture blend ratios (99:1, 90:10 and 50:50) than did unconditioned

The conditioning paradigm described in the previous sectiomtact lobsters (Fig. 6A). A two-way ANOVA (conditioning
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treatment as independent variable, blend ratio as depende A
variable) revealed a significant conditioning effect
(F1,3=5.211, P=0.0292), a significant blend ratio effect 14
(F3,96=13.199,P<0.000001) and a significant interaction effect
between conditioning treatments and blend rafteedé4.491,
P=0.0054). However, only responses to the blend ratio 90:1
were significantly different in unconditioned and conditioned T

intact lobsters (planned-comparisons one-way ANOVA, T +

P<0.05, Fig. 6A). Furthermore, the responses of conditione o

intact lobsters to the CS+ blend ratio were significantly smalle 0.4 *

than those to the three CS- blend ratios (planned-compariso 0.2 ﬂ

one-way ANOVA,P<0.05, Fig. 6A). Finally, conditioning did ' ’l‘- ’—L‘

not affect responses to oyster extract (OE), since responses 0 99501 951 9010 5050 OF
OE before and after conditioning were not significantly e R LR

different ¢-test for dependent samplé%;0.05; Fig. 6A). Bler?ciss+tbAMP'taurinec(;§IO—2 mmol 1)

Intactlobsters
1 UnconditionedN=20)
1.2 | I 99.9:0.1-conditioned(N=14)
1.0
0.8
0.6

Standardized searchsmong

Aesthetasc-ablated lobsters

The results in Fig. 6B show that aesthetasc-ablated lobste
learned this aversive odor-associative task and discriminate B Aesthetas@blatedlobsters
the CS+ blend ratio 99.9:0.1 from the CS— blend ratios 14

Aesthetasc-ablated lobsters subjected to discriminatio 1= UnconditionedN=17)
conditioning responded less to the CS+ blend ratio tha 1.2 | I 99.9:0.1-conditioned(N=12)
did unconditioned aesthetasc-ablated lobsters (Fig. 6B). | 10|
contrast, conditioned aesthetasc-ablated lobsters responc
more to the CS— blend ratios than did unconditionec 0.8 1
aesthetascs-ablated lobsters (Fig. 6B). A two-way ANOVA

OE

(conditioning treatment as independent variable, blend ratio

"
-
t T«
0.6
dependent variable) revealed a significant conditioning effec 041
(F1,27=4.215, P=0.0499), a significant blend ratio effect 0.2 1 ﬂ ﬂ
(F3,8:=4.730,P=0.0432) and a significant interaction effect 0 - ' ' '

between blend ratio and conditioningF3g=7.046, 99.9:0.1 991  90:10 50:50

Standardized searchspong

P=0.00029). However, only responses to the blend ratio 50:E CS+ CS-
were significantly different in unconditioned and conditioned Blends 6 AMP:taurine (x10-2 mmol |-1)
aesthetasc-ablated lobsters (planned-comparison one-w..,
ANOVA, P<0.05, Fig. 6B). Furthermore, the responses oFig. 6. The ability of intact (sham control) lobsters (A) and
conditioned aesthetasc-ablated lobsters were significantaesthetasc-ablated lobsters (B) to learn a discrimination conditioning
smaller to the CS+ than to the CS— blend ratios (pIanne(taSK and to discriminate between binary mixtures of AMP-+taurine
comparisons one-way ANOVAP<0.05, Fig. 6B). Finally, wit_h the same tot_al _concentratio_rl_(l_rnmé) Ibut _at different bI_end _
conditioning did not affect responses to oyster extract (OEratlos. The dlscrlmlnatlon cc_)rjdltlonlng paradigm is described in
S Table 3. The aversively conditioned odorant (CS+) was the 99.9:0.1
becau.se .the reSpon.ses to OE before and after conditioning Wlend ratio, and the conditioned ‘safe’ odorants (CS—) were the blend
not Slgnlflcantly dlfferer.lt. ftest for dependent samples, ratios 99:1, 90:10 and 50:50. Values are mearse#m. *Search
P>0.05; Fig. 6B). The ability of aesthetasc-ablated animals tresponses significantly different in unconditioned and conditioned
learn this task and to discriminate among these odorants |gbsters (planned comparisons one-way ANOWR&D.05); TSearch
probably not due to incomplete ablations because aesthetaresponses significantly larger than those elicited by the aversively
ablated lobsters with no aesthetascs did not behave differenconditioned blend ratio 99.9:0.1 (CS+) in conditioned lobsters
from those with a few remaining aesthetascs (three-wa(planned-comparisons one-way ANOVR<0.05). For the planned
ANOVA with conditioning treatment and the presence ofcomparisons, critical values for a 5% experiment-wise error rate
aesthetascs as independent variables, and odor type Were getgrmined by the sequential Bonferroni test using the
dependent variable: no effect of the presence of aesthetasPUn-Sdak method (Sokal and Rohlf, 1998). Search responses of

F1,25=0.036,P=0.850, no interactions between the presence cconditicmed lobsters to oyster extract (OE) after the post-
' th t ' nd' n, f the other varialses.05 conditioning phase are also shown. In both intact and aesthetasc-
aesthetascs and any of the other varia :05). ablated lobsters, search responses to oyster extract before and after

. . conditioning were not significantly differentP<€0.05, t-test for
Comparisons between intact lobsters and aesthetasc-ablatecde'Oenolent samples). For a description of search responses and
lobsters calculation of the standardized search responses relative to the

Fig. 7 presents a summary of the data of Fig. 6 showing thiresponses to oyster extract in the preconditioning phase, see
removal of aesthetascs did not impair the lobster's ability tMaterials and methods.
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discriminate the 99.9:0.1 blend ratio from 99:1, 90:10 and’he aesthetasc pathway is sufficient for odor-associative
50:50 blend ratios. A three-way ANOVA that included datalearning, as is the non-aesthetasc pathway, and neither pathway
from both intact lobsters and aesthetasc-ablated lobsteisalone necessary. All groups of lobsters — intact, aesthetasc-
(ablation and conditioning treatments as independent variableshlated and non-aesthetasc-ablated — learned to avoid an
blend ratio as dependent variable) showed no statisticaligversively conditioned odorant, and they learned the task
significant ablation effect Fi,56=1124, P=0.293) and no equally well. This was true for learning to avoid a 32-
interactions between ablation treatment and any of the otheomponent mixture (crab odor; Figs 4, 5) or a binary mixture
variables P>0.30). (AMP+taurine; Figs 6, 7).

A critical role for the aesthetasc/OL pathway in olfactory
learning was expected since it is a prominent chemosensory
Ipathway that has features of other olfactory pathways showing
. plasticity. Thus, the OLs have a glomerular organization
agsthetascs or non—aesth.e.tas_c setae are capab I(_e Of. Ie.""m'.ngrtéfYRiniscent of the olfactory pathways of vertebrates, insects
different aversive conditioning tasks and dlscr|m|nat|ngand gastropods (Tolbert and Hildebrand, 1981; Mellon and

between closely related odorant mixtures. However, thEil(/lunger 1990 Sandeman et al.. 1992: Chase and Tolloczko

performance in odor discrimination was slightly POOrer,1 993 Hildebrand and Shepherd, 1997; Schmidt and Ache
particularly that of aesthetasc-ablated lobsters, than that 9 96’b' Mori et al.. 1999: Laissué et al ' 1999), species with,
intact animals. These results demonstrate that the twg ‘ N ' N ‘

owerful olfactory learning (Croll and Chase, 1980; Gelperin,
antennular sensory pathways — the aesthetasc/olfactory lo §90: Eichenbaum and Otto. 1993: Slotnick. 1994: Smith

(OL) pathway and the non-aesthetasc/lateral antennulalrg%; Faber et al., 1999; Derby, 2000; Derby et al., 2001). The

neéjrogn (LAN) q path\;vay 'Fh have ﬁgnlﬁcanlt fuhnctlonal neuronal structures along the ‘OL pathway’ that are implicated
redundancy and overlap. These pathways also have so eIearning are not known but may include the terminal medulla

complemgntary functions. .In the fol!owing_section, we discus_ including the hemiellipsoid bodies) and/or the accessory
these topics and the basis by which spiny lobsters percei 8bes, which are complex neuropils that receive extensive

differences in complex odorant mixtures. inputs from the OL. These neuropils are composed of
The role of parallel chemosensory pathways glomergli and are involved in higher-prder multimodal sensory

Parallel pathways mediate odor-associative learning integration (Maynard, 1966; Blaustein et al., 1988; Derby and
Blaustein, 1988; Schmidt and Ache, 1996a,b; Mellon and

Odor-associative learning can be mediated by either thgiones 1997: Mellon, 2000). Unfortunately, studies of the
aesthetasc/OL pathway or the non-aesthetasc/LAN pathwayepavioral roles of these neuropils are few. The terminal

medulla has been implicated in modulating feeding behavior
in response to chemical and tactile stimuli (Maynard and
Sallee, 1970; Hazlett, 1971; Sears et al.,, 1991) and in
E }{‘ggfﬁ'e"t‘;?g{fam lobsters pheromone-mediated courtship in crabs (Gleeson et al., 1987).
The terminal medulla and hemiellipsoid body have been
suggested to be involved in associative learning and memory,
mostly because their organization and connectivity are similar
80 | to those of the mushroom bodies of insects (Maynard, 1966;

Maynard and Sallee, 1970; Blaustein et al., 1988), which are
40+ HI involved in odor learning (Davis, 1993; Strausfeld et al., 1998).

Discussion
Our results show that spiny lobsters lacking eithe

160 4
120 -

Finally, the accessory lobes may be involved in odor
processing in spatially complex environments (Wachowiak et
al., 1996), but there are no direct tests of this idea.
99.001 991 9010 5050 . Our. rgsults showing that the non-aestheta§g/LAN_pathw_ay
-------------------- is sufficient for olfactory learning is more surprising, since this
CS+ CS- pathway has usually been considered to function in sensory-
Blends of AMP:taurine (x10-2 mmol |-1) motor reflexes and not in more complex behaviors (Maynard,
. . - 1966; Schmidt and Ache, 1993, 1996a). Odor-associative
Fig. 7 Percentage change in search respt_)nses_to the a"ers“’%&rning via the LANs may also implicate the terminal
conditioned (CS+) blend ratio of AMP:taurine mixture (99.9:0.1 edulla, which receives input from LAN output interneurons

blend ratio) and the conditioned safe (CS-) blend ratios 99:1, 90: . . )
and 50:50 following a discrimination conditioning paradigm in intact erby and Blaustein, 1988; Mellon and Alones, 1994;

and aesthetasc-ablated lobsters. For each group of lobsters, tﬁghm'dt and Ache, 1996a).
percentage change in search responses to an odorant followin S

conditioning is the percentage difference between responses g%rallel pathways and olfactory discrimination

conditioned lobsters and unconditioned lobsters relative to responsesOlfactory discrimination can be mediated by either the
of unconditioned lobsters. Data are from Fig. 6. aesthetasc/OL pathway or the non-aesthetasc/LAN pathway.

conditioned and uncorditioned lobsters

% Difference in sealcresponsbetween
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We demonstrate this for two sets of odor mixtures with highlare not completely equivalent and that they complement each
similar compositions: for complex mixtures that mimic naturalother to produce behavior not possible with only one pathway.
foods (Figs 4, 5) and for blend ratios of a binary mixtureln the aversive conditioning with generalization testing
(Figs 6, 7). paradigm, ablated lobsters tended to show more generalization

The finding that the aesthetasc/OL pathway is sufficient tbetween a complex odor and novel but related complex odors
mediate olfactory discrimination was expected for severathan did intact lobsters (Figs 4, 5). This suggests that both
reasons. First, aesthetasc chemosensory neurons, which aredbsthetasc and non-aesthetasc chemosensory neurons are
only identified chemosensory inputs to the glomerularlycomplementary and necessary to enhance discrimination and
organized OLs (Mellon and Munger, 1990; Schmidt and Achereduce generalization. Furthermore, intact animals and non-
1992, 1996b; Sandeman and Sandeman, 1994), have aasthetasc-ablated animals tended to discriminate slightly
diversity of response spectra for many biologically importanbetter between closely related complex mixtures than did
odors (Fadool et al., 1993; Michel and Ache, 1994; Simon andesthetasc-ablated animals. Although further experiments are
Derby, 1995). Second, each aesthetasc is innervated bgeded to confirm this trend, these data suggest that processing
neurons with different response spectra (Steullet et al., 2000)f aesthetasc chemosensory inputs through the glomerular
and each glomerulus receives input from neurons fronOLs and/or accessory lobes provides additional contrast
different aesthetascs (Mellon and Munger, 1990). Thignhancement for closely related complex odorant mixtures.
suggests that odorant quality is represented in the OL as &imilarly, in the honeybeApis mellifera the local circuitry of
across-glomerular spatial map (Mellon and Munger, 1990the glomerularly organized antennal lobes facilitates
Wachowiak and Ache, 1998), similar to the vertebrateliscrimination of related odorants since functional disruption
olfactory bulb and the insect antennal lobe (Cinelli et al., 1995f this circuitry impairs discrimination of structurally related
Friedrich and Korsching, 1998; Galizia et al., 1999; Sachse edorant compounds but not highly divergent odorant
al., 1999). Thus, the glomerular organization of the crustacearompounds (Stopfer et al., 1997).

OL might enable odor recognition and discrimination. Our results from the discrimination conditioning assay
Our finding that the non-aesthetasc/LAN pathway igTable 3; Figs 6, 7) show that both intact animals and
sufficient for olfactory discrimination demonstrates anaesthetasc-ablated animals effectively discriminate among
alternative to the aesthetasc/OL pathway. Some neurhighly related odorants — different blend ratios of the binary
components of this pathway have already been describeahixture AMP+taurine. In contrast, intact lobsters generalized

The odor responsiveness of non-aesthetasc antennulzompletely between different blend ratios of the mixture

chemosensory neurons has been partially characterized AMP+taurine following the aversive conditioning with
electrophysiological studies. These neurons are activated Iggneralization protocol of Table 2 (data not shown). This
many of the same food-related odors that stimulate aesthetamgggests that discrimination conditioning implements
neurons, and they have a diversity of response spectraechanisms of neural plasticity that allow further contrast
(Fuzessery, 1978; Tierney et al., 1988; Cate and Derbgharpening between odor stimuli, and that this may even
2002a). In addition, interneurons ascending from the LANs toccur along the non-aesthetasc/LAN pathway. In honeybees,
the terminal medulla have a variety of response specificitiesdor-associative learning transforms the neural activity
and appear to be sufficient to form an odor-specific neural cogeattern generated by a rewarded odor, making it less similar
(Derby and Blaustein, 1988; Schmidt and Ache, 1996b). Thito an unrewarded odor; in this case, the transformations
overlap in tuning of peripheral and central neurons in theccurred in the glomerularly organized antennal lobes (Faber
aesthetasc/OL pathway and the non-aesthetasc/LAN pathway al., 1999).

may explain the similarity in responsiveness of aesthetasc-

ablated lobsters and non-aesthetasc-ablated lobsters in our Why have two antennular chemosensory pathways with
studies. partially overlapping function?

Although we cannot completely rule out the possibility that The present study provides the first evidence for extensive
some non-aesthetasc chemosensory neurons project into tlieelundancy and overlap in the function of aesthetasc and non-
OLs and that these are sufficient to allow aesthetasc-ablate@sthetasc chemosensory neurons in odor-associative learning
lobsters to discriminate odovéa the OL pathway, we believe and odor discrimination. Functional overlap between these
that non-aesthetasc chemosensory input to the LANs providespulations of antennular chemosensory neurons also occurs
lobsters with sufficient information to discriminate odors.for odor-mediated activation and orientation (Horner et al.,
Interneurons with dense arborizations in the OLs and smalf000; Derby et al., 2001; Steullet et al., 2001). The overlap in
branches in the LANs (Schmidt and Ache, 1996b; Mellon anfunction of these two antennular chemosensory pathways can
Alones, 1994) may furthermore provide coupling and crossbe advantageous to animals. The two pathways may be
talk between the two pathways that might be important in odaedundant partial back-up systems in case the antennules, and
discrimination, odor generalization and other odor processingarticularly the aesthetasc regions, are damaged (Harrison et

Our results on olfactory discrimination from the al., 2001). The output from the two pathways might be
generalization assay (Table 2; Figs 4, 5) suggest, however, thiategrated at some higher neural level, thus increasing
the aesthetasc/OL pathway and non-aesthetasc/LAN pathwagnsitivity or accuracy (Van Drongelen et al., 1978; Meisami,
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1989) and reducing odor generalization (this paper) beyonlighest concentration. Thus, CO and ICO contain exactly the
that possible by either pathway alone. same compounds but at different blend ratios. In contrast, SO
The two pathways are known to have some distinctliffers from CO in two ways: SO lacks three chemical
functions. For instance, glutamate-mediated antennulazompounds presentin CO, and the 29 components common to

grooming behavior in lobsters (Barbato and Daniel, 1997both have relatively small differences in blend ratio. Eleven
Daniel et al., 2000) and pheromone-mediated courtship displaypmpounds were not common to MO and CO, and there were
behavior in male blue crabSallinectes sapidugGleeson, large differences in the blend ratios of some of their 28
1982) are driven exclusively by chemosensory neurons fromommon components. The relative degree of similarity
aesthetascs and/or asymmetric setae. Thus, this suggests tigttveen the chemical composition of CO, ICO, SO and MO
pheromones in spiny lobsters (Zimmer-Faust et al.,, 198%an be evaluated more quantitatively with hierarchical cluster
Ratchford and Eggleston, 1998, 2000) might be detected tnalysis (joining-tree clustering; Statistica, StatSoft Inc, Tulsa,
aesthetasc but not by non-aesthetasc chemosensory neurddk, USA). Cluster analysis joins together objects (in this case,
However, other functional differences between these twmixtures) into successively larger groups using a measure of
pathways remain to be examined. For example, the bimodédissimilarity (in this case, the difference in concentration of
chemotactile non-aesthetasc setae and the LAN pathway magch component in the mixtures). Using a measure of
be unique in providing information about the location ofdissimilarity that emphasizes the relative differences in the
stimulation on the antennule or on other parts of the bodglend ratios (i.e. 1 minus the Pearsaorrelation), the cluster
(second antennae and carapace) since some output neuranalysis clearly indicated that ICO was most different from the
from the LAN arborize in the median antennular neuropilother mixtures (Fig. 8B). In contrast, using a measure of
antennal neuropil and tegumentary neuropil (Schmidt andissimilarity that emphasizes the presence or absence of an
Ache, 1996a). Finally, the two pathways might detect differenbdorant component (i.e. percentage disagreement method), the
qualitative, quantitative and temporal features of the chemicanalysis showed that MO was most different from the other
signals; these differences might be revealeddifferent and  mixtures (Fig. 8A).

even more complex behavioral experiments than those The pattern of generalization shown by the lobsters is more
described in the present work. similar to that expected if lobsters were evaluating the presence

How do lobsters perceive differences in the compositions of

1.05

odorant mixtures? A

Our results show that lobsters can discriminate amon g 1.00
mixtures with highly related compositions. Thus, lobsters cal & ( g5
discriminate among multi-component mixtures that differ bott ©
in blend ratio and in number of components (G&susSO 090
and MO), among multi-component mixtures that differ only in § 0.85
blend ratios and not in components (@@rsusICO) and £ 0.80
among binary mixtures that differ only in blend ratios of a '
single binary mixture (AMP+taurine at 99.9:0v&rsus99:1, 0.75 | I ]
90:10 and 50:50). These results are consistent with an earli MO SO ICO Cco
study using discrimination conditioning (Fine-Levy et al., 16
1989). 14| B

Furthermore, lobsters also generalize between mixtures, ai § 12
the extent of generalization depends on the similarity in th % 1.0
composition of the mixtures. Thus, lobsters generalize mor © gg
between complex mixtures that share all the same componel % 06
but differ markedly in their blend ratios (G@rsusiCO) than < 04
they do between mixtures that have unique components b = 02
whose common components have relatively similar blen 0
ratios (COversusMO or SO). To understand this point, ICO MO o) co

similarities in the compositions of CO, ICO, MO and SO mus_ ) L
be qualitatively and quantitatively compared. ICO contains th Fig. 8. Results of two cluster analyses showing the relative similarity

- - . f the chemical composition of the complex odor mixtures crab odor
same 32 components as CO, with the following difference’ . .
the componenpt in ICO with the highest concgentration i<(CO)’ inverse crab odor (ICO), shrimp odor (SO) and mullet odor

. : . (MO). (A) Cluster analysis that uses ‘percentage of disagreement’ as
the component_ In CO. with the lOW,eSt Concentrat'o_n;the dissimilarity measure, which emphasizes the components unique
the component in ICO with the second highest concentratioy the odors (i.e. the presence or absence of components). (B) Cluster
is the component in CO with the second loweslanalysis that uses ‘1 minus the Pearsorcorrelation’ as the
concentration; and so forth, until the component in ICO wittdissimilarity measure, which emphasizes differences in the relative
the lowest concentration is the component in CO with thiconcentrations of each component.
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or absence of components in a mixture (analogous to tHeesearch Alliance and the Georgia State University Research
percentage disagreement method for measuring dissimilarity &ogram Enhancement Fund.

mixtures in the cluster analysis of Fig. 8A) rather than relative

differences in the blend ratios (analogous to the correlation
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