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Abstract

 

Studies of the peripheral olfactory system of the Caribbean spiny lobster 

 

Panulirus argus

 

 and related decapod crustaceans have helped
us understand mechanisms of coding of mixtures, some of which are discussed in this review. Although the number of cells in the lobster’s
olfactory system is much lower than in vertebrate olfactory systems, it is a highly complex system. The receptor neurons (RNs) of this ol-
factory system are complex processors that cannot be categorized into discrete cell types, but rather have a diversity of response profiles.
Each RN can have different types of receptor proteins, second messengers, and/or ion channels, which undoubtedly contributes to the
functional diversity of these neurons and makes them complex peripheral integrators. The RNs probably encode information about the
quality of mixtures as a distributed or population code, providing a basis for behavioral discrimination of natural food stimuli. Analysis of
distributed codes for a series of blend ratios of binary mixtures reveals that the qualities of individual compounds are probably not lost
when mixed. Such peripheral processing allows spiny lobsters to perceive complex odors as a set of elemental cues if the salience of the
components is sufficiently high. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

 

The conceptual and technical approaches that have been
used successfully by Erickson and others to study coding in
the taste systems of mammals, which include characterizing
tuning properties of cells, defining the information con-
tained in assemblages of these cells, and comparing neural
output with behavioral discrimination capabilities [22,23],
are equally applicable for studying chemosensory systems
of invertebrates. One of the goals of my and other laborato-
ries has been to explore how the chemosensory systems of
decapod crustaceans, such as lobsters, crabs, and crayfish,
are functionally organized to allow these animals to solve
problems related to finding food and mates. We can then
compare their functional organization with that of other ani-
mals to decipher common principles of coding and specific
adaptations to different environments.

In this article, I will review our current understanding of
mechanisms of olfactory coding of mixtures based on stud-
ies of the peripheral olfactory system of the Caribbean spiny
lobster 

 

Panulirus argus.

 

 First, I will describe the general or-
ganization of the crustacean olfactory system. Second, I will
show that this system is composed of receptor neurons
(RNs) that are complex peripheral processing units that rep-
resent a diversity of response profiles rather than belonging

to obvious cell types. Third, I will argue that a distributed or
population code in their olfactory organ contains sufficient
information to allow spiny lobsters to discriminate the qual-
ity of biologically relevant mixtures. Finally, I will show
that spiny lobsters can process odor mixtures either as ele-
ments (i.e., a combination of the identifiable components)
or as a configuration (i.e., a mixture-unique entity). Further-
more, this flexibility in mode of processing is possible be-
cause, as revealed by the distributed codes in the peripheral
olfactory system, the qualities of individual compounds are
not lost when the compounds are mixed to form a blend.

 

2. Crustaceans as models for studying olfactory coding

 

The chemosensory systems of aquatic crustaceans have
been used successfully to study many aspects of chemosen-
sory coding, from the molecular to behavioral levels
[1,2,4,8,9,31,56,58]. One species that has been studied ex-
tensively is the Caribbean spiny lobster, 

 

Panulirus argus.

 

Of particular interest has been its olfactory organ—the an-
tennules, which are the first pair of antennae (Fig. 1).

Antennular chemical sensing is called “olfaction” in
these aquatic animals on the basis of morphological and
functional similarities with “olfactory” systems of other ani-
mals—antennae of insects and other arthropods, and the ol-
factory organ of vertebrates [3]. All of these “noses” contain
modified ciliary cells that are bipolar, with apical processes
(dendrites or cilia) containing the transduction machinery
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made accessible to environmental chemicals, and axons that
project to the CNS [1,5,34,46]. There are anatomical simi-
larities in the first-order olfactory processing centers in the
brains of crustaceans, insects, vertebrates, and other ani-
mals, all of which have their neuropil organized as glomer-
uli [1]. The long-held suggestion that this glomerular orga-
nization is a way of partitioning odor qualities in the CNS is
supported by physiological and molecular studies of insects
and vertebrates [6,27,36]. The “noses” of crustaceans are also
similar to those of vertebrates in that they often contribute to
chemically activated complex behaviors, such as courtship
behavior [4,31] and food-searching behavior [4,42]. How-
ever, because the “noses” of lobsters function in aquatic en-
vironments, the chemicals that serve as stimuli tend to be
fairly small water-soluble molecules such as amino acids,
amines, nucleotides, and sometimes sugars and peptides [7].
Thus, the stimulatory chemicals for aquatic crustaceans are
more similar to those detected by olfactory and taste sys-
tems of fish and taste systems of terrestrial vertebrates than
the volatile compounds used by the olfactory systems of ter-
restrial vertebrates and arthropods.

There appear to be at least two antennular chemosensory
pathways of decapod crustaceans: aesthetasc, and nonaes-
thetasc pathways (Fig. 1). The aesthetasc pathway refers to
a specialized type of sensillum, the aesthetascs, each of
which contains hundreds of chemosensory neurons but no
mechanoreceptor neurons [34,35]. The aesthetasc chemore-
ceptor neurons are found only on the lateral flagellum of the
biramous antennules. Their axons project to the olfactory
lobes in the brain. In addition, nonaesthetasc chemoreceptor

neurons abound in the lateral and medial antennular fla-
gella, although they are more poorly characterized. The
nonaesthetasc chemosensory neurons apparently project to-
gether with mechanosensory neurons into the lateral anten-
nular neuropil, which has a nonglomerular arrangement
[47,48]. Because the aesthetascs are the most prominent
type of chemosensory sensillum, they have been the focus
of most studies of the antennule. The differences in the
functional roles of these pathways are largely unexplored,
but are currently being investigated [53].

 

3. A focus on olfactory processing of mixtures

 

A central question that we have addressed using the spiny
lobster is: how is the peripheral olfactory pathway organized
to extract information about the type or quality of chemical
mixtures? Our focus has been on food mixtures because they
represent natural stimuli [7]. Many sensory systems have
special adaptations to process natural and complex stimuli.
For example, complex feature detectors have been described
in the auditory and visual systems [54,57]. We have taken
this approach despite the complexities created by studying
processing of complex stimuli such as mixtures. The stimuli
that we have used in our studies of processing of mixtures in-
clude the following: (1) aqueous extracts of homogenized
tissue of four prey of lobsters (crab, shrimp, mullet, and oys-
ter extracts); (2) artificial mixtures of these four extracts
(crab, shrimp, mullet, and oyster mixtures), which contain
29–35 compounds including amino acids, amines, nucle-
otides, nucleosides, and organic acids, at concentrations that
they occur in the tissue extracts; and (3) mixtures of two to
seven of the components of the artificial mixtures.

 

4. Beyond labeled lines: Antennular chemoreceptor
neurons are complex peripheral processing units that
do not fall into obvious “cell types”

 

A critical step in understanding how a peripheral
chemosensory system processes mixtures is knowing how
individual receptor cells respond to mixtures and their com-
ponents. Although this has been acknowledged [19,33,37],
the complexities created by it can be daunting. Nonetheless,
what it tells us about the roles of RNs in the processing of
natural stimuli is invaluable.

Single-unit extracellular recording of action potentials
from the axons of antennular RNs is standard practice [14],
and has allowed us to characterize chemosensory coding at
the cellular and system levels. When a suite of single com-
pounds found in natural food of lobsters (see the previous
section for examples) is used to probe the specificity of
RNs, narrowly tuned excitatory response spectra are com-
monly observed. A RN is usually excited much more by one
compound (the “best compound”) than the next best com-
pound. RNs with narrow excitatory tuning have been de-
scribed for a variety of different odorants; notable examples

Fig. 1. Peripheral olfactory system of the spiny lobster Panulirus argus.
(A) Spiny lobster with its first pair of antennae, called the antennules. (B)
High-magnification view of the aesthetasc region of the lateral filament of
the antennule. From [34].
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include taurine, 

 

L

 

-glutamate, ammonium, AMP, or ATP
[16,52]. Application of multivariate methods such as cluster
analysis to such data sets has led to the identification of
clusters of RNs, with members of a cluster sharing a charac-
teristic “best compound” that differs from those of RNs be-
longing to other clusters [15].

Such observations can lead one to think that “cell types”
exist in this system, possibly functioning as labeled lines for
particularly important odorants. But other observations ar-
gue against the presence of functional cell types, especially
for natural stimuli. First, single RNs of spiny lobsters can
express more than one type of receptor molecule that medi-
ates excitation, usually with one type being more prevalent
than others on a given cell [10]. The less abundant receptor
type on a cell varies. This is expressed physiologically by
RNs with the same “best compound” having different sec-
ond-best compounds [10,17], thus increasing diversity of
responses. Second, odor-evoked inhibitory responses are
common, as clearly shown by intracellular patch-clamp re-
cordings [2,49]. Inhibitory responses can be difficult to
identify from extracellular recordings of RNs, because the
spontaneous spiking rate of these cells is often low [12].
Nonetheless, inhibitory responses are present, and must be
included when defining the response spectrum of a cell.
When this is done, it is apparent that cells that have a similar
excitatory response spectrum can differ in their inhibitory
response spectrum [12,32]. As an example, RNs with nar-
row excitatory response profiles for taurine can be inhibited
by any of several other odorant compounds, and the inten-
sity of the inhibition by a compound can differ across cells
[32]. Because of this diversity in inhibition for cells excited
by a given odor compound, “cell types” become less appar-
ent when mixtures containing excitatory and inhibitory are
tested in addition to single compounds. Third, the binding
of an odorant to its receptor sites can be inhibited by other
odorants, and in so doing affect the electrophysiological re-
sponses of RNs to that odorant [11,28]. In addition, odor-
ants differentially inhibit binding of different receptor types.
For example, betaine is much more effective at inhibiting
binding of taurine or glutamate to their respective receptors
than AMP binding to its receptors [28]. These latter two ef-
fects can contribute, along with other phenomena, to “mix-
ture interactions,” which can be broadly defined as a re-
sponse to a mixture that is not expected from the responses
to the components of that mixture [37]. Because mixture in-
teractions are not equally expressed in all RNs, it is perhaps
not surprising that observing a broad diversity in response
profiles of RNs, without identifying “cell types,” is most
likely when mixtures are used as test stimuli. For example,
when artificial mixtures of crab, shrimp, mullet, and oyster
(CM, SM, MM, and OM, respectively) (see previous sec-
tion for a description of these mixtures) are included as test
stimuli in a characterization of response spectra, RNs can-
not be sorted into “cell types” [30]. Rather, there is a contin-
uum of response profiles, with the exact response profile be-
ing determined by many response features.

Thus, excitatory responses, inhibitory responses, and
binding interactions all contribute to the response profiles of
RNs. RNs that are all highly excited by the same odorant
compound are not necessarily inhibited by the same com-
pounds, are not necessarily slightly excited by the same
compounds, do not have the same binding interactions, and
do not show the same mixture interactions. Consequently,
RNs do not fall into “types” when challenged with an array
of natural complex stimuli.

A mechanistic explanation for this diversity of response
profiles among members of a population of antennular RNs
is that individual RNs can express a wide variety of mole-
cules involved in olfactory transduction. For example, indi-
vidual RNs may functionally express at least two types of
receptor molecules [10], several types of G-proteins [40,
55], at least two second messengers (cAMP and IP3) [2],
and a variety of ion channels involved in odor transduction
[2]. A multiplicity of signaling cascades in single olfactory
RNs has also been found in many other species including
vertebrates [2,21,44]. Such properties allow each RN to pro-
vide unique contributions to the neural code for stimulus
features.

In summary, RNs of spiny lobsters function as complex
peripheral processing units. Individual RNs can have a di-
versity of receptor proteins, second messengers, and ion
channels. The combination of these that occur in RNs de-
fines the response profiles of the RNs. When challenged
only with single compounds, the diversity of RNs is only
partially characterized, and with such limited information
one may be tempted to identify “cell types.” However,
when RNs are probed with complex stimuli that mimic nat-
ural stimuli and with the components of these mixtures, it
becomes apparent that there is a tremendous diversity in the
response profiles of the RNs and that there are no “cell
types.”

 

5. The lobster’s nose has a distributed code for the 
quality of mixtures

 

Knowing the central projection patterns of RNs of speci-
fied response properties would improve our understanding
of how a population of RNs encodes mixture quality. Unfor-
tunately, we do not currently know the projection patterns
of functionally defined RNs into the glomerular neuropil of
the olfactory lobes [47,48]. Thus, our analysis of peripheral
coding has depended on evaluating the information in popu-
lations of recorded RNs whose spatial projections are un-
known.

We have used many sets of chemical stimuli to test the
idea that a distributed code, also called an across-fiber or
across-neuron pattern code [22,23], is used by the antennule
to encode odor quality. These stimulus sets include single
compounds [17], complex artificial mixtures (CM, SM,
MM, OM) [29], tissue extracts of crab, shrimp, mullet, and
oyster [29], binary mixtures [12], and different blend ratios
of binary mixtures [52]. In many of these studies we have
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tested different concentrations of each stimulus to evaluate
the effect of stimulus intensity on the distributed code for
stimulus quality.

We compared distributed codes for different stimuli us-
ing the conceptual and technical approaches established by
Erickson and his colleagues. We recorded single-unit spik-
ing activity from members of a set of RNs, measured simi-
larities in the distributed code generated by various odor
stimuli using metrics such as vector-space analysis [20],
chi-square values, and Pearson correlation coefficients, and
then compared these distributed codes using multivariate
techniques such as multidimensional scaling [23].

The results support the idea that distributed codes con-
tain the information necessary for this chemosensory sys-
tem to distinguish odor quality (Fig. 2A). For example, the
distributed codes for the artificial mixtures CM, SM, MM,
and OM are different from each other, and these differences
are highly correlated with the differences in their composi-
tions [29,30] (Fig. 2). CM and SM, which have the most
similar compositions among these four mixtures, generate
the most similar distributed codes. On the other hand, CM
and OM evoke highly different distributed codes. Further-
more, changes in stimulus intensity by as much as two or-
ders of magnitude have relatively little effect on the codes
for stimulus quality.

Behavioral studies suggest that spiny lobsters use the in-
formation in the distributed codes in assessing stimulus
quality [13,24–26]. Lobsters can be conditioned using aver-
sion paradigms, as has been used to study chemosensation
in other animals. Lobsters were conditioned to give an aver-
sive response to one chemical stimulus, and then examined
for response generalization to other stimuli. Results show
that the greatest generalization is between CM and SM, and
very little generalization occurs between either CM or SM
and OM (Fig. 2B). Thus, spiny lobsters perceive as most sim-
ilar those mixtures that have the most similar composition.

These behavioral results, taken together with the studies
of distributed codes, lead to the conclusion that spiny lob-
sters can use sensory information available as distributed
codes in their olfactory organ to discriminate the quality of
natural, complex chemical stimuli. Future studies that de-
fine the central projection patterns of RNs into the glomeru-
lar olfactory neuropil will be important in characterizing in
more detail how peripheral information about odor quality
and intensity is encoded in the CNS.

 

6. Spiny lobsters can use either elemental or configural 
cues in discriminating the quality of a mixture because 
the qualities of individual compounds are not lost when 
the compounds are combined

 

In theory, an animal might perceive sensory cues either
as a combination of its elements (elemental cues) or as a
mixture-unique entity (configural cues) [41]. Which of the
cues dominates perception can be influenced by the degree
of salience of each [38,41,43,45,50,51]. We explored this

Fig. 2. Spiny lobsters use information in distributed neural codes to assess
differences in stimulus quality of four complex food odors. The odors are
crab, shrimp, oyster, and mullet mixtures (CM, SM, OM, and MM, respec-
tively). (A) Relative similarities between mixtures according to distributed
codes for a population of 30 RNs. The locations of the four mixtures, each at
three concentrations (1, 2, 3, are 5, 50, and 500 mM, respectively), are
shown in a three-dimensional space derived from multidimensional scaling.
Each point represents the distributed code for one stimulus, and each shaded
triangle represents the stimulus space for a two-log unit concentration range
of each mixture. (B) Relative similarities between mixtures according to
behavioral studies of discrimination. The locations of the four mixtures,
each at two concentrations (50 and 500 mM), are shown in a two-dimen-
sional space derived from multidimensional scaling. This analysis is based
on aversion values from four groups of animals, with members of each
group being aversively conditioned to both concentrations of only one of the
four mixtures. (C) Relative similarities in the compositions of the mixtures.
This dendrogram represents the results of a cluster analysis, based on the
relative amounts of the components of the mixtures. From [18].
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issue by using behavioral studies to examine whether
spiny lobsters can discriminate and identify the compo-
nents of odor mixtures that they would normally treat as
unique entities, when the task demands [39].

Spiny lobsters can detect the individual components
in binary mixtures, and must, therefore, be able to pro-
cess the components of mixtures as independent ele-
ments [39], as shown in Fig. 3. Lobsters conditioned to
avoid a binary mixture, AX, did not generalize from AX
to the mixture’s components, A or X, or to a binary mix-
ture containing one novel component, AY. This suggests
that configural cues may dominate elemental cues in this
task. However, a different result occurred when lobsters
were conditioned not only to avoid binary mixture AX, as
in the previous paradigm, but also to continue responding
to AY by presenting AY as unpaired with the aversive
stimulus during the conditioning phase of the experiment
(Fig. 3). Lobsters conditioned in this way generalized be-
tween AX and X and between AY and Y, unlike the lob-
sters conditioned only to AX. These results support the
idea that changing the salience of a mixture’s compo-
nents by giving them different reinforcement contingen-
cies changed the way that the mixtures were perceived.
As a result of such conditioning, animals perceived the
mixture’s components as separate elements, and as a
consequence, animals generalized between binary mix-
tures and their most salient or predictive components.
Similar abilities to identify a mixture’s components as
elemental cues were seen for a five-component mixture.
These results show that the salience of components of
mixtures can affect how a mixture is processed, as has
been shown in another arthropod, the honey bee [50].

This demonstration of elemental processing in spiny
lobsters has implications for the way that odorant mix-
tures are processed by the peripheral olfactory system. It
suggests that a mixture and its components should gener-
ate different distributed codes, but the mixture’s distrib-
uted code should have features similar to both of its com-
ponents. Furthermore, different blend ratios of a given
binary mixture should generate distributed codes whose
similarity to the distributed codes for their components is
predictable from the blend ratio. That is, a blend ratio
that is dominated by one component should produce a
distributed code more similar to the code for the domi-
nant component than for the minor component.

This hypothesis was tested by Steullet and Derby [52]
in an analysis of the distributed codes for a set of olfac-
tory RNs in response to different blend ratios of three bi-
nary mixtures and their individual components (Fig. 4).
Seven different blend ratios of each binary mixture were
used, from a 0.1/99.9 ratio to a 99.9/0.1 ratio, with all
stimuli having a total concentration of 100 

 

m

 

M. Blend ra-
tios usually evoked distributed codes expected from their
composition. The higher the relative concentration of one
component in a mixture, the more similar was that mix-
ture’s distributed code compared to the dominant compo-

Fig. 3. Elemental and configural processing. (A) Generalization between the
binary mixture AX and other odorants for animals conditioned to AX1, sug-
gesting configural processing. (B) Generalization between the binary mixture
AX and other odorants for animals conditioned to AX1 and AY2, demon-
strating elemental processing. AX1 represents the conditioned stimulus that
was forward paired with an unconditioned aversive stimulus, by first introduc-
ing AX1 followed within 3 s by presentation of the aversive stimulus, which
was a black plastic square mounted on a rod that was rapidly rushed toward the
lobster until the lobster moved away. Odorant compounds were tested at doses
that evoked search responses of equal magnitude in unconditioned animals.
Values are means 6 SEM of control-corrected search responses, n 5 number
of animals tested. For all animals, A 5 adenosine-59monophosphate. For 11
animals in (A) and 12 animals in (B), X 5 betaine and Y 5 L-glutamate; for 11
animals in (A) and 13 animals in (B), X 5 L-glutamate and Y 5 betaine. Bars
topped with different letters are significantly different by analysis of variance
with repeated measures and SNK multiple range tests (p , 0.05). From [39].
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nent’s distributed code (Fig. 4). These results suggest that
for the distributed codes generated in the peripheral olfac-
tory system, the qualities of individual compounds are
maintained when the compounds are mixed to form blends.
These findings provide a neural explanation of the ability of
spiny lobsters to elementally process an odor mixture.

 

7. Summary and conclusions

 

The olfactory system of spiny lobsters and other decapod
crustaceans has helped direct our understanding of how
complex stimuli are encoded by peripheral sensory systems.
These systems might be considered simpler than that of
mammals, due to their having 

 

,

 

1% of the receptor neurons
of mammals. Yet they are still highly complex, in several
respects. First, the complement of RNs is still huge, num-
bering ca. 600,000 in spiny lobsters, which confers on the
animals considerable sensitivity and breadth of responsive-
ness [34,35]. Second, individual RNs can possess a diver-

sity of transduction pathways, including multiple types of
receptors, second messengers, and ion channels [2,10].
Such diversity enables considerable peripheral integration
of complex stimuli, even before synaptic integration in the
CNS, and it influences the intensity of responses to mix-
tures. Finally, the perception of mixtures by lobsters can be
influenced by the salience of the mixture’s components,
such that the components of a mixture can be perceived as
either elemental or configural cues.
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