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Abstract

Understanding the relationship between brain and behavior is the fundamental challenge in neuroscience. We focus on chemo-
sensation and chemosensory learning in larval Drosophila and review what is known about its molecular and cellular bases.
Detailed analyses suggest that the larval olfactory system, albeit much reduced in cell number, shares the basic architecture,
both in terms of receptor gene expression and neuronal circuitry, of its adult counterpart as well as of mammals. With respect
to the gustatory system, less is known in particular with respect to processing of gustatory information in the central nervous
system, leaving generalizations premature. On the behavioral level, a learning paradigm for the association of odors with food
reinforcement has been introduced. Capitalizing on the knowledge of the chemosensory pathways, we review the first steps to
reveal the genetic and cellular bases of olfactory learning in larval Drosophila. We argue that the simplicity of the larval chemo-
sensory system, combined with the experimental accessibility of Drosophila on the genetic, electrophysiological, cellular, and
behavioral level, makes this system suitable for an integrated understanding of chemosensation and chemosensory learning.
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Smell and taste systems

Chemosensory systems serve animals to copewith their chem-

ical environment; this may sound trivial but has a rather dif-

ferent thrust than suggesting that chemosensory systems need

to faithfully reflect the outside world. To be sure, neuronal

activity along the chemosensory pathways must allow the

animal to tell apart different chemicals—but only insofar

as may be required to differentially behave toward them.

Thus, depending on the behavioral demands, different inputs
may or may not lead to different activity patterns in the che-

mosensory pathways; in turn, however, differences in activity

pattern need to reflect differences in input. In other words,

the discriminative demands stem from the potential behav-

ioral matters of concern, not from the diversity of inputs:

what is at issue is whether different chemicals should make

a behavioral difference to the animal. Interestingly, sensory

modalities, and in particular olfaction and taste, can differ
tremendously in terms of this required discriminative ability.

This review focuses in its first part on chemosensory pro-

cessing and asks how discriminative patterns of neuronal ac-

tivity come about in chemosensory pathways. In the second

part, it discusses whether and how odors can be recognized

as the same as those odors that had been previously encoun-

tered. Given the diversity of chemicals involved, given the

combinatorial possibilities with which these chemicals can

occur in nature, and given the temporal variability of the

chemical environment, understanding how these tasks can

bemanaged is a real challenge. A breakthrough was achieved
upon the identification of odorant receptor genes in rodents

(Buck and Axel 1991) and some years later in Caenorhabditis

elegans (Sengupta et al. 1996) and Drosophila (Clyne et al.

1999; Vosshall et al. 1999). Their expression patterns in par-

ticular are useful for dissecting the circuits underlying olfac-

tion (Ressler et al. 1994; Vassar et al. 1994; Gao et al. 2000;

Vosshall et al. 2000). Remarkably, these studies confirm

earlier convictions that the olfactory systems of mammals
and insects are organized according to common principles

(Hildebrand and Shepherd 1997; Strausfeld and Hildebrand

1999; Ache and Young 2005). Yet, insect chemosensory
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systems comprise only a fraction of the cell numbers involved

in the vertebrate systems, providing an attractively simple

option for investigating the chemical senses. What is more,

in holometabolous insects, such as Drosophila, the larval

chemosensory system offers an even simpler alternative.
Apart from a study in larval Manduca sexta (Itagaki and

Hildebrand 1990), little was known until recently about

the organization of larval olfactory systems. Adults and lar-

vae are anatomically andbehaviorallymuch different, reflect-

ing their different lifestyles. For example, adult Drosophila

flies need to find food (as well as mates, egg-laying sites,

etc.), which requires sophisticated odor-driven behavior.

Fly larvae, in contrast, live on their food source and hence
do not need long-range odor detection to find food. Al-

though larvae respond to a variety of chemicals (Rodrigues

1980; Cobb 1999; Heimbeck et al. 1999; Cobb and Domain

2000), one may expect the chemosensory systems of both de-

velopmental stages to display significant differences in terms

of cell number, organization, and behavioral function.

A number of recent papers promote the larval olfactory

system of Drosophila as a ‘‘elementary’’ model system
(Fishilevich et al. 2005; Kreher et al. 2005; Masuda-

Nakagawa et al. 2005; Melcher and Pankratz 2005; Michels

et al. 2005; Ramaekers et al. 2005) rendering a review on

larval chemosensation timely.

Sensory level

Cephalic chemosensory organs

The cephalic chemosensory apparatus of the larva includes

3 external sense organs, dorsal organ (DO), terminal organ

(TO), and ventral organ (VO), as well as 3 internal, pharyn-

gealorgans(Figure1C–H)(SinghRNandSinghK1984;Singh

1997; Python and Stocker 2002a; Gendre et al. 2004). Each of

them consists of several sensilla, a sensillum comprising one
to several sensory neurons and 3 accessory cells, all housed

below a common cuticular structure or terminal pore.

The DO is composed of the central ‘‘dome’’ (Figure 1E)

and 6 peripheral sensilla. The dome, whose wall is perforated

by thousands of pore tubules, is innervated by the profuse

dendritic arbors of 21 olfactory receptor neurons (ORNs).

An olfactory function of the dome is demonstrated by elec-

trophysiological recordings (Oppliger et al. 2000; Kreher
et al. 2005) and by combined toxin expression and behavioral

studies (Heimbeck et al. 1999; Larsson et al. 2004; Fishilevich

et al. 2005). Indeed, by expressing diphtheria toxin or by ge-

netically ablating the atypical odorant receptor OR83b that

is required for normal ORN function in the 21 sensory neu-

rons of the dome, both latter studies demonstrate that these

neurons are the sole larval ORNs. In Musca, 5 of the 6 pe-

ripheral sensilla of the DO, most of the TO sensilla and 1 of
the 4 VO sensilla are thought to be taste sensilla (Chu and

Axtell 1971; Chu-Wang and Axtell 1972a, 1972b). TO sen-

silla belong to at least 6 different types, collected in a distal

group of 11 sensilla and a dorsolateral group of 2 sensilla

that are discernable from the outside (chevrons in Figure

1F), and, in analogy to the situation in Musca (Chu-Wang

andAxtell 1972a), likely a third one that is not. Thus, the DO

is a mixed smell and taste organ, whereas the TO, the VO,
and the pharyngeal sensilla serve gustatory function. How-

ever, apart from chemosensory neurons, thermosensory

(Liu, Yermolaieva, et al. 2003), mechanosensory, or hygro-

sensory neurons may be present.

The DO, TO, and VO all have their proper ganglion (Fig-

ure 1C,G). The ganglion of the DO contains 36–37 sensory

neurons (Python and Stocker 2002a). The 21 ORNs among

them extend their dendrites as 7 triplets into the dome. The
dendrites of 3 other neurons project toward the dorsolateral

sensilla of the TO (Kankel et al. 1980; Frederik and Denell

1982; Heimbeck et al. 1999; Python and Stocker 2002a),

whereas the remaining cells innervate the 6 peripheral sen-

silla of the DO. The TO and VO ganglia include 32 and 7

sensory neurons, respectively (Python and Stocker 2002a).

The 3 pharyngeal sense organs consist of several sensilla

each, comprising 1–9 sensory neurons (Singh RN and Singh
K 1984; Python and Stocker 2002a; Gendre et al. 2004).

Gustatory and mechanosensory function is suggested by

the presence of pores or bristles, respectively. The dorsal

and ventral pharyngeal sense organs, both of which are sit-

uated behind the mouth hooks, contain 17 and 16 neurons,

respectively; the posterior pharyngeal sense organ consists

of 2 sensilla with 3 neurons each (Figures 1C and 3).

As in adult flies, central olfactory projections remain
supraesophageal and are collected in the antennal lobe

(AL), whereas taste information is sent to multiple target

areas in the subesophageal ganglion (SOG [Figure 1C],

which do not show any obvious glomerulus-like organiza-

tion). Different from adults, however, all olfactory projec-

tions remain ipsilateral. Neurons from the DO ganglion,

regardless of their olfactory or gustatory nature and regard-

less of whether their dendritic tips extend to the DO or TO,
connect to the brain via the antennal nerve (Tissot et al.

1997; Python and Stocker 2002a) (Figure 1C,I). The supra-

esophageal labral nerve carries the afferents from the dorsal

pharyngeal organ and probably from the posterior pharyn-

geal organ, whereas the subesophageal maxillary and labial

nerves comprise those from the TO and VO ganglia and from

the ventral pharyngeal organ, respectively (cf., Schmidt-Ott

et al. 1994; Campos-Ortega and Hartenstein 1997; Python
and Stocker 2002a; Gendre et al. 2004) (Figure 1C).

Expression of olfactory receptors

Olfactory receptors (ORs) define the range of detectable

odors. The OR expression pattern across the population of

ORNs provides the basis for a combinatorial activation in

their target areas, which allows the animal to discriminate
a practically unlimited number of different odors (for mam-

mals: Buck and Axel 1991; Ressler et al. 1994; Vassar et al.
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1994; for fruitflies: Clyne et al. 1999; Vosshall et al. 1999,

2000; Gao et al. 2000).

In adultDrosophila, 2 subfamilies of 7-transmembrane che-

mosensory receptors are known, an OR family comprising

62 members (Clyne et al. 1999; Vosshall et al. 1999;
Robertson et al. 2003; Hallem et al. 2006) and a family of

gustatory receptors (GRs) with 60 members (Clyne et al.

2000; Dunipace et al. 2001; Scott et al. 2001; Robertson

et al. 2003; Hallem et al. 2006). Similar to mammalian

ORNs, ORNs of the adult fly typically express only a single

‘‘conventional’’ OR that is responsible for the ligand speci-

ficity of the ORN (Clyne et al. 1999; Vosshall et al. 1999;

Dobritsa et al. 2003; Hallem et al. 2004; Goldman et al.
2005). For a substantial subset of these ORs, odorant re-

sponse spectra as well as their expression in identified types

of ORNs are reported (Dobritsa et al. 2003; Hallem et al.

2004). ORNs expressing a given OR converge onto 1 or 2

glomeruli in the AL (Gao et al. 2000; Vosshall et al. 2000;

Bhalerao et al. 2003), a layout that is shared with the mam-

malian olfactory system. Thus, the chemical information

conveyed by ORNs is translated into a pattern of glomerular
activation (Fiala et al. 2002; Ng et al. 2002; Wang et al. 2003;

Yu et al. 2004). Apart from the conventional ORs, one atyp-

ical OR, OR83b, is expressed in 70–80% of the antennal

ORNs; it appears to be involved in proper localization and

function of conventional ORs but does not seem to influence

ligand specificity (Larsson et al. 2004; Neuhaus et al. 2004;

Benton et al. 2005).

Three recent studies (Larsson et al. 2004; Fishilevich et al.
2005; Kreher et al. 2005) demonstrate that the logic of Or

gene expression in the larval olfactory system, despite its sim-

plicity, is surprisingly similar to the adult and mammalian

design. For 25 Or genes, expression is shown in the DO both

by RNA in situ hybridization and by Or-Gal4 transgene

expression (Fishilevich et al. 2005). Evidence for a few

additional larval Or gene candidates derives from reverse

transcriptase–polymerase chain reaction amplification or

from Or-Gal4 driver analysis (Couto et al. 2005; Fishilevich

et al. 2005; Kreher et al. 2005). Each of the 21 larval ORNs

expresses the atypical receptor gene Or83b (Larsson et al.

2004). The large majority of the neurons appear to express

one conventional OR along with OR83b, whereas 2 ORNs

were shown to express 2 conventional ORs together with

OR83b (Fishilevich et al. 2005). Interestingly, of the 25 well

characterized larval Or genes, 13 are larval specific (Or1a,

Or22c, Or24a, Or30a, Or45a, Or45b, Or59a, Or63a,

Or74a, Or83a, Or85c, Or94a, Or94b) (Fishilevich et al.

2005; Kreher et al. 2005), whereas the remaining 12Or genes
are expressed in adults as well (Or2a, Or7a, Or13a, Or33a,

Or33b, Or35a, Or42a, Or42b, Or47a, Or67b, Or82a, Or83b)

(Clyne et al. 1999; Vosshall et al. 1999, 2000; Robertson

et al. 2003; Komiyama et al. 2004). Coexpression of 2

ORs in one ORN refers to the gene pairs Or33b/Or47a

and Or94a/Or94b. Because the number of identified ORs

exceeds the total number of ORNs, a few more cases of triple

OR expression are to be expected; indeed, many combina-

tions of different Or genes are not tested to date.

Using a strategy based on the expression of singleOr genes

in adult dysfunctional mutant ORNs, that is, the ‘‘empty
neuron approach’’ (Dobritsa et al. 2003; Hallem et al.

2004; Goldman et al. 2005), the odor response spectra of

11 larval ORs were studied by testing electrophysiological

responses to a panel of 29 odorants (Kreher et al. 2005).

These odors, that include different chemical classes, are

known as adult or larval stimulants (Monte et al. 1989; Cobb

1999; Heimbeck et al. 1999; Hallem et al. 2004; Goldman

et al. 2005). The response spectra of these ORs are very di-
verse, ranging from OR94b that responds to a single tested

odorant, 4-methylphenol, to OR42a and OR85c each

responding to 9 odorants (Kreher et al. 2005). Odorants that

elicit strong responses usually do so in multiple receptors.

Some receptors respond most strongly to aliphatic com-

pounds (OR42a, OR74a, OR85c), whereas others seem to

be tuned to aromatic compounds (OR30a, OR45b, OR59a,

OR94b). Most of the recorded responses are excitatory,
but some receptors are strongly inhibited by one compound

and excited by another. Finally, response dynamics and odor

sensitivities vary largely among different receptors. Yet, it

should again be noted that these data are obtained by record-

ing from ‘‘empty’’ adult antennal ORNs in which the larval

Or genes were ectopically expressed.

Expression of gustatory receptors

The gustatory system appears to have a lower dimensionality

than olfaction. In the mouse, for example, receptor cells

expressing specific heterodimer combinations of the taste

receptor family T1R are tuned to sugars or amino acids

(Montmayeur and Matsunami 2002), but the diversity of

these compounds compared with the spectrum of odorants

is probably much smaller. The much larger T2R family, re-
sponsible for detecting bitter compounds, is expressed in

other cells. Each of them expresses multiple T2Rs, suggesting

that its capacity to distinguish between different bitter sub-

stances is limited (Montmayeur andMatsunami 2002). Thus,

in comparison with the discrimination-optimized olfactory

system, the taste system seems to be designed to classify the

substances involved into a handful of behavioral matters

of concern, for example, ‘‘nonedible’’ versus ‘‘edible’’; this
is in accordancewith themuch closer association of gustatory

sensory neurons with motor centers. This association with

motor centers may correspondingly explain the apparent

lack of a specific, unified first-order gustatory neuropil that

could integrate all gustatory input; this, again, is striking

when compared with the role of the AL in olfaction. In short,

smell may be for discrimination—to potentially be linked to

many kinds of behavior—whereas taste may be for classifica-
tion that already is hooked up to rather specific behaviors.

In adult Drosophila, the available evidence suggests that

the GR family mediates both sweet and bitter responses.
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Figure 1 Overview of larval anatomy and cephalic chemosensory pathways. (A) Overview of structures in the third instar larval nervous system. One can
distinguish the DO/TO complex (do, to), the autofluorescent mouth hooks (mh), the cephalic nerves (cn), the central nervous system comprising both brain
hemispheres and the cone-shaped ventral nerve cord, as well as segmental and longitudinal nerves (sn, ln). Scale bar 200 lm. (B) Semischematic overview
of general larval anatomy. (C) Schematic overviewof the cephalic chemosensory pathways. From the 3 external chemosensory organs, theDO is amixed structure
composedof the central olfactory dome (gray) and a fewputative taste sensilla (small circles). The TOwith its dorsolateral anddistal division (oval and small circles,
respectively), the VO, as well as the dorsal, ventral, and posterior pharyngeal sense organs (DPS, VPS, PPS) includemainly gustatory sensilla. The cell bodies of the
sensory neurons are collected in ganglia below each sense organ (DOG, TOG, VOG). Some of the neurons innervating the dorsolateral sensilla of the TO are
situated in the ganglion of theDO.Odorant receptor neurons (blue) send their axon via the antennal nerve (AN) into the LAL. Local interneurons (LN) interconnect
the glomeruli of the LAL. PNs (PN; green) travel in the inner antennocerebral tract (iACT) to link the LALwith theMB calyx and the lateral horn (LH). An intrinsicMB
Kenyon cell (KC) extending its process via the pedunculus (PD) into the MB lobes (not indicated) is shown in red. Axons from putative taste receptor neurons
(brown) extend via the AN, the labral nerve (LN), the maxillary nerve (MN), and the labial nerve (LBN) to the subesophageal target region (SOG). The connectivity
toward motor neurons is unknown, but concerning taste likely originates from the SOG and concerning olfaction likely from the LH and/or the MB lobes. The
pharynx is shown stippled. (D) Scanning electron micrograph showing the topology of the external chemosensory organs on the larval head. DO and TO are
visible, the VO is hidden behind the cirri above themouth (arrow) (see H). Scale bar 50 lm. (E) Scanning electronmicrograph of the DO showing the central dome
and the surrounding wall. Scale bar 10 lm. (F) Scanning electron micrograph of the TO comprising a smaller dorsolateral group of sensilla (arrows) and a larger
distal group of sensilla. Scale bar 20 lm. (G)Cellular anatomyofDOand TO and their ganglia (DOG, TOG). Neuronal nuclei are shown in red. Scale bar 25lm. (H)
Scanning electronmicrograph of theVO (seeD for topology). Scale bar 10lm. (I) Projection ofORNs from theDO (arrow) past themouth hooks (MHs) toward the
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The expression pattern of the members of this family in the

adult was studied exclusively by Gr gene promoter-Gal4

analysis (Dunipace et al. 2001; Scott et al. 2001) due to

low levels of Gr gene expression. Whether the observed re-

porter patterns faithfully reflect Gr expression remains to
be shown. Similar to mammals, neurons responding to sug-

ars (the best studied example being Gr5a, expressed in cells

that respond to trehalose [Chyb et al. 2003]) and neurons

responding to ‘‘bitter’’ substances express different sets of

Gr genes (Thorne et al. 2004; Wang, Singhvi, et al. 2004).

This design allows eliciting attractive or aversive behaviors,

respectively. Surprisingly, 3 GRs are expressed in neurons of

the antenna, suggesting that smell and taste functions may
not strictly be associated with OR/GR family membership,

respectively (Scott et al. 2001). One among these Gr genes,

Gr21a, is expressed in CO2-sensitive cells of the antenna that

are necessary for behavioral responses of the flies to CO2

(Suh et al. 2004).

Gal4 expression driven byGr gene promoters is also used in

the larva (Scott et al. 2001; Fishilevich et al. 2005; Colomb

et al., in preparation), but so far data are relatively scarce.
Gr2a, Gr21a, Gr22e, Gr28be, Gr32a, and Gr66a, all of which

drive expression also in the adult, are expressed in neurons of

the TO. Gr2a labels in addition 2 neurons in the DO that are

nonolfactory. GR22e, GR28be, GR32a, and GR66a are sus-

pected to represent ‘‘bitter’’ receptors in the adult, as they are

coexpressed in many neurons (Thorne et al. 2004; Wang,

Singhvi, et al. 2004). However, when studying Gal4 driver

lines, no coexpression was observed in the larva between
Gr66a on the one hand and Gr2a, Gr21a, Gr32a, and Gr59f

on the other (Scott et al. 2001, Colomb J, Grillenzoni N,

Ramaekers A, Stocker RF, in preparation). Yet, drawing

general conclusions about the numbers of GRs expressed

by individual neurons seems premature. Finally, it is worth

mentioning that Gr21a, which in adults is expressed in CO2-

responsive cells, is expressed in the TO in cells necessary for

the behavioral response of the larvae to CO2 (Faucher et al.
2006) and that several members of theOr gene family (Or30a,

Or42a, Or49a, Or63a) seem to be expressed in both DO and

TO (Scott et al. 2001; Fishilevich et al. 2005; Kreher et al.

2005). Thus, as in adults, gene family membership, involve-

ment in processing of airborne versus nonairborne chemicals

and site of expression are not strictly linked, reflecting the no-

tion thatGr andOr genes belong to a single large superfamily

(Scott et al. 2001; Robertson et al. 2003).
Salt detection is not mediated by GRs but by degenerin/

epithelial Na+ channels, which are expressed in the TO as

well as in adult taste bristles (Liu, Leonard, et al. 2003,

Colomb et al., in preparation).

Smell and taste centers

A glomerular map in the AL

The architecture of the larval olfactory pathway is surpris-

ingly similar to its adult counterpart and to the situation

in mammals, but much simpler. Olfactory afferents termi-

nate in the larval antennal lobe (LAL) (Figure 1I,J,M) tar-

geting 2 types of interneurons: local interneurons, which

establish lateral connections in the LAL, and projection neu-

rons (PNs) that connect the LAL with higher order olfactory

centers, the mushroom body (MB) calyx and the lateral horn
(Figures 1C,K,L,N and 2) (Python and Stocker 2002a;

Marin et al. 2005). As in the adult fly, immunoreactivity

against choline acetyl transferase (ChAT) suggests that

ORNs and PNs are cholinergic. In contrast, most or even

all local interneurons express c-aminobutyric acid (GABA)

(Python and Stocker 2002b), indicating that, as in adults,

they probably have inhibitory effects.

The expression patterns of ORN-specific and PN-specific
Gal4 driver lines reveal the presence of glomerulus-like sub-

regions in the LAL (Python and Stocker 2002a). To study

whether the terminals of individual ORNs target a single glo-

merulus or extend throughout the entire LAL, the flipase-out

technique (FLP-out: Wong et al. 2002) was applied in the

ORN-specific Or83b-Gal4 line (Ng et al. 2002; Larsson

et al. 2004). This allows visualizing individual ORNs in

the background of the remaining, differently labeled ORNs
(Ramaekers et al. 2005). Clearly, each ORN projects to a sin-

gle LAL glomerulus (Figure 2). Because in all the 84 studied

cases, FLP-out and background labels were mutually exclu-

sive, any given glomerulus must be the target of only a single

ORN. Hence, each of the 21 ORNs is unique in projecting to

its one and only glomerulus; thus, the ‘‘odor space’’ of the

larva has 21 dimensions, as defined by the number of func-

tional types of ORNs and LAL glomeruli. As in the adult
AL (Laissue et al. 1999), the relative size, shape, and posi-

tion of individual glomeruli are quite conserved, allowing

the establishment of a glomerular terminology in the LAL

(Ramaekers et al. 2005) (Figure 1M).

In parallel studies, Fishilevich et al. (2005) andKreher et al.

(2005) report the central projections of ORNs expressing a

given ‘‘conventional’’ OR, using Gal4 transgene expression

under the control of the Or gene promoters. For each of the
22 ORs studied, the corresponding axon terminals target a

LAL (arrowhead). (J) Location of the LAL within the brain. (K) PNs extending from the LAL via the iACT to the MB calyx and the LH. (L) MBs with calyces (c),
peduncle (p), andmedial as well as dorsal lobes (m, d). Scale bar 50 lm. (M) LAL with some identified glomeruli (A1–A5). Scale bar 5 lm. (N) Location of theMB
calyces within the brain, and close-up revealing the glomerular organization of the MB calyx (inset). Scale bars 10 lm. Images taken from Sun et al. (1999) (A),
Demerec and Kaufmann (1972) (B), Stocker (forthcoming) (C), Scherer et al. (2003) (E, F), Python and Stocker (2002a) (G, L), Gerber et al. (2004) (H), Fishilevich
et al. (2005) (I, J), Marin et al. (2005) (K), and Ramaekers et al. (2005) (M, N); please refer to these publications concerning genotypes and methods used. The
following copyright holders kindly granted permission to use these figures: The National Academy of Sciences, USA (A), The Carnegie Institution (B), Landes
Bioscience (C), Kirsa Neuser (D), Cold Spring Harbour Laboratory Press (E, F), JohnWiley & Sons, Inc. (G, L), The Company of Biologists (H, K), Elsevier (I, J, M, N).
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different glomerulus, except of course forOR33bandOR47a,

that are coexpressed in a commonORNandwhich thus target

a common glomerulus (the ORN coexpressing the Or94a/

Or94b combination of genes was not studied with respect to

its axon terminals). Moreover, in 42 cases using 2 Or-Gal4

driver constructs in the same animal, 2 labeled ORNs were

found, each projecting to its genuine glomerulus. This con-

firms that indeedeachof theORNshas itsoneandonlyproper

glomerulus. Having identified ligands for some of the ORs,

a preliminary spatial map of odor representation in the

LAL could be established (Kreher et al. 2005). Accordingly,

target glomeruli of receptors tuned to aliphatic compounds

and target glomeruli of receptors tuned to aromatic com-
pounds appear to cluster at distinct sites of the LAL.

Are these glomeruli recognized also by the dendritic arbors

of PNs? PNs in third instar larvae belong to 2 classes, that

is, immature, adult-specific PNs with incomplete dendrites

and axons (Jefferis et al. 2004) andmature larval PNs (Marin

et al. 2005). As in adults, the latter establish dendritic arbors

in the LAL and send their axons through the inner antenno-

cerebral tract into theMB calyx and the lateral horn (Figures
1C,K,L and 2) (Python and Stocker 2002a). Using the same

2-label strategy as explained above for the ORNs, but in

the PN-specific GH146-Gal4 driver (Stocker et al. 1997),

the dendrites of these mature PNs were found to be restricted

to single LAL glomeruli (Ramaekers et al. 2005). Using the

technique of mosaic analysis with a repressible cell marker

(MARCM) (Lee and Luo 1999), a minority of PNs were

found to be biglomerular (Marin et al. 2005). Because in each
of the 100 analyzed PN FLP-out cases, the FLP-out and

background labels were mutually exclusive, each glomerulus

seems to be innervated by a single GH146-Gal4–positive PN

only (Ramaekers et al. 2005). The glomeruli recognized by

PNs correspond to the ones identified on the basis of the

ORN terminals, indicating that the glomeruli of the LAL

meet the wiring criteria of typical insect glomeruli, that is,

an overlap of ORN terminals and dendritic PN arbors (Fig-
ures 1M and 2). Even though the 16–18 larval PNs labeled by

GH146 may not comprise all PNs, the total PN number may

not be much higher than the number of LAL glomeruli.

Finally, shown by single-cell FLP-out labelings with the

c739-Gal4 driver, the arborizations of at least one type of

local interneurons cover the entire LAL, similar to the com-

mon type of adult local interneurons (Ramaekers et al. 2005).

A glomerular map also in the MB calyx

How do the axons of PNs convey the activation pattern of

the LAL glomeruli to higher brain centers, such as the MB

calyx? The adult calyx is composed of hundreds of glomeruli

(Yasuyama et al. 2002). Adult PNs establish 1–11 terminal

boutons in variable calyx regions (Wong et al. 2002), each
bouton probably corresponding to a single glomerulus

(Yasuyama et al. 2002). In contrast, the larval MB calyx

consists of a small number of well-defined, relatively large

glomeruli (Figure 1N) (Marin et al. 2005). Two parallel

approaches provide glomerular maps of the calyx. By ex-

pressing the reporter green fluorescent protein under the con-

trol of theMB-specific line OK107,Masuda-Nakagawa et al.

(2005) identify 34 stereotypic calyx glomeruli. Based on

strong ChAT immunoreactivity—which is very likely located
in the terminals of PNs—Ramaekers et al. (2005) identify 28

calyx glomeruli from a somewhat larger total. Eighteen to 23

glomeruli are found to be targets of GH146-positive PNs

(Masuda-Nakagawa et al. 2005; Ramaekers et al. 2005),

and 23 glomeruli are found to be targets of another PN-

specific driver line, NP225 (Masuda-Nakagawa et al. 2005).

Fine structural data suggest that each calyx glomerulus is

occupied by a swollen, bouton-like terminal of a single PN
(Marin et al. 2005). Most of the PNs choose single calyx glo-

meruli as targets, but in a minority of cases, PNs establish

terminals in 2 calyx glomeruli (Marin et al. 2005; Masuda-

Nakagawa et al. 2005; Ramaekers et al. 2005). Again, calyx

glomeruli seem to be innervated by single GH146-positive

PNs (Ramaekers et al. 2005).

A comparison of the input and output sites of PNs so

far reveals 7 types of PNs, which stereotypically connect a
specific LAL glomerulus with a specific calyx glomerulus

(Ramaekers et al. 2005). Thus, the combinatorial activity

pattern set up in LAL glomeruli, which is a result of ORN

input and modulation by local interneurons, seems to be

rather faithfully conveyed to the calyx. Whether such strict

input–output correlations apply to all PNs remains to be

shown. In adults, the terminals of PNs establish stereotyp-

ical patterns in the lateral horn (Marin et al. 2002; Wong
et al. 2002; Tanaka et al. 2004), whereas in the MB calyx,

only concentric target zones can be defined for PNs deriving

from specific AL glomeruli (Tanaka et al. 2004). Clearly,

the straightforward connectivity of larval PNs seems well

suited for analyzing calyx function.

Single-cell clones produced in MB-expressing Gal4 lines

by FLP-out and MARCM methods (Lee et al. 1999) (for

a discussion of these methods, see supplement of Ramaekers
et al. 2005), allow classifying MB neurons according to their

dendritic connectivity in the calyx. MB neurons differ with

respect to the number of calyx glomeruli they innervate:

embryonic-born MB c neurons typically establish dendritic

projections in 1 or 2–3 calyx glomeruli (Ramaekers et al.

2005); larval-born MB neurons, however, may have either

one (Ramaekers et al. 2005) or multiple dendritic termini

in usually 6 glomeruli (Masuda-Nakagawa et al. 2005). De-
pending on larval stage, it may therefore be that both types

of neurons contribute to MB function. In any event, the

populations of single-cell clones generated from Gal4 lines

labeling subsets of MB neurons do not reveal any preferen-

tial innervation of particular glomeruli by these subsets of

MB neurons (Masuda-Nakagawa et al. 2005). Thus, in prin-

ciple, theMB neurons marked in a givenGal4 line receive the

complete PN-mediated olfactory representation. Interest-
ingly, MB neurons from different MB-expressing Gal4 lines

seem to supply different regions of the peduncle and lobes
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(Kurusu et al. 2002), suggesting that genetically defined sub-

sets ofMB neurons, although drawing upon the same calycal

input, are multiplexed in terms of their output. From a devel-

opmental perspective, however, the progeny deriving from

each of the 4 MB neuroblasts appears to have a loosely de-
fined preference to target-specific subsets of calyx glomeruli

(Masuda-Nakagawa et al. 2005) and would thus each receive

slightly different facets of the PN-mediated olfactory infor-

mation. In any event, the hardly more than 21 larval PNs are

confronted with an estimated 600 functional MB c neurons,

functionality being assumed by the presence of dendritic

arborizations (Lee et al. 1999; L Luo, personal communica-

tion; for an estimation of a total of 1800 MB neurons in the
late third larval instar, based on fiber counts in electron mi-

crograph sections, see Technau and Heisenberg 1982).

Hence, the larval calyx, like its adult homologue, is a site

of divergence: One can estimate that each PN connects to

30–180MB c neurons. That is, if allMB c neurons were unig-
lomerular, the chance for any of the 600 MB c neurons to

connect to any of the approximately 20 PNs is 1/20 ·
1/600. As any given PN has 600 such ‘‘chances’’ because
there are 600 MB c neurons, it should connect to 600 ·
1/20 · 1/600 = 1/20 of all MB c neurons, that is, 30 neurons.

If all MB c neurons were multiglomerular and connecting to

6 glomeruli, the chance for any of the 600 MB c neurons to

connect to any of the approximately 20 PNs is 1/20 · 1/600 ·
6. As any given PN has 600 such ‘‘chances,’’ it should con-

nect to 600 · 1/20 · 1/600 · 6= 3/10 of all MB c neurons, that
is, 180 neurons. By the same token, considering all MB neu-
rons (1800: Technau and Heisenberg 1982), divergence from

PNs to MB neurons would be ranging between 1:90 and

1:420. Obviously, these estimates of divergence differ by

an order of magnitude (minimum 1:30, maximum 1:420),

suggesting that more quantitative studies on the develop-

ment, number, functionality, and dendritic connectivity

of larval MB neurons are needed. Finally, one must not for-

get that to the extent that MB neurons receive input from
more than one PN, these MB neurons are a point of con-

vergence (Perez-Orive et al. 2002).

The larval olfactory circuit: functional implications

As discussed above, larval ORNs express only 1 or 2 con-

ventional Or genes along with the atypical Or83b (Larsson

et al. 2004; Fishilevich et al. 2005; Kreher et al. 2005). This

is similar to adult flies and to mammals but differs from C.

elegans, in which ORNs express multiple ORs (Troemel et al.

1995). By using ‘‘subtractive’’ and ‘‘additive’’ ORN strate-

gies, possible rules of olfactory coding were investigated in

chemotaxis assays (Fishilevich et al. 2005). In the subtractive

strategy, selected ORNs are genetically ablated via toxin ex-

pression, whereas in the additive strategy, animals are created

with only 1 or 2 pairs of functional ORNs.

In the subtractive approach, distinct types of results were
obtained. Animals in which the OR1a-expressing neuron

or the OR49a-expressing neuron is ablated show reduced

chemotaxis to only 1 of the 20 odors tested. This mild effect

is consistent with the broad and overlapping ligand tuning

of many ORNs in adults (Hallem et al. 2004) and larvae

(Kreher et al. 2005). In contrast, loss of the neuron express-

ing OR42a results in a lack of behavioral responses to 4 of
the 20 odors. In the additive approach, larvae with 1 or 2

functional ORNs are generated using Or1a, Or42a, or

Or49a driver lines (Fishilevich et al. 2005). Consistent with

the stronger OR42a-ablated phenotype, OR42a-functional

larvae behaviorally respond to 22 of the 53 odors tested

(compared with 36 odors in the wild type), including 3 of

the 4 odors to which OR42a-ablated animals are unrespon-

sive. The broad behavioral response profile for OR42a-
functional larvae is in agreementwith the broad ligand tuning

of this receptor (Goldman et al. 2005; Kreher et al. 2005).

In contrast, OR1a- and OR49a-functional larvae do not ex-

hibit significant chemotaxis to any of the 53 odors, consistent

with the weak phenotype of the corresponding ablated lar-

vae and with electrophysiological responses (Kreher et al.

2005). Animals with 2 pairs of functional ORNs respond to

a somewhat different subset of odors, or with enhanced che-
motaxis, than larvae having a single functional pair of neu-

rons alone, suggesting cooperativity (Fishilevich et al. 2005).

Three major conclusions can be drawn from these data.

First, the minimal effects on chemotaxis after ablating the

OR1a or OR49a neuron may suggest that either these neu-

rons do not participate in processing the tested panel of

odors or there is functional redundancy with respect to these

odors. Second, the OR42a neuron plays a particularly im-
portant role in odor detection: It is sufficient to initiate

chemotaxis to a high fraction of odors, and its loss leads

to severe behavioral defects. Why there is functional hetero-

geneity between the OR42a neuron and the OR1a or OR49a

neuron remains unclear. Finally, cooperative action is sug-

gested by the overadditive chemotactic responses of OR1a/

OR42a-functional animals compared with the single func-

tional animals. Olfactory coding thus does not simply rely
on additive activation of 21 parallel pathways but involves

horizontal interactions as well. Such cross talk may occur at

many levels of the circuit, from the sensory neurons them-

selves to olfactory target neurons in the brain. The primary

candidates are local interneurons in the LAL that provide

lateral connections among glomeruli (Ramaekers et al.

2005). Significant transformation of olfactory signals be-

tween sensory neurons and PNs is indeed known from the
AL of both adult (Sachse and Galizia 2002; Lei et al.

2004; Wilson et al. 2004; Wilson and Laurent 2005) and

larval insects (Itagaki andHildebrand 1990). Such a transfor-

mation of olfactory signals may relate to quantitative and

qualitative parameters, such as detection threshold and odor

discrimination ability, respectively, and indeed integrative

processes may be particularly crucial if very few channels

have to cope with many odors.
Further processing of olfactory signals occurs in higher

brain centers, such as the MBs. The different classes of larval
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MB neurons, innervating various numbers of calyx glomer-

uli, obviously allow different modes of signal transfer. Unig-

lomerular MB neurons receiving input from a single PN

may be involved in elementary, labeled-line coding of odor

features. In contrast, multiglomerular MB neurons receive
input from, on average, 6 PNs, and if activation of 4–6 PNs

were required for driving them, these MB neurons may act

as coincidence detectors for interpreting combined activity

as an odor (Perez-Orive et al. 2002; Heisenberg 2003; Wang,

Guo, et al. 2004; Masuda-Nakagawa et al. 2005; Ramaekers

et al. 2005). Thus, although both LAL and larval calyx are

glomerular, the logic of connectivity is different: LAL glo-

meruli have stereotypic connectivity between defined ORNs
and PNs, whereas calyx glomeruli exhibit stereotypic PN in-

put but, with respect to the multiglomerular MB neurons,

provide mostly nonstereotypic, highly combinatorial output

(Masuda-Nakagawa et al. 2005) (Figure 2).

Larval versus adult olfactory circuits

The recent reports overall show that the design of the larval

olfactory pathway is very similar to the one of adults.

However, every ORN and most (if not all) PNs appear to

be unique, leading to an almost complete lack of cellular re-

dundancy at the first 2 relay stations in the olfactory pathway

(Figure 2). Consequently, any loss of these cells should affect

olfactory function more severely than in the adult system.

Moreover, the presence of only 21 ORNs and 21 LAL glo-

meruli suggests that the number of primary olfactory dimen-

sions is reduced in the larva compared with adults with about

50 glomeruli (Laissue et al. 1999). Also, given the uniglomer-

ular patterns of ORNs and PNs and the almost equal

number of ORs, ORNs, LAL glomeruli, PNs, and calyx glo-

meruli, the early levels of the larval olfactory pathway lack

convergent and divergent connectivity and are organized

Figure 2 Wiring diagramof the adult versus larval olfactory system. Adult and larval olfactory pathways share the same design. However, in the adult, there are
probably more primary olfactory dimensions as suggested by the number of types of ORNs (shown in different colors) and AL glomeruli. Moreover, in the adult,
the different types of ORNs (open circles) and PNs (filled circles) that innervate a particular AL glomerulus occur in multiple copies, whereas larval ORNs and PNs
are unique. Thus, the adult olfactory pathway is characterized by converging and diverging connectivity in the AL (ratios indicated refer to the features shown in
the preceding line), whereas the larval pathway is organized without cellular redundancy. As indicated, larval ORNs, LAL glomeruli, PNs, and calyx glomeruli are
related essentially in a 1:1:1:1 fashion. The larval MB calyx retains a combinatorial representation of the AL glomerular pattern, which is not obvious in the adult.
For reasons of lucidity, the most nonstereotypic, highly combinatorial output of MB neurons in the calyx is not depicted. Note also that the local interneurons in
the AL, which shape olfactory activity, are present in both larva and adult, but are omitted in this figure. From Ramaekers et al. (2005). Elsevier as copyright
holder kindly granted permission to use this figure.
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in a 1:1:1:1:1 manner (Ramaekers et al. 2005). This contrasts

with the adult olfactory pathway, where 1300 ORNs express

at least 43 ORs and converge onto about 50 glomeruli, which

diverge again to approximately 150 PNs and hundreds of ca-
lyx glomeruli (Stocker 1994, 2001) (Figure 2). Finally, dis-

tinct from the adult situation, ORN projections remain

ipsilateral in the larva; whether and which kind of functional

consequences this entails is unclear.

Convergence and cellular redundancy in sensory systems

increase the signal-to-noise ratio, whereas divergent connec-

tions can expand the dimensionality of the signals to make

themmore discriminable (Nowotny et al. 2005). In the larva,
the lack of cellular redundancy, the low number of input

channels, and the absence of a convergence/divergence archi-

tecture in the LAL are likely to reduce the signal-to-noise

ratio, discriminative power, and the sensitivity of their olfac-

tory system. However, its performance seems still adequate

for an animal that lives on its food supply and obviously is

good enough to solve simple discrimination learning tasks

(see Learning).

Primary gustatory centers

In the adult, gustatory afferents from the pharynx, labellum,

and legs travel through different nerves and terminate in

distinct regions of the SOG (Stocker and Schorderet 1981;

Thorne et al. 2004; Wang, Singhvi, et al. 2004). Interestingly,

neurons that are located on different positions and project to

different regions may express the same receptor, suggesting
that the same tastants may trigger different behaviors,

depending on the stimulation site. Moreover, labellar neu-

rons expressing putative ‘‘bitter’’ receptors such as GR66a

project bilaterally along the midline of the SOG, whereas ter-

minals of labellar neurons expressing the trehalose receptor

gene Gr5a extend to additional, lateral regions and do not

cross the midline (Thorne et al. 2004; Wang, Singhvi, et al.

2004). Hence, the 2 types of neurons that mediate aversive
and attractive responses, respectively (Marella et al. 2006),

establish distinct but partially overlapping projections.

A number of recent data allow to draw some conclusions

also about the organization of larval taste centers (Scott

et al. 2001; Colomb et al., in preparation). Using Gal4 driver

lines in conjunction with FLP-outs, 4 major target subregions

were identified in the larval SOG (Colomb et al., in prepara-

tion) that seem to be correlated primarily with the nerve
through which the afferents travel and less with the Gr gene

expressed. As in the adult, neurons in different sense organs

but expressing the same gene, such asGr2a, may have different

central targets (Scott et al. 2001; Colomb et al., in prepara-

tion). Circumstantial evidence suggests that afferents involved

in attractive responses (Heimbeck et al. 1999) may project to

a region slightly different from the 4 subregions mentioned

(Colomb et al., in preparation). Finally, it should be noted
that Gal4 lines driven by Or30a, Or42a, and Or49a pro-

moters that show additional expression in the TO also label

sensory terminals in the SOG (Kreher et al. 2005).

Regarding second-order gustatory neurons, the discovery

of a genetically defined set of approximately 20 neurons in

the larval SOG was an important step; these neurons

seem to receive input from GR neurons and provide output

to the ring gland, the protocerebrum near yet outside the
MB calyces, pharyngeal muscles, and ventral nerve cord

(Melcher and Pankratz 2005). They express the hugin gene,

which generates 2 neuropeptides; these are upregulated in the

absence of the feeding-regulatory transcription factor klump-

fuss (P[9036]) and downregulated by amino acid–deficient

conditions. On the cellular level, blocking synaptic output

from hugin-expressing neurons increases feeding (in the adult

fly). These data, together with their connectivity, may sug-
gest that these first-order gustatory interneurons integrate

taste processing, the endocrine system, higher order brain

centers, and motor output. Given that a subset of hugin-

expressing neurons is likely also dopaminergic (Melcher

and Pankratz 2005), it will be interesting to extend these

studies to see how feeding behavior in the Drosophila larva,

an indeed notorious feeder, is neuronally orchestrated by

biogenic amines and how gustatory input drives associative
reinforcement signals as carried by these amines (Schroll

et al. 2006).

Larval contributions to the adult chemosensory system

Olfactory system

In holometabolous insects, larval sensilla are embryonic

born and are typically lost during metamorphosis; they be-

come replaced by postembryonic born, adult-specific sensilla

that derive from imaginal discs (reviews: Levine et al. 1995;

Truman 1996; Tissot and Stocker 2000). However, the recent

demonstration of a persisting subset of larval visual sen-

sory neurons and their integration into adult visual path-

ways (Helfrich-Förster et al. 2002; Malpel et al. 2002)
already prepared for surprises. Metamorphosis of central

circuits, as shown by a recent larval brain atlas (Pereanu

and Hartenstein 2006), involves essentially the integration

of a set of secondary neuronal lineages into a preexisting,

embryonic-born tract system.

Concerning chemosensation, the metamorphic fate of DO

and TO is not the same. Whereas the TO undergoes early

apoptosis, the ganglion of the DOmoves progressively back-
ward from its peripheral site (N Gendre, personal commu-

nication). The larval ORNs become intimately associated

with the antennal imaginal disc, that is, the origin of adult

ORNs. Adult ORN afferents join and extend through the

larval antennal nerve (Tissot et al. 1997) and reach the brain

by 16–20 h after puparium formation (Jhaveri et al. 2000). A

number of studies have focused on the ingrowth of adult

olfactory afferents and their role in adult glomeruli forma-
tion (Jhaveri et al. 2000, 2004; Jhaveri and Rodrigues 2002;

Hummel et al. 2003; Hummel and Zipursky 2004;

Komiyama et al. 2004; Sen et al. 2005).
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The adult AL derives from a brain region distinct from

the LAL (Jefferis et al. 2004). In the LAL, the larval

ORN terminals become gradually pruned (Jefferis et al.

2004). Many, perhaps all, larval olfactory interneu-

rons become integrated in the adult system. Early reports
referred to a persisting serotonergic neuron in Manduca

with arborizations in the AL and protocerebrum (Kent

et al. 1987; Oland et al. 1995). Local GABAergic inter-

neurons occur both in the LAL and adult AL of several spe-

cies, but it is not certain whether they are identical at both

stages (Homberg and Hildebrand 1994; Stocker et al. 1997;

Python and Stocker 2002b). Larval PNs in Drosophila obvi-

ously survive through metamorphosis (Stocker et al. 1997;
Jefferis et al. 2001; Marin et al. 2005). In the adult AL, at

least 15 glomeruli are innervated by embryonic-born PNs.

These glomeruli are distinct from those innervated by lar-

val-born PNs. The embryonic-born PNs in the adult circuit

are very likely the same cells as the mature larval PNs (Marin

et al. 2005). Until 12 h after puparium formation, their den-

dritic processes in the LAL are gradually pruned and ulti-

mately disappear, together with LAL neuropil as a whole.
At the same time, new dendritic arbors grow from the main

PN process at a novel site, dorsal and posterior to the LAL.

This secondary area then develops into the adult AL (Jefferis

et al. 2004; Marin et al. 2005). The distinct site of the adult

AL neuropil from the LAL and the minimal invasion of the

former by larval ORN terminals or the ‘‘original’’ larval PN

dendrites suggests that larval elements do not supply crucial

patterning information for the adult AL (Jefferis et al. 2004;
Marin et al. 2005).

The postembryonically born, adult-specific PNs extend

their axons during the third larval instar, and only by the

wandering stage, they have reached the MB calyx and lateral

horn (Jefferis et al. 2004). Dendritic arborizations do not

appear before puparium formation, demonstrating that

these PNs are not functional in the larval system. Interest-

ingly, the dendrites of the adult-specific PNs invade the pro-
spective adult AL a few hours before those of the persisting

larval PNs (Jefferis et al. 2004), further demonstrating that

larval elements are not crucially involved in patterning the

adult lobe.

Hence, the persisting, embryonic-born PNs are function-

ally integrated in both larval and adult olfactory pathways.

It will be interesting to compare whether these PNs serve

similar function at both stages, in particular, with respect
to response spectra and the kinds of behavioral responses

supported.

Concerning larval MB intrinsic neurons, their persistence

through metamorphosis is well documented (Technau and

Heisenberg 1982; Armstrong et al. 1998). A set of 4 MB

neuroblasts divides continuously from embryonic to late pu-

pal stages, giving rise first to the larval-type MB c neurons

and then successively to the adult-specific a#/b# and a/b neu-
rons (Lee et al. 1999; Jefferis et al. 2002). Similar to the sit-

uation in PNs, the embryonic-born MB c neurons prune

their larval dendrites and axons to some extent before reex-

tending them in modified form.

Gustatory system

A few hours after puparium formation, the cells of the

external taste sensilla, that is, of the TO and very likely also

of the VO, lose coherence, accumulate caspases, and disin-

tegrate, suggesting that they undergo apoptosis (N Gendre,

unpublished data). They are replaced by an entire set of

adult-specific labellar taste bristles and taste pegs, which

derive from the labial imaginal disc (Ray et al. 1993; Ray

and Rodrigues 1994).
In contrast, lineage tracing with horseradish peroxidase

(Technau 1986) and FLP-out induction (Wong et al. 2002)

at embryonic stages in the neuron-specific driver line

MJ94 demonstrates that most pharyngeal sensilla of the

larva survive (Figure 3) (Gendre et al. 2004). This is sur-

prising because the pharynx itself undergoes extensive re-

organization (Gehring and Seippel 1967; Struhl 1981). An

exception is the ventral pharyngeal sense organ, which dis-
integrates and likely undergoes apoptosis. The posterior

Figure 3 Metamorphosis of the pharyngeal sensory system. The metamor-
phic transformation of the pharyngeal sensory apparatus of the larva (A) is
a complex process involving persisting neurons (shown in color), neurons un-
dergoing apoptosis (black), and newly born neurons (dotted). The posterior
pharyngeal sense organ (PPS) of the larva is conserved through metamorpho-
sis and becomes in the adult (B) the dorsal cibarial sense organ (DCSO). The
ventral pharyngeal sense organ (VPS) of the larva is lost, whereas the dorsal
pharyngeal sense organ (DPS) splits into the adult labral sense organ (LSO)
and the adult ventral cibarial sense organ (VCSO). The VCSO includes 2 neu-
rons of the ‘‘dorsal pharyngeal organ’’ (DPO) of the larva. Additional neurons
of the LSO as well as the fish-trap bristles (FTB) are born during metamorpho-
sis. From Gendre et al. (2004). The Company of Biologists as copyright holder
kindly granted permission to use these figures.
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pharyngeal organ on the other hand, including its central

projections, survives through metamorphosis and becomes

an anatomically almost identical adult organ, the dorsal

cibarial sense organ (Gendre et al. 2004). A yet different de-

velopmental route is taken by the dorsal pharyngeal organ,
which undergoes a complex transformation and splits into 2

parts, becoming the ventral cibarial sense organand the labral

sense organ in the adult. The latter organ is further char-

acterized by the addition of new sensilla during pupal life,

as shown by the application of the mitotic marker bromo-

deoxyuridine. Thus, from the 32 sensory neurons of the 3

adult pharyngeal organs, 23 are likely persisting larval

neurons, whereas the remaining ones arise during metamor-
phosis (Figure 3). In conclusion, metamorphosis of the pha-

ryngeal sensory system is an intricate process involving

neuronal death, generation of new neurons, and, surpris-

ingly, persistence of many embryonic-born neurons.

The persistence of sensory neurons and their central pro-

jections through metamorphosis suggests some continuity

of gustatory target regions. This may aid navigating imagi-

nal afferents toward and inside the central nervous system
(Usui-Ishihara et al. 2000; Williams and Shepherd 2002)

or allow the persistence of specific feeding-associated gusta-

tory tasks through metamorphosis. Alternatively, ‘‘recycling’’

of neurons might simply be due to reasons of economy

(Tissot and Stocker 2000). In any event, the survival of

GR neurons suggests similarity of pharyngeal taste function

between larval and adult stages.

Smell and taste systems: outlook

The usefulness of adult Drosophila as a model system in ol-

factory research is evident, given the genetic and molecular

tools available in this species, the simplicity of its olfactory

system in terms of cell number, and—last but not least—the

striking similarities with the mammalian olfactory system
with respect to OR expression patterns, glomerular OR con-

vergence, and coding principles in the primary odor center.

Surprisingly, the olfactory system of the larva also shows

the same basic design as the mammalian system, but almost

in the simplest conceivable form. Excitingly, larvae with

a single pair of functional ORNs can be generated. In such

animals, OR expression, electrophysiological, and behav-

ioral responses can be directly correlated, allowing the anal-
ysis of olfactory behavior at the level of single, identified

receptor cells. Thus, the larva may turn into an attractive

model for olfactory studies.

Concerning gustation, the model character of Drosophila

as compared with mammals is less obvious, both with re-

spect to adults and larvae. Anatomically, the taste systems

of mammals and insects are different. Nevertheless, there are

a number of interesting parallels. In both insects and mam-
mals, taste receptor cells seem to be tuned to classify inputs

as either attractive or aversive. Moreover, many more of the

taste receptor proteins seem dedicated to repulsive ligands

than to attractive ones. Strikingly also, in both phyla cells

responding to bitter substances express multiple receptors.

The parallels in the chemosensory systems of mammals

and insects are not necessarily an argument in favor of

their common ancestry. This is reflected, for example, by
the nonhomology of the receptor gene families in both

phyla (Benton et al. 2005). Rather, the similarities may reflect

common functional constraints, both for smell and to a lesser

extent also for taste. Understanding these constraints may

aid our understanding of chemosensory function. In this

sense, the simplicity of the olfactory and gustatory systems

of Drosophila and the wealth of available molecular tools

may contribute to our comprehension of smell and taste
in general.

Learning

Unlike a computer hard disk, the function of biological

memory is not to faithfully document the past; rather,

associative memory uses past experience to predict the

future—be it the consequences of an animal’s own actions

or upcoming external events. These predictions then can

contribute to the selection of behavior. Given the larva’s cel-

lular simplicity and experimental accessibility, a multilevel
understanding of such learning should be comparably easy.

Two larval learning paradigms will be presented here,

one for associating olfactory stimuli and the other for asso-

ciating visual stimuli with gustatory reinforcement. We pro-

vide some detail about the used methods and then review

recent findings, mainly concerning the olfactory learning par-

adigm. As a first step, however, we consider the responses

of experimentally naive larvae to odors, as well as the con-
sequences of odor exposure on subsequent odor responses;

this seems important to appreciate the kinds of behavioral

control procedures one needs to use when investigating as-

sociative learning.

Odor responses and behavioral consequences of

odor exposure

The best starting point to understand how the olfactory

system works is to watch it at work, that is, to observe

the animal’s responses to odors. The typical setup for larval

Drosophila is to place them in the middle of an agarose-filled

petri dish, which provides a solid, smooth, and slightly lubri-
cated surface on which the larvae readily move around. On

one side of the petri dish, an odor source is placed. After

some minutes, the number of animals located on the odor

side minus those on the odorless side is determined, and this

difference is divided by the total number of animals. This

provides a normalized odor preference score ranging from

full attraction (+1) to full repulsion (�1). The salient feature

of such experiments is that larvae are attracted by odors;
however, closer inspection (Boyle and Cobb 2005) reveals

that, similar to adult flies (Rodrigues 1980), this is a concen-

tration-dependent effect. At very low concentrations, larvae
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behave indifferently, at low-to-medium concentrations they

are attracted, but as concentration further increases, they

eventually are repelled by the odor. In cases where only at-

traction or repulsion is observed, this may be due to testing

a too restricted range of concentrations; this is understand-

able as generating very high or very low odor concentration

is technically challenging.
Obviously, if larvae move toward or away from an odor,

they can detect that odor. This, however, does not address

the question whether they can distinguish it from another

one. Similarly, if larvae show a relative preference for one

odor over another, discrimination cannot be inferred. This

is because both odors may drive the same set of ORNs,

but to a different extent (because they differ in e.g., vapor

pressure or in affinity to the ORs); consequently, one odor

may be quantitatively a stronger attractant without being

perceived as qualitatively different. Are cross-adaptation
experiments suitable to tackle this issue? Such experiments

exploit the observation that, after exposure to a stimulus

A, behavioral responses to this stimulus decrease and may

eventually cease; if this effect can be shown to be due to

an effective shutdown of the respective sensory input lines,

one speaks of sensory adaptation. Provided that such adap-

tation does occur and provided that the peripheral nature

of this effect can be shown, the experiment can be modified

to first expose to stimulus A and then to test for the behav-

ioral response to stimulus B (and in independent, comple-

mentary experiments to expose to B first to then test A).
If this cross-exposure remains without effect in both cases

(symmetrical lack of cross-adaptation), one can safely con-

clude that there must be at least 2 functionally independent

input lines in the sensory system. If in both cases there is a

full abolishment of the responses to the nonexposed odor

(symmetrical cross-adaptation), it is parsimonious to argue

that only one input line exists, which can be driven by either

stimulus (the most frequent cases of partial or of asymmet-

rical cross-adaptation are difficult to interpret). This ap-

proach can thus be used to determine the minimal number

of independent input lines that a given sensory system must

possess and thus the potential (sic) of the system to discrim-
inate odors.

Concerning the Drosophila larva, odor exposure consis-

tently decreases odor preferences and it may even abolish

them (Cobb and Domain 2000; Wuttke and Tompkins

2000; Boyle and Cobb 2005; Michels et al. 2005; Colomb

et al. forthcoming). In studies that systematically investigate

this decrease in preference, it is interpreted as adaptation

(Cobb andDomain 2000;Wuttke and Tompkins 2000; Boyle

and Cobb 2005) and used to establish functional models of

the larval olfactory system. However, recent research (Boyle
and Cobb 2005; Colomb et al. forthcoming) shows that ex-

posure in many cases does not only abolish odor preference

but instead reverts the odor response from attraction to aver-

sion, an effect that, without receiving much emphasis, had

already been observed earlier (Cobb and Domain 2000).

Further inspection reveals that the typical dose–response

curve from attraction at low to aversion at high odor con-

centrations retains its shape but is shifted ‘‘downward,’’ that

is, toward aversion (Boyle and Cobb 2005; Colomb et al.

forthcoming). Moreover, for odors that even at low con-
centrations are repulsive, exposure yet further increases

this repulsion (Boyle and Cobb 2005). This shows that

odor exposure does not render the olfactory system

unresponsive and therefore casts doubt on interpretations

invoking adaptation of the sensory input pathways to ex-

plain odor-exposure effects (Cobb and Domain 2000;

Wuttke and Tompkins 2000; Boyle and Cobb 2005). Rather,

it seems as if odor exposure, by an as yet unknown mecha-
nism, leads to a change in value or ‘‘liking’’ of the exposed

odor (for a more detailed discussion, see Colomb et al. forth-

coming).

Taken together, in the Drosophila larva odor-exposure

effects are often observed and can be rather strong, even with

relatively mild exposure. Odor exposure reduces attraction,

in some cases turning it into aversion. In cases where the re-

sponse in experimentally naive larvae already is an aversion,
odor exposure may further increase this aversion. Although

common and strong, however, the nature of the odor-expo-

sure effect remains obscure; what is clear is only that a shut-

down of olfactory input cannot fully account for the

available data. Thus, accounts of sensory processing that

rely on odor exposure effects, that is, on cross-adaptation

experiments, must remain tentative.

Reciprocal associative learning paradigms

Both associative learning paradigms developed recently

(Scherer et al. 2003; Gerber, Scherer, et al. 2004) use a

2-group, reciprocal training design: in the first group, stim-

ulus A is presented with gustatory reward and another stim-

ulus B without reward (e.g., A+/B). The other group receives
reciprocal training (A/B+) (Figure 4A). Subsequently, ani-

mals are individually tested for their preference between A

versus B (a follow-up version uses en masse testing: Michels

et al. 2005; Neuser et al. 2005). Relatively higher preferences

forAafterA+/B training than afterA/B+ training then reflect

associative learning and can be expressed as a learning index.

The conclusion regarding the associative nature of the learn-

ing index is compelling because other parameters, such as
stimulus exposure, reward exposure, passage of time,

or handling, do not differ between the reciprocally trained

groups. Other experimental designs that do not use recipro-

cally trained groups (Honjo and Furukubo-Tokunaga

2005) may not be measuring such a ‘‘purified’’ associative ef-

fect. Furthermore, in a reciprocal training design, it is not rel-

evant whether animals in both groups have an overall

tendency to prefer for example stimulus A over stimulus B
in the test; this is because overall preferences in both groups

can cause an offset of preferences in both groups but cannot

cause differences between them.
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Learning experiments with larvae are performed in petri

dishes filled with solidified 1% agarose. Fructose (2M) is used

as a reward; in some studies (Scherer et al. 2003; Gerber,

Scherer, et al. 2004; Hendel et al. 2005; Gerber and Hendel

2006), either high-concentration sodium chloride (4 M) or

quinine (0.2% w/w) is used in addition as punishment for

a push–pull design (push–pull referring to an experimental

design in which one stimulus is rewarded and another stim-

ulus is punished). These substances are added to the agarose

before being poured into the petri dishes. When used on the

following day, this ensures a smooth, slightly lubricated sur-

face that is either sweet, salty, bitter, or without obvious taste.

Olfactory learning

In the case of olfactory learning, experiments typically are

performed under a fume hood and under red light (but

see Yarali et al. 2006). Isoamylacetate (AM) and 1-octanol

(OCT) are used as odorants to be associated with the tast-

ants: for one group, AM is presented with reward and

OCT without reward (AM+/OCT), whereas the second

group is trained reciprocally (AM/OCT+) (Figure 4A). In
the subsequent test, a higher AM preference is found in ani-

mals that had undergone AM+/OCT training as compared

with the ones that had received AM/OCT+ training (Figure

4B,C) (Hendel et al. 2005; Michels et al. 2005; Neuser et al.

Figure 4 Appetitive olfactory learning. (A) Sketch of the learning experiment showing the sequence of training trials. Note that for half of the cases, the
sequence of training trials for the reciprocal groups is as indicated (i.e., AM+/OCTand OCT+/AM); for the other half of the cases (not shown), the sequence of
training trials is reversed (i.e., OCT/AM+ and AM/OCT+). (B)After training, individual larvae are observed for 5min and are scored every 20 s as being located on
either the AM or the OCT side. For each time point, odor preferences are calculated as the number of animals located on the AM side minus the number of
animals located on the OCTside, divided by the total number of animals. Thus, positive values indicate that a majority of larvae are recorded on the AM side at
that time point, whereas negative values indicate that a majority is located on the OCTside. (C) The preference values [�1 to 1] are calculated for each animal as
the number of times a given animal is observed on the AM side during the test minus the number of times that animal is observed on the OCTside, divided by the
total number of observations. The AMpreference is higher after AM+/OCT training relative to the AMpreference after AM/OCT+ training, indicating associative
learning. Note that for this conclusion to be valid, it is this difference between the reciprocally trained groups that matters and not the overall AM preference.
That is, if all values were offset by say±0.2, the conclusion regarding associative learning remained valid. (D) A learning index (LI) [�1 to 1] is calculated for pairs
of animals that underwent either of the reciprocal training regimes, for example, either AM+/OCTor AM/OCT+, by subtracting the preference (PREF) values of
both animals; as this difference can range from �2 to 2, it is divided by 2. The LIs are significantly larger than zero, indicating associative learning. (E) LIs of
a modified version of the learning experiment, which uses en masse testing of approximately 30 animals. After training, larvae are allowed 3 min to distribute
between AM and OCT; then, preference values are calculated as the number of animals on the AM side minus the number of animals the OCTside, divided by
the total number of animals. The LI then is calculated as mentioned in (D). Note that in this en masse version of the assay, the scatter of the LIs is substantially
reduced (compare Figure 4D with 4E; see also Figure 6A vs. A#). (F–H) Parametric analyses of appetitive olfactory learning. LIs increase with the number of
training trials (F), the concentration of the reward (G), and are stable for at least 30min after training (H). *, P< 0.05; NS, P> 0.05, nonparametric statistics being
used throughout: for comparisons of single groups against zero, one-sample sign tests are used; comparisons between any 2 groups are performed by Mann–
Whitney U-tests and are performed only after across all group comparisons (not shown) with a Kruskal–Wallis test are found to be significant. The box plots
(C–E) represent the median as the middle line and 10% and 90%, and 25% and 75% quantiles as whiskers and box boundaries, respectively. Sample sizes per
box plot for the single-animal assay (D, F–H) range from about 40 to about 100, whereas for the en masse version of the assay (E) sample sizes can be much
lower (N = 15 in this case). From Neuser et al. 2005. Elsevier as copyright holder kindly granted permission to use these figures.
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2005; Yarali et al. 2006). It is this difference in preference

between the reciprocally trained groups that is indicative

of associative learning. As is done for adult flies, this relative

difference in preference, and hence the learning success, can

be quantified by a learning index (Figure 4D–H) (for a sta-
tistical validation of the learning index, see Hendel et al.

2005). Notably, for the conclusion that associative learning

does occur, it is the difference between the reciprocally

trained groups that matters, not the overall level of odor

preference. That is, if all preference values in Figure 4B,C

were offset by say ±0.2, the learning index and the

conclusion regarding associative learning would remain

unaltered. However, as is done for adult learning, odor con-
centrations are usually adjusted such that naive larvae show

an about-equal distribution between both odors. This is im-

portant for practical reasons: a very strong preference for

an odor would be hard to overcome by training. In other

words, a strong overall odor preference could cause a re-

duction in the learning index but due to the reciprocal train-

ing design cannot generate a false-positive learning index.

Odors are supplied by evaporation from 5-mm diameter
custom-made Teflon containers that can be closed by a perfo-

rated lid (seven 0.5-mm holes) and that are placed onto the

agarose surface of the petri dish. This allows evaporation

of odor but prevents gustatory contact. The lids of the petri

dish are also perforated to facilitate aeration (15-mm array

of 61 concentrically arranged 1-mm holes). Under such con-

ditions, and in accordance with earlier work using different

details of odor application, larvae are usually attracted by
odors (see Odor responses and behavioral consequences of

odor exposure). This method of odor application is admit-

tedly crude but obviously allows the larvae to distinguish

the previously rewarded from the nonrewarded odor and to

behave accordingly. Also, it allows detecting effects of odor

concentration on preference (Scherer et al. 2003) (see also

e.g., Boyle and Cobb 2005). Notably, for such a low-tech

setup, the threshold to try it out in other laboratories is low.

Parametric analyses of appetitive olfactory learning

The study by Neuser et al. (2005) provides parametric anal-

yses of appetitive olfactory learning. It shows that learning

success increases with the number of learning trials and that

learning reaches asymptote after 3 trials with the rewarded

and the unrewarded odor each (Figure 4F). This makes it

possible to obtain statistically significant learning scores in
250 min of experimental time.

Learning success increases with reward strength, 2 M fruc-

tose supporting asymptotic levels of learning (Figure 4G);

the ensuing memory is stable for at least 30 min; after 90

min, there is no measurable learning effect left (Figure 4H).

Such a 30-min time window allows to use pharmacological

agents, amnesic treatments, and temperature-induced block

of synaptic output in genetically defined cells (via targeted
expression of a dominant negative, temperature-dependent

dynamine transgene, shibirets: Kitamoto 2001). Finally, nei-

ther larval age (tested 4, 5, and 6 days after egg laying) nor

gender have an apparent impact on learning scores.

In addition to the experiments on individually assayed lar-

vae reviewed so far, an en masse version of olfactory learning

is feasible. The procedures are basically the same as men-
tioned before, except that animals are trained and tested

in groups of 30. Under these conditions, the scatter of

the learning data is substantially reduced (Figures 4E and

6A#). Thus, the en masse version seems more powerful to

uncover between-genotype differences (compare Figure 6A

to 6A#). This is why, different from most data published

to date (exception being the data displayed in Figures 4E,

6A#, and 7), this version of the assay is used in those current
experiments on larval learning that we are aware of.

Effectiveness of reward, but not punishment?

A push–pull design, that is, rewarding one and punishing the

other stimulus, initially seemed warranted to yield maximal

learning effects (Scherer et al. 2003). It leaves pending, how-
ever, the question to which extent memory is due to reward

or punishment. Surprisingly, memory seems exclusively due

to the reward (Figure 5) (Hendel et al. 2005): reward-only but

not punishment-only training yields significant learning

effects (Figure 5A). Furthermore, learning indices after

reward-only training are as high as after reward–punishment

training (Figure 5B). The apparent ineffectiveness of punish-

ment is not due to an inability of the larvae to detect salt and
quinine, as they show strong aversion to both salt and

quinine (Figure 5C), and as both salt and quinine suppress

feeding in a colored-agarose feeding assay (Figure 5D). Also,

salt and quinine are not to such an extent unpleasant as to

prevent attention to any other stimulus or to intoxicate the

animals because 1) punishment used in reward–punishment

training does not decrease learning scores below reward-only

training (Figure 5B), and 2) neither the presence of salt nor
the presence of quinine disturbs olfactory behavior in experi-

mentally naive animals (Hendel et al. 2005). The simplest in-

terpretation thus seems to be that salt and quinine, although

aversive stimuli, have no apparent effect as reinforcers in

these learning paradigms.

However, it turned out that both salt and quinine actually

are effective as reinforcers but that the respective memories

established are not expressed in behavior (Gerber and
Hendel forthcoming). Uncovering these ‘‘hidden’’ memories

was guided by psychological research: That is, much in con-

trast to the usual view on behavior as a passive, stimulus-

evoked process, outcome-driven models of behavior control

suggest that behaviors are expressed if their outcomes

offer a benefit (Dickinson 2001; Elsner and Hommel 2001;

Hoffmann 2003). Consider that after training with sugar,

the test offers the larvae a binary choice situation with
one odor suggesting ‘‘over there you will find sugar’’ and

the other suggesting ‘‘over there you will not find sugar.’’

In the absence of sugar, larvae should go toward the

sugar-associated odor (search for the predicted reward). If
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sugar already is present, however, tracking down that odor

would not offer any improvement. In contrast, after aversive

training, one odor may suggest ‘‘here you will suffer from

quinine,’’ whereas the alternative suggests ‘‘here you will

not suffer from quinine.’’ Thus, if quinine is absent, tracking

down the no-quinine–associated odor would not offer any

advantage. In the presence of quinine, however, tracking
down the no-quinine–associated odor can lead to relief

from quinine, a potential improvement that can drive con-

ditioned behavior (flight from the aversive reinforcer), and

this is indeed found (Gerber andHendel forthcoming). Thus,

sugar and quinine (and salt as well) can induce associative

olfactory memory traces, but the behavioral expression of

these traces is a regulated rather than automated process:

first, irrespective of the test situation, the odor activates its
memory trace. In the second evaluative step, a comparison

is made between the value of this activated olfactory memory

trace and the value of the test situation. Only if the value of

the odor memory is higher than that of the test situation,

tracking down that odor can be expected to improve the sit-

uation, and memory will be expressed in behavior. In other

words, an ‘‘expected outcome’’ is computed as the difference

between the value of the activated memory trace and the

value of the current situation. It is this expected outcome,

rather than the activated memory trace per se, that drives

conditioned behavior.

Interestingly, as the larvae do not seem to swallow any of

the substrate when salt or quinine is present (Figure 5D),

one may suppose that the input to the dopaminergic neu-

rons, which are sufficient to mediate aversive reinforcement
(Schroll et al. 2006), comes from external rather than pha-

ryngeal gustatory sensilla.

Robustness of appetitive olfactory learning

Theversatilityofa learningassaydepends,amongother things,

on how easily it can be implemented in other laboratories. For
an earlier approachusingolfactory learningwith electric shock

reinforcement (Aceves-Pina andQuinn 1979;Heisenberg et al.

1985; Tully et al. 1994), replicability is compromised (Forbes

1993; F Python and RF Stocker, unpublished data). For an-

other paradigm using gustatory reinforcers (Dukas 1999), we

are not aware of follow-up studies.

The above appetitive olfactory learning paradigm has,

in its en masse version, in the meantime been established
in other laboratories (C. Schuster [Universität Heidelberg,

Germany], P. Callaerts [University of Leuven, Belgium],

Figure 5 Apparent effectiveness of reward, not of punishment. (A) Learning indices (LIs) after reward-only training using fructose (FRU) as reward in a AM+/
OCT versus AM/OCT+ design, as compared with punishment-only training using either high-concentration sodium chloride (4 M NaCl) or quinine hemisulfate
(0.2% QUI) as punishment (AM�/OCT vs. AM/OCT�). Obviously, reward-only but not punishment-only training is effective. This lack of memory scores after
aversive learning likely reflects a lack of behavioral expression of memory, rather than a lack of learning (Gerber and Hendel forthcoming) (see text for details).
(B) LIs after reward-only training using FRU as reward (AM+/OCT vs. AM/OCT+) are as high as after reward–punishment training (AM+/OCT� vs. AM�/OCT+)
using FRU/NaCl or FRU/QUI as reward–punishment combinations. (C) Larvae show appetitive responses to FRU and aversive responses to both NaCl and QUI in
a split petri dish assay; larvae are put in the middle of the plate and after 15 min are scored as located on either side. The preference is then calculated as
mentioned in the legend of Figure 4C. (D) FRU stimulates, but both NaCl and QUI suppress feeding relative to the ‘‘untasted’’ control. For these experiments, the
respective substrates have a dye (carmine red) added, so that the proportion of red-stained pixels can be determined after the larvae were allowed to stay on the
respective substrate for 15min. In all cases, PURE refers to an agarose-filled petri dish (or the half of a such a dish in C) without any tastant added. *, P< 0.05; NS,
P> 0.05; for comparisons of single groups against zero, one-sample sign tests are used; comparisons betweenmultiple groups are performed by Kruskal–Wallis
tests. Other details are as in Figure 4. Sample sizes for each box plot are about 60, except for (B) that is based on about 100 values. From Hendel et al. (2005).
Springer Science and Business Media as copyright holder kindly granted permission to use these figures.
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L. Fradkin/J. Noordermeer [University of Leiden, Nether-

lands], E. Hafen/H. Stocker [Swiss Federal Institute of

Technology, Zürich, Switzerland], R. Nichols [University of

Michigan,AnnArbor,MI,USA],M.Sokolowski [University

ofTorontoatMississauga,Canada],R.F.Stocker [University
ofFribourg,Switzerland],andT.Zars[UniversityofMissouri,

Columbia, MO, USA]). It requires little skill and training,

demands no special technical equipment, and affords little

cost. This set of features may make it versatile for olfactory

learning research.

Feasibility of genetic analyses

In an approach to use appetitive larval olfactory learning for

a genetic analysis, a study concerning the synapsin gene was

initiated (Michels et al. 2005). Synapsin is an evolutionarily

conserved and highly abundant presynaptic phosphoprotein

(for review, Hilfiker et al. 1999; Ferreira and Rapoport 2002;

Sudhof 2004; concerning Drosophila: Klagges et al. 1996;

Godenschwege et al. 2004). It is associated with both the cy-
toskeleton and the cytoplasmic side of synaptic vesicles and

regulates the balance between the ready-releasable versus

reserve-pool vesicles in a phosphorylation-dependent way.

Such regulation appears to contribute to the maintenance

of synaptic function at sustained, high spiking rates. How-

ever, whether this regulatory function entails a role in asso-

ciative learning had remained elusive. Only since recently, it

is clear that mutations in the human synapsin 1 gene can
cause neurological and behavioral phenotypes, including ep-

ileptic seizures and, in a subset of patients, learning defects

(Garcia et al. 2004; for similar phenotypes in mice, see also

Gitler et al. 2004) and psychotic symptoms (Chen et al.

2004). In larval Drosophila, the deletion mutant syn97

carries a 1.4-kb deletion in the synapsin gene, spanning a

part of the regulatory sequence and half of the first exon

(Godenschwege et al. 2004). This deletion leads to an ab-
sence of measurable synapsin protein in both larvae and

adults and thus qualifies as a null mutant on the protein level.

The syn97 line had been outcrossed for more than 13 gener-

ations to the Canton-S wild-type strain (wild-type CS), ef-

fectively leading to fly strains (CS and syn97CS) that

are likely to differ only with respect to the deletion at the

synapsin locus and thus allow conclusions about synapsin

function. Such outcrossing is essential to avoid confounding
effects of genetic background, marker genes, and transgenic

constructs that can otherwise distort results (Zhang and

Odenwald 1995; de Belle and Heisenberg 1996; Diegelmann

et al. 2006). In syn97CS, Michels et al. (2005) report a reduc-

tion in learning ability by about 50% (Figure 6A); motor

ability as well as responsiveness to odors (Figure 6B,C)

and the fructose reinforcer (Figure 6D) are normal. Also,

basic synaptic physiology and the equipment with vesicles,
measured at the neuromuscular junction (NMJ), appear

to be normal (Godenschwege et al. 2004). This implies that

a low level of learning can be achieved without synapsin;

beyond that level, however, synapsin is required.

Behavioral controls for mutant learning phenotypes

One problem in the behavioral neurogenetics of learning is to

test for the specificity of a learning defect. That is, low scores

may, apart from genuine defects in learning, result from

more general defects in sensory or motor ability. The usual

approach is to compare experimentally naive, untrained ani-

mals of the genotypes in question for their responses to the

to-be-associated stimuli. For example, concerning odor–

taste learning in larvae, one would need to compare naive

animals from the different genotypes in terms of 1) their pref-

erence between fructose and plain agarose (Figure 6D), 2)

their preference between an AM-scented and an unscented

control side, as well as 3) between an OCT and control side

(Figure 6B,C). The rationale for not testing the relative pref-

erence between both odors is that typically odor concentra-

tions are chosen such that naive, wild-type animals show

about zero preference between the odors; therefore, one

may expect both naive wild-type and naive mutant larvae

to be indifferent between them. This indifference, however,

may come about for different reasons in these genotypes: the

wild type may be truly indifferent, whereas the mutant may

be anosmic. This problem of interpretation is avoided if ol-

factory detection ability, rather than relative preference, is

tested. These kinds of behavioral controls are state of the

art until to date.

However, one may object that a mutant learning defect is

seen after training, that is, after animals had undergone ex-

tensive handling, exposure to reinforcers, and exposure to

odors. One may therefore argue that the olfactory andmotor

abilities that the mutants need during test need to be inves-

tigated as well (as no gustatory abilities are required during

the test, this objection does not apply to the ability of tast-

ing). Therefore, one would like to know whether a given

mutant still is able to detect and respond to the odors after

a ‘‘sham-training’’ procedure that involves the same hand-

ling and general procedure as for training but 1) omits the

reinforcer and merely exposes to the odors (Figure 6E,F)

and 2) omits the odors and merely exposes to the reinforcer

(Figure 6G,H). Intuitively, handling and exposure effects

seem likely to exist: handling may stress the animals, change

motivation, and/or induce fatigue. Repeated odor exposure

may lead to sensory adaptation, habituation, and/or latent

inhibition (Cobb and Domain 2000; Wuttke and Tompkins

2000; Boyle and Cobb 2005; Michels et al. 2005; Colomb

et al. forthcoming). Sugar exposure and/or uptake may

entail motivational changes leading to changed olfactory

behavior. We thus have to contemplate the possibility that

genotypes differ in any of these kinds of processes, rather

than in learning per se. Concerning syn97CS, these tests have

not revealed any difference between syn97CS and wild-type

CS (Figure 6E–H).
Clearly, testing responses in naive animals remains impor-

tant: one needs to know whether at the beginning of train-

ing, genotypes may differ with respect to their olfactory and
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Figure 6 Feasibility of genetic analysis: synapsin as a study case. Open displays refer to the wild-type CS strain, filled displays to the synapsin null mutant. (A)
As a first step to understand the genetic basis of appetitive olfactory learning, a synapsin null mutant (syn97CS) is investigated in the individual animal version of
the learning assay. Learning in syn97CS is reduced to less than 50% of wild-type CS levels. (A#) Repetition of the experiment using the en masse version of the
assay; please note that, although the median LI is the same as in the individual animal version (A), scatter is much reduced. (B–D) Behavioral controls in
experimentally naive larvae. Responses to the used odors and to the fructose (FRU) reward are not different between genotypes. (E–H) Behavioral controls
after ‘‘sham training.’’ Sham-training procedures involve the same training procedure as shown in the inset of Figure 6A, except that either the reinforcer or the
odors are omitted. After sham training, animals are tested for their ability to detect AM or OCT, respectively. In neither of the sham-training experiments is any
difference between wild-type CS and syn97CS uncovered. (I, J) Anti-synapsin (green) and anti-F-actin (magenta) immunoreactivity of whole-mount larval third
instar brains viewed under the confocal microscope. Brains of wild-type CS (I) do, but brains of syn97CS larvae do not show anti-synapsin staining. All behavioral
experiments, except in A#, use individually assayed larvae. Insets illustrate the behavioral procedure. *, P < 0.05; NS, P > 0.05: for comparisons of single groups
against zero, one-sample sign tests are used; comparisons between any pair of groups are performed byMann–WhitneyU-tests. Other details as in the legend of
Figure 4. Sample sizes for each box plot range from 30 (C) to 70 (B). From Michels et al. (2005, A–H); Cold Spring Harbor Laboratory Press (A–H) and Birgit
Michels (I, J) as copyright holders kindly granted permission to use these figures.
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gustatory capacity and thus their ability to establish odor–

taste memories. However, it seems warranted to adopt

additional sham-training controls for evaluating olfactory

faculties as they are required to express memory during test.

A nonreciprocal training design: caveats and findings

A modified one-odor, one-trial olfactory learning experi-

ment is introduced by Honjo and Furukubo-Tokunaga

(2005). It uses a nonreciprocal training design, such that the

experimental group receives a single 30-min training trial

with the odor together with a liquid sugar reward, whereas

3 control groups receive 1) a 30-min exposure to only the

odor; 2) a 30-min exposure to only the sugar reward; or
3) are tested naively, that is, after not receiving any exposure.

After these kinds of treatment, the larvae are tested for their

odor preference. For 2 out of the 3 tested odors (linalool:

LIN and pentyl acetate: PA but not for c-valerolactone:
GVA), the trained group shows a higher odor preference

than either of the 3 control groups. This increase in odor

preference is stimulus specific, as larvae trained with LIN

show an increased preference for LIN but not for PA,
whereas for larvae trained with PA, an increased preference

for PA but not for LIN is found. Concerning LIN, it is also

shown that presenting LIN and the sugar reward on separate

trials does not lead to an increased LIN preference. To-

gether, these results argue that, at least for LIN, associative

learning can indeed be measured in this paradigm. Conse-

quently, the authors use LIN for a subsequent detailed ac-

count of the molecular and cellular underpinnings of
behavior in this paradigm. Before reviewing these very timely

series of experiments, however, one caveatmaybe considered.

To quantify associative learning, the authors calculate

a normalized odor preference (range 1 to �1) of the trained

group and subtract from it the preference of the odor-

exposure control group (the resulting values thus range from

2 to�2; to be comparable with the learning index introduced

above, which ranges 1 to �1, these values thus need to be
divided by 2; see legend of Figure 4D). To choose the

odor-exposure control group, rather than either of the other

control groups, is from a practical point of view unproblem-

atic as long as all 3 kinds of control groups show the same

odor preference. However, for all 3 odors tested, odor expo-

sure reduces odor preference below that of experimentally

naive animals (Honjo and Furukubo-Tokunaga 2005: loc.

cit. Figure 2D for LIN, Figure 2B for PA, and Figure 2C
for GVA); such reduction is a rather general finding after

odor exposure (Cobb and Domain 2000; Wuttke and Tomp-

kins 2000; Boyle and Cobb 2005;Michels et al. 2005; Colomb

et al. forthcoming). Hence, the associative learning effect

may be overestimated because odor preference is decreased

in the odor-exposure control group independent of associa-

tive learning. Also, mutants may be altered in terms of the

effects of odor exposure; thus, a weaker odor-exposure effect
could feign a learning defect, or a stronger odor-exposure

effect could obscure a learning defect. Finally, as the sugar

reward is applied in liquid form, larvae need to be carefully

rinsed before the test to prevent any contamination of

the test plate with the reinforcer that can substantially alter

the behavioral expression of memory (Schroll et al. 2006);

such effects may be particularly severe for tastants that leave
a strong ‘‘bad taste,’’ such as bitter substances.

In any event, Honjo and Furukubo-Tokunaga (2005) test

the usual suspect mutants for rutabaga (rut1, rut2080), coding

for the type I adenylate cyclase; dunce (dnc1), coding for

the corresponding esterase; and amnesiac (amn28A), coding

for a fly homologue of a vertebrate pituitary adenylate

cyclase–activating peptide (Waddell and Quinn 2001). In

adult flies, all these mutants have impaired olfactorymemory
scores (reviewed by Zars 2000; Waddell and Quinn 2001;

Heisenberg 2003; Gerber, Tanimoto, et al. 2004; Davis

2005) and, as Honjo and Furukubo-Tokunaga (2005) now

report, are also defective in the nonreciprocal larval train-

ing assay. For none of these mutants do odor preferences

differ between the 3 kinds of control procedure, suggesting

that the caveat discussed above does not apply for these

particular mutants. Furthermore, responsiveness to the
sugar as well as to LIN is not different from a wild-type

strain, which is used as the genetic control for all 4 mutant

strains. The authors also find that as early as 30–60 min after

training, heat-shock–induced expression of a dominant-

negative cAMP-responsive element–binding protein trans-

gene (dCREB2-b) reduces the difference between the trained

group and the odor-exposure control. Finally, if during test-

ing the output of chemical synapses of the MBs is blocked
by expressing shibirets (Kitamoto 2001) in the MB-specific

drivers 201Y-Gal4 and OK301-Gal4, the trained group

and the odor-exposure control group behave indistinguish-

ably. If, however, these synapses are blocked only during

training, the trained group shows a higher odor preference

than the odor-exposure control. The above-mentioned cav-

eats concerning nonreciprocal training designs in mind,

this suggests that, similar to the situation in adult flies
(Heisenberg 2003; Gerber, Tanimoto, et al. 2004), output

from the larval MB may be required during the retrieval

of an olfactory memory trace, but not for its establishment.

‘‘Remote control’’ of appetitive reinforcement

In addition to the question where a memory trace may be
localized in the brain, one can ask how such a trace is estab-

lished in the first place. One condition is the convergence of

olfactory processing with an internal reinforcing signal. A

reinforcing signal for appetitive olfactory learning in insects

is mediated by octopaminergic neurons: In flies and crickets,

octopamine signaling is necessary for appetitive odor learn-

ing, but not for aversive odor learning (Schwaerzel et al.

2003; Unoki et al. 2005). Furthermore, in honeybees local
octopamine injections are sufficient to substitute for the

sugar reward in odor–sugar learning (Hammer and Menzel

1998) and to ‘‘rescue’’ the learning defect in animals de-

pleted of biogenic amines by reserpine (Menzel et al. 1999).
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Similarly, feeding octopamine rescues the learning defect in

octopamine-less mutant flies (Schwaerzel et al. 2003). Both

in bees and in flies, presence of octopamine during training

is sufficient to restore learning, whereas restitution of oc-

topamine during only the test has no effect (Menzel et al.
1999; Schwaerzel et al. 2003).

With respect to the cellular substrate for these octopamine

effects, the study of Hammer (1993) provides the hallmark:

stimulation of a single, putatively octopaminergic (Kreissl

et al. 1994), identified neuron (Vummx1) is sufficient to sub-

stitute for the reinforcing function of sugar in honeybee ol-

factory learning. To see whether activity of octopaminergic

neurons in theDrosophila larva may also be sufficient to sub-
stitute for the sugar reward, Schroll et al. (2006) use a novel

approach to noninvasively drive genetically defined sets of

neurons. Using the Gal4/UAS system (Brand and Perrimon,

1993), the blue light–gated ion channel channelrhodopsin-2

is expressed under the control of the tyrosine decarboxylase

promoter, leading to expression of channelrhodopsin-2 in

octopaminergic/tyraminergic cells. Due to the transparency

of the larval cuticle, these cells can then be easily driven with
fine temporal resolution (<1 s) by turning on the blue light. If

such light stimulation is paired with an odor, and another

odor is presented in darkness, the larvae will subsequently

prefer the former odor (Figure 7B). Thus, light-induced ac-

tivation of octopaminergic/tyraminergic neurons is sufficient

to substitute for reinforcement by sugar reward in larval ap-

petitive olfactory learning. In turn, associatively driving do-

paminergic neurons induces aversive learning (Figure 7D); in
keeping with the results from Gerber and Hendel (forthcom-

ing), the appetitive memory seen after associatively stimulat-

ing octopaminergic/tyraminergic neurons is seen only in the

absence of any reinforcer, whereas the dopamine-induced

memory is seen only in the presence of an aversive reinforcer.

Thus, larval olfactory learning is similar to adults in

terms of involvement of the same genes (synapsin and likely

rutabaga, dunce, and amnesiac), the most likely site of a
memory trace (the MBs), and the differential involvement

of biogenic amines for appetitive and aversive learning

(octopamine/tyramine and dopamine, respectively).

Visual learning and tests for across-modality interaction

As mentioned above, there also is a visual learning paradigm
available, which hence allows testing for an interaction

between olfactory and visual learning. In the case of visual

learning, ‘‘light’’ and ‘‘dark’’ are used as to-be-learned stim-

uli. Light is applied from below using a ‘‘5# light table’’

(VOLPI AG, Schlieren, Switzerland). Petri dishes are

elevated 5 mm above the surface of the light table. To create

‘‘dark’’ regions, black cardboard is inserted 3 mm above the

light source; to prevent heating up of the cardboards, they
are covered with an aluminum shield from below.

Under these conditions, and in accordance with many ear-

lier reports using slightly different methods (e.g., Hassan

et al. 2000), larvae show a moderate preference for dark over

light. Thus, training is designed to up- or downregulate

this moderate, innate dark preference. Using fructose as

reward and either salt or quinine as punishment, dark pre-
ferences are higher after dark+/light� training than after

dark�/light+ training (Gerber, Scherer, et al. 2004). As

for olfactory learning, it is this difference in preference be-

tween the reciprocally trained groups that is indicative of as-

sociative learning. Learning can then be quantified by

measuring this difference in preference in terms of a learning

index. (This paradigm is now established also in the labora-

tory of M. Sokolowski, University of Toronto, Canada.)
Concerning a possible interaction between visual and

olfactory associative processing (Yarali et al. 2006), it

turns out that neither visual context influences odor learning

Figure 7 ‘‘Remote control’’ of associative reinforcement. (A, C) Experimental
(leftmost bars) and control genotypes learn equally well when using "real"
reinforcement (A: fructose, C: high-concentration NaCl). (B, D) If instead
of providing the ‘‘real’’ reinforcement during training, light stimulation is used,
only those larvae that express channelrhodopsin-2 in octopaminergic/tyrami-
nergic neurons (TDC2-Gal4/UAS:ChR2) show appetitive memory (B);
the control strains carrying the Gal4-construct only (TDC2-Gal4) or the
channelrhodopsin-2 construct only (UAS:ChR2) do not show anymemory. As-
sociatively driving channelrhodopsin-2 in dopaminergic neurons (TH-Gal4/
UAS:ChR2) during training, in turn, substitutes for aversive reinforcement
(D). Following Gerber and Hendel (forthcoming), appetitive memory scores
are assayed in the absence of the appetitive reinforcer and aversive scores
in the presence of the aversive reinforcer (see section ‘‘Effectiveness of reward,
but not punishment?’’). Shown are mean ± standard error of mean. From
Schroll et al. (2006). Elsevier as copyright holder kindly granted permission
to use these figures.
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nor changes of visual context between training and test affect

retrieval of odor memory. Furthermore, the same study

reports that larvae cannot solve a biconditional discrimina-

tion task, despite explicit training and generally permissive

conditions. In this task, larvae are required to establish
conditional associations: in light, an odor is rewarded but

another one is not, whereas in dark, the opposite con-

tingency is established. After such training, choice between

the odors is equal under light and dark testing conditions,

suggesting that larvae cannot establish odor memories spe-

cifically for a given visual context only. Together, these data

suggest that olfactory learning and memory is functionally

separated from visual processing in larval Drosophila.

Synaptic plasticity

The availability of associative learning assays in the larvamay

help tobridge the gapbetween thebehavioral and the synaptic

level of biology. For an analysis of synaptic plasticity in

Drosophila, typically the glutamatergic neuromuscular junc-
tion (NMJ) at the larval bodywall is investigated (JanLYand

Jan YN 1976a, 1976b; recent reviews: Koh et al. 2000; Kido-

koro et al. 2004). However, central brain synapses are most

likely the ones responsible for associative learning also in the

larva, and it is unknownwhethermechanismsofplasticitydis-

covered at the NMJ operate at the relevant central brain

synapses as well. Still, the analyses of plasticity at the NMJ

are the only ones we have and therefore are briefly discussed
here to the extent that serious efforts were made to relate

physiology to behavior.

Each of the 30 muscle fibers per abdominal hemisegment in

the larva is innervated by 2–4 motor neurons. Their termi-

nals are arranged as boutons, large swellings (up to 5 lm)

comprising up to 40 presynaptic compartments each (indi-

vidual active zones) and representing an ultrastructural

specialization of the NMJ; however, the ultrastructural ar-
rangement of individual active zones seems similar to the

one in central brain synapses. The major excitatory transmit-

ter at the NMJ is glutamate (Jan LY and Jan YN 1976b),

whereas acetylcholine is the major central brain transmitter.

This situation is inverted relative to vertebrates, where the

major excitatory transmitter at the NMJ is acetylcholine,

whereas the most prominent excitatory central brain trans-

mitter is glutamate.
In an attempt to relate behavioral and synaptic plasticity,

crawling behavior was chosen, which is a simple behavior

that can be easily monitored and quantified (Sokolowski

and Hansell 1983; Sokolowski et al. 1983; Wang et al.

1997). To use this behavior for an analysis of activity-

dependent plasticity seems timely given that the morphology

and physiology of NMJs change in hyperactive mutants

such as eag, Sh (Budnik et al. 1990), and Hk (Stern and
Ganetzky 1989). In addition, earlier data (Davis et al.

1996; Schuster et al. 1996a, 1996b) suggest that rearing

conditions may be used to manipulate activity. Indeed, the

studies by Reiff et al. (2002) and Sigrist et al. (2003) suggest

that elevated temperature causes enhanced crawling activity

anduseof theNMJ,which in turn causes growthof additional

boutons and active zones, ultimately leading to a potentiation

of muscle-to-nerve signal transmission. In a related study,
Steinert et al. (2006) show that onemechanism underlying lo-

comotor-induced potentiation is the generation of enlarged

reserve-pool vesicles and their subsequent protein kinase A–

and actin-dependent recruitment to the ready-releasable pool.

Outlook

The presented learning paradigms in larval Drosophila com-

plement the accessibility of this system on the genetic, mo-

lecular, cellular, and physiological level. On the basis of

the relatively detailed knowledge of the olfactory pathways

of the larva and the emerging picture of peripheral and cen-

tral gustatory processing, this should allow an integrated un-
derstanding of odor–taste learning. Such an understanding,

as we think fascinating in itself, may be useful for the design

of ‘‘intelligent’’ technical equipment, which may thus benefit

from the cellular simplicity of the larval brain. By a combi-

nation of optical imaging, ‘‘remote control’’ of neuronal

function, and the genetic techniques of single-cell expression

of transgenes, it may in the longer run be possible to under-

stand and model a complete associative learning network on
the level of single, identified neurons.
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