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Drosophila larvae combine a numerically simple brain, a correspondingly moderate behavioral complexity, and the

availability of a rich toolbox for transgenic manipulation. This makes them attractive as a study case when trying to

achieve a circuit-level understanding of behavior organization. From a series of behavioral experiments, we suggest a cir-

cuitry of chemosensory processing, odor–tastant memory trace formation, and the “decision” process to behaviorally

express these memory traces—or not. The model incorporates statements about the neuronal organization of innate vs.

conditioned chemosensory behavior, and the types of interaction between olfactory and gustatory pathways during the

establishment as well as the behavioral expression of odor–tastant memory traces. It in particular suggests that innate olfac-

tory behavior is responsive in nature, whereas conditioned olfactory behavior is captured better when seen as an action in

pursuit of its outcome. It incorporates the available neuroanatomical and behavioral data and thus should be useful as

scaffold for the ongoing investigations of the chemo-behavioral system in larval Drosophila.

[Supplemental material is available for this article.]

Drosophila larvae, being the major feeding stages of the flies’ life
cycle, have a numerically simple brain, maybe 10 million times
fewer neurons compared with man, and possess correspondingly
moderate behavioral complexity. These features, together with
the general potential of Drosophila for transgenic manipulation
(Sokolowski 2001; Elliott and Brand 2008), make them an attrac-
tive study case when trying to achieve a circuit-level understand-
ing of behavior, in particular with regard to chemosensory
processing and odor–tastant learning (Gerber and Stocker 2007;
Gerber et al. 2009).

Drosophila larvae innately (“innate” throughout this paper is
used in the sense of experimentally naive) show positive prefer-
ence for sugars (Schipanski et al. 2008) as well as to relatively
low concentrations of salt (Miyakawa 1982; Niewalda et al.
2008), but negative preference for high salt concentrations (Liu
et al. 2003; Niewalda et al. 2008) and for substances that taste
bitter to humans (Meunier et al. 2003; Hendel et al. 2005).
Regarding olfaction, larvae are typically attracted to odors but
may, for some odors and at high concentrations, also show aver-
sion (Rodrigues 1980; Cobb 1999; Boyle and Cobb 2005; Kreher
et al. 2008). Given the numerical simplicity of the chemosensory
system in the larva (Heimbeck et al. 1999; Ramaekers et al. 2005;
Colomb et al. 2007a), a reasonably detailed understanding of
innate gustatory and olfactory behavior can be reckoned with
(Gerber and Stocker 2007; Kreher et al. 2008; Gerber et al. 2009)
(see Discussion).

To complicate matters, however, olfactory larval behavior
can be flexible: Larvae can be differentially conditioned to associ-
ate one odor with a sweetened reward substrate, and another odor
with an unsweetened substrate. After such training, larvae prefer
the previously rewarded over the previously nonrewarded odor
in a binary choice assay (Scherer et al. 2003; Neuser et al. 2005).
Also, by punishing one odor with a bitter or high-concentration
salt taste, larvae can be conditioned aversively to odors (Gerber
and Hendel 2006; Niewalda et al. 2008).

Presently, the cellular site(s) of these kinds of learning, as well
as their molecular mechanisms, are the topic of ongoing research,
and one can be hopeful that a comparably detailed picture of
these processes can be obtained in the larva as it has been obtained
for adult Drosophila (Heisenberg 2003; Gerber et al. 2004a, 2009)
(see Discussion) and bees (Menzel 2001; Giurfa 2007). However,
there remains a gap in our understanding of how olfactory mem-
ory traces, once established, actually organize behavior, and how
innate and learned olfactory behavior are integrated. Notably, the
psychological nature of olfactory behavior as response or action is
under continued debate: Within cartesian tradition, conditioned
behavior often is explained by a change in value of the odor (e.g.,
Fiala 2007); that is, as result of appetitive training, the odor itself is
something “good” for the animals and therefore they approach it.
In other words, learned olfactory behavior, just as innate olfactory
behavior, is regarded as a response to the odor.

Alternatively, Gerber and Hendel (2006) (see also Dickinson
2001; Elsner and Hommel 2001; Hoffmann 2003) suggested that it
is more fruitful to view appetitive conditioned behavior as an
action, taken in search of food: Specifically, at the moment of test-
ing the difference between what the animals “expect” (based on
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olfactory memory) minus what they
“observe” (based directly on gustatory
input) can provide the animals with an
estimate of their behaviors’ expected
gain in terms of finding food. If this
expected gain is positive, i.e., if memory
promises a situation better than the
current one, the larva moves toward
the previously reinforced odor. Thus,
Gerber and Hendel (2006) suggested
that it is this expected gain of food,
rather than the value of the memory
trace per se, or of the value of the
testing situation per se, which is the
immediate cause of learned behavior. In
an analogous manner, Gerber and
Hendel (2006) interpreted conditioned
aversion as escape behavior. In this
case, the expected gain assumes the
form of a relief from punishment.

Here, we first ask whether innate
gustatory behavior is affected by the pres-
ence of odors and whether, in turn,
innate olfactory behavior is affected by
the presence of tastants. Regarding as-
sociative odor–taste learning, we then
ask whether and how learned olfactory
behavior is affected by the presence of
tastants. We report that learned, but not
innate, olfactory behavior is affected by
the presence of tastants, and propose a
minimal, neuroanatomically plausible
circuitry that can accommodate the pre-
sented behavioral as well as the available
neurobiological data. We suggest that
the modulating effects that the tastants
can exert on learned olfactory behavior
at the moment of testing ensures the
organization of this learned, but not of
innate, olfactory behavior according to
its expected outcome.

Results

Experiment 1: Is innate gustatory

behavior affected by the presence

of odor?
We offer experimentally naive larvae a
choice between two halves of a Petri
dish: one filled with pure agarose, the
other filled with agarose plus tastant
(either 2 M fructose, 5 mM quinine, or
1.5 M salt). Contemplating the time
courses of gustatory behavior, which is
positive preference with regard to 2
M-fructose (Fig. 1A) and negative prefer-
ence for 5 mM quinine (Fig. 1B) as well
as for 1.5 M salt (Fig. 1C), we choose the 2-min time point
(when gustatory behavior has not yet reached its asymptote) to
test whether the presence of odor (either n-amylacetate diluted
1:50 in paraffin or undiluted 1-octanol) would alter gustatory
behavior. This is not the case, either with regard to fructose
(Fig. 1A′), or quinine (Fig. 1B′), or salt (Fig. 1C′) (Fig. 1:
Kruskal-Wallis tests; [A′] H ¼ 1.4, df ¼ 2, P ¼ 0.51; [B′] H ¼ 2.9,
df ¼ 2, P ¼ 0.24; [C′] H ¼ 3.6, df ¼ 2, P ¼ 0.16). The same holds

true when gustatory behavior is scored at later time points
(8 min) (not shown), when tastant effects are overall stronger.

Next, following the approach of Shiraiwa (2008), we ask
whether behavior toward a fructose concentration, which is just
about threshold in the absence of odor (i.e., between 0.005 and
0.015 M) (Fig. 2A–C) can be pushed above threshold by the
presence of an odor; this is not the case (Fig. 2: Kruskal-Wallis
tests; [A′] H ¼ 0.77, df ¼ 2, P ¼ 0.68; [B′] H ¼ 2.9, df ¼ 2, P ¼ 0.23;

Figure 1. Is innate gustatory behavior affected by ambient odor? Displayed are the tastant preferen-
ces toward (A,A′) 2 M fructose; (B,B′) 5 mM quinine; and (C,C′) 1.5 M salt. Larvae show positive pref-
erence toward fructose and negative preference toward quinine and salt. A, B, and C show preferences
over time; A′, B′, and C′ show preference values after 2 min, measured in the presence of either no odor,
n-amylacetate, or 1-octanol. Please note that the “none” scores in A′, B′, and C′ represent the “2 min”
data from A, B, and C, respectively. The box plots show the median as the bold line, 25% and 75%
quantiles as the box boundaries, and 10% and 90% quantiles as whiskers. Significant differences
from zero ([A,B,C]: P , 0.05/4, [A′,B′,C′]: P , 0.05/3, one-sample sign tests) are indicated by
shading of the boxes.
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[C′]: H ¼ 3.0, df ¼ 2, P ¼ 0.22). According to the same rationale,
we note that odors do not alter near-threshold behavior toward
quinine (Fig. 1B′). Regarding salt, we correspondingly seek to
take advantage of the fact that behavior toward salt changes
from negative preference at high salt concentration toward posi-
tive preference as concentration is decreased (Niewalda et al.
2008). The point of draw between these two behavioral tendencies
is 0.25 M (Niewalda et al. 2008), which we confirm here (Fig. 3A:
one-sample sign tests; P . 0.05/4 in all cases). We reasoned that

at this salt concentration our assay
should be most sensitive when testing
for any modulation by odors: at this
concentration, the positive and negative
behavioral tendencies of salt just cancel
out, so it should be particularly easy
to “tip the balance” toward one or the
other kind of behavior. Such modulating
effect of odor, however, is not observed
(Fig. 3B: Kruskal-Wallis test; H ¼ 0.1,
df ¼ 2, P ¼ 0.96).

Thus, innate gustatory behavior is
“insulated” against olfactory processing.
Tastants therefore appear of inherent,
odor-independent value to the larvae;
this value is the direct basis for innate
gustatory behavior.

Experiment 2: Is innate olfactory

behavior altered in the presence

of tastants?
We next ask whether, in turn, olfactory
behavior is modulated by taste process-
ing. Larvae are tested for their choice
between an odor-filled container on one
side and an empty container on the other
side of a Petri dish. This test we perform
on either a pure substrate, or on sub-
strates with added fructose (2 M), qui-
nine (5 mM), or salt (either 0.25 M or
1.5 M). We find that neither for n-amyl-
acetate (Fig. 4A) nor for 1-octanol (Fig. 4B)
olfactory behavior is modified by the
substrate condition (Fig. 4: Kruskal-
Wallis tests; [A] H ¼ 6.9, df ¼ 4, P ¼
0.14; [B] H ¼ 4.5, df ¼ 4, P ¼ 0.34), even
when odors are diluted to yield only
moderate levels of attraction which argu-
ably are easier to be modulated (Fig. 4:
Kruskal-Wallis tests; [C] H ¼ 0.52, df ¼
4, P ¼ 0.97; [D] H ¼ 8.6, df ¼ 4, P ¼ 0.1).
We notice a small and nonsignificant ten-
dency of higher attraction toward
n-amylacetate (diluted 1:50) in the pres-
ence of both fructose and quinine, com-
pared with the values obtained on the
pure, tasteless substrate (Fig. 4A); the
sametrendhadalsobeenfoundinprevious
experiments (data not shown). However,
we see this trend neither using a different
concentration of n-amylacetate (Fig. 4B)
nor for using 1-octanol (Fig. 4C,D).

Thus, to the extent tested, innate
olfactory behavior seems to be “insu-
lated” from taste processing. This suggests
that odors are of inherent value to exper-

imentally naive larvae and that this value, independent of taste
processing, is the basis for innate odor attraction. In Figure 11A
(below), we graphically represent this mutual independence
between smell and taste behavioral systems.

Experiment 3: Expected gain drives learned olfactory

behavior
The above experiments suggest a mutual independence of innate
olfactory and gustatory processing; however, associative training

Figure 2. Do odors affect near-threshold fructose preference? Gustatory preference toward (A,A′)
0.005 M fructose, (B,B′) 0.01 M fructose, and (C,C′) 0.015 M fructose. A, B, and C show preferences
over time, A′, B′, and C′ show preference values after 2 min, measured in the presence of either no
odor, n-amylacetate, or 1-octanol. Please note that the “none” scores in A′, B′, and C′ represent the
“2 min” data from A, B, and C, respectively. For a description of the box plots, see legend of Figure
1. Significant differences from zero (P , 0.05/4, one-sample sign tests) are indicated by shading of
the boxes. Hatched shading of the boxes indicates significant differences from zero at least for the
pooled data (B′ and C′, P , 0.5/3 in one-sample sign tests in both cases). Thus, as intended, at the
chosen concentration range, fructose preference is just around threshold.
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with odors and tastants can modify olfactory behavior (Scherer
et al. 2003; Neuser et al. 2005; Gerber and Stocker 2007).
Clearly, the formation of an odor–taste memory trace requires
an interaction between olfactory processing and a taste-triggered
reinforcement signal (Schwaerzel et al. 2003; Schroll et al. 2006)
(Fig. 11B, below; for a discussion see Gerber et al. 2004a; 2009).
The following experiments by Gerber and Hendel (2006) had
been designed to see whether in addition there is a second kind
of odor–taste interaction during the
translation of such memory traces into
conditioned behavior (Fig. 5; for the
corresponding Olfactory Index values
see Supplemental Fig. S2). They trained
fruit fly larvae to associate an odor either
with sugar, quinine, or salt (salt being
used at either high, medium, or low con-
centration; this classification is based on
the relative preference between quinine
and salt (Supplemental Fig. S1: Kruskal-
Wallis test: H ¼ 178.9, df ¼ 8, P , 0.05).
A second odor was always presented
without any reinforcer. They then tested
for the choice between the two odors in
either the absence or presence of that
reinforcer which had been used for train-
ing. If the training reinforcer was absent
at test (Fig. 5A), larvae behaviorally
expressed appetitive memory after sugar
as well as after low-salt training; after
aversive training with either quinine,
high salt, or medium salt, however,
animals did not express any memory
(Fig. 5A: Kruskal-Wallis test; H ¼ 26.4,
df ¼ 4, P , 0.05). If, in turn, the training
reinforcer was present during test
(Fig. 5B), the inverted pattern of results
was found: larvae showed no condi-
tioned behavior in the presence of the
appetitive reinforcers, whereas they did
show conditioned aversive behavior in
the presence of the aversive reinforcers
(Fig. 5B: Kruskal-Wallis test; H ¼ 20.9,

df ¼ 4, P , 0.05). Thus, Gerber and
Hendel (2006) interpreted behavior
toward previously food-associated odors
as search for food, being abolished in
the presence of food. In turn, fleeing a
previously quinine-associated odor is
pointless as long as there is no quinine.

In a next experiment, Gerber and
Hendel (2006) extended these findings
(Fig. 6; for the corresponding Olfactory
Index values see Supplemental Fig. S3).
Three groups of larvae were trained
such that for all groups one odor was pre-
sented with quinine, and the other odor
with salt. What differed between groups
was the concentration of salt, which
was chosen as either high, medium,
or low. Then, all groups were tested in
the presence of quinine (Fig. 6A). Only
the groups trained with quinine/

medium salt and quinine/low salt
showed significant conditioned aversion
of the quinine-associated odor, whereas
the group trained quinine/high salt did

not (Fig. 6A: Kruskal-Wallis test; H ¼ 8.0, df ¼ 2, P , 0.05).
Therefore, Gerber and Hendel (2006) suggested that memories
are behaviorally expressed only if doing so can improve the situa-
tion. That is, in the case of training with quinine/high-salt, qui-
nine was the less bad of the two options (Supplemental Fig. S1).
Therefore, in the presence of quinine, no memory was behavior-
ally expressed (Fig. 6A). As the salt concentration was reduced,
quinine became the worse of the two options (Supplemental

Figure 3. Do odors tip the balance between attraction and avoidance for salt preference? (A)
Preferences toward 0.25 M salt in the absence of odor, measured over time. (B) Preference values
after 2 min in the presence of either no odor, n-amylacetate, or 1-octanol. Please note that the
“none” scores represent the “2 min” data from A. For a description of the box plots, see legend of
Figure 1. Values of none of the groups are significant different from zero ([A] P . 0.05/4; [B] P .

0.05/3, one-sample sign tests) arguing that as intended the attractive and aversive tendencies of salt
at this concentration cancel out.

Figure 4. Is innate olfactory behavior altered in the presence of tastants? The Olfactory Index is dis-
played, measured on the indicated tastant-substrates, regarding (A) n-amylacetate diluted 1:50 in par-
affin oil, (B) undiluted 1-octanol, (C) n-amylacetate diluted 1:10,000 in paraffin oil, and (D) 1-octanol
diluted 1:10,000 in paraffin oil. For a description of the box plots, see legend of Figure 1. Pooled data of
each graph are significantly different from zero (P , 0.05/4, one-sample sign tests).
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Fig. S1), and hence larvae started to behaviorally express their
memory in the presence of quinine (Fig. 6A). If this reasoning is
correct, the pattern of results should be inverted if animals
were tested in the presence of the respective salt concentrations.
This indeed was found (Fig. 6B: Kruskal-Wallis test; H ¼ 11.2,
df ¼ 2, P , 0.05) (the fact that, although naive larvae are
indifferent between quinine and the medium salt concentration
[Supplemental Fig. S1], larvae express an avoidance of the
salt-associated odor after quinine/medium salt training [Fig. 6A]
may suggest that the learning assay is more sensitive to pick
up differences in value between quinine and medium salt
processing).

Here we seek to extend these findings to appetitive memory
(Fig. 7; for the corresponding Olfactory Index values see
Supplemental Fig. S4). Using the one-odor version of the learning
paradigm (see Materials and Methods), four groups of larvae are
trained with a medium concentration of fructose (0.2 M) as
appetitive reinforcer. The following test is performed either on a
pure, tasteless substrate or on a low (0.02 M), medium (0.2 M),
or high (2 M) concentration of fructose (Fig. 7: Kruskal-Wallis
test; H ¼ 39.1, df ¼ 4, P , 0.05). Larvae show conditioned behav-
ior only when the sugar concentration at the moment of test is
lower than the sugar concentration during training (one-sample
sign tests; P , 0.05/5), whereas animals tested on a substrate
with a sugar concentration equal to or higher than during training
do not (one-sample sign tests; P . 0.05/5). Thus, given that the
four left-most groups in Figure 7 all are trained the same and con-
sequentially will all have established the same memory trace, it is
not the memory trace per se that determines the behavior of the
animals.

If, in turn, animals are trained with a high concentration of
fructose, but are tested in the presence of the medium sugar

concentration (Fig. 7; right-most panel),
these animals show a higher level of
conditioned behavior compared with
animals tested on the same medium
sweet substrate, but trained with a me-
dium sugar concentration (Fig. 7: Mann-
Whitney U-test; U ¼ 28, P , 0.05). Thus,
also the testing situation per se is not a
sufficient determinant of appetitive con-
ditioned behavior (this is in contrast to
the simple modulation of conditioned
behavior by satiety as has recently been
investigated by Krashes et al. 2009).
Rather, both the memory trace and the
testing situation need to be considered
to accommodate learned behavior; spe-
cifically, we suggest that the animals
compare the value of the activated mem-
ory trace with the value of the testing sit-
uation and show appetitive conditioned
behavior depending on the outcome of
this comparison.

Interim summary
Thus, in contrast to innate olfactory
behavior (Fig. 4), learned olfactory
behavior is massively influenced by taste
processing (Figs. 5, 6, 7). That is, learned
olfactory behavior is not an automatic
(Fig. 11B), but rather is a regulated pro-
cess (Fig. 11C): A comparison between
what the animals “expect” (based on
olfactory memory) and what they

“observe” (based directly on gustatory input) can provide them
with an estimate of their behaviors’ expected gain:

Expected Gain = Expected Value − Observed Value. (1)

Learned olfactory behavior requires this expected gain to be pos-
itive. In other words, the behavioral expression of a memory trace
involves a two-step process. First, the odor activates its memory
trace. Second, in an evaluative step, a comparison is made
between the value of that memory trace and the gustatory value
of the testing situation. If the value of the memory trace for an
odor is higher than that of the gustatory situation, i.e., if there
is something to gain, the larva will track down the learnt odor.
If the gustatory situation, however, already is as valuable as
what the memory trace is promising, conditioned behavior
remains suppressed.

Notably, Honjo and Furukubo-Tokunaga (2009), in contrast
to the results of Gerber and Hendel (2006) (and also to our find-
ings below), reported that quinine-induced aversive memory
can be behaviorally expressed also in the apparent absence of qui-
nine. The investigators, however, bathe larvae for 30 min in qui-
nine solution, which despite extensive washing may induce a
lingering bitter aftertaste during the test (see also Discussion).

Experiment 4: Independence of appetitive and aversive

memory
We next extend the above account by an 18-group experimental
design in which larvae are trained differentially using one of three
kinds of training regimen:

† One odor is presented with a fructose reward and the second
odor without any reinforcement.

Figure 5. Expected gain drives learned olfactory behavior. Behavioral expression of associative
memory, as measured by the Performance Index, in (A) the absence or (B) the presence of the training
reinforcer. Appetitive memories are expressed only in absence, aversive memories only in presence of
the training reinforcer. The sketches below the boxes show the training procedures and test conditions;
colored circles represent Petri dishes containing tastant, white circles represent tasteless, pure Petri
dishes. For example, in the left-most panel, the larvae receive AM with reward and OCT without
reward; then, they are tested for their choice between AM and OCT. The reciprocally trained group
(dimmed display) receives AM without reward, whereas OCT is rewarded. From the difference in pref-
erence between the reciprocally trained groups, the Performance Index is calculated. Positive
Performance Indices indicate appetitive memory, negative values aversive memory. Note that the recip-
rocally trained groups were run in all cases, but with the exception of the left-most panel are omitted
from the sketch for clarity. Also note that in half of the cases, the sequence of training trials is as indi-
cated (in the left-most panel, e.g., AM+/OCT and AM/OCT+), but in the other half is reverse (e.g.,
OCT/AM+ and OCT+/AM). For a description of the box plots, see legend of Figure 1. Significant differ-
ences from zero (P , 0.05/5, one-sample sign tests) are indicated by shading of the boxes. (Data
adapted from Gerber and Hendel [2006], with permission from the Royal Society # 2006.)
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† One odor is paired with quinine punishment and the other
odor without any reinforcement.

† A push–pull experimental design is used, such that one odor is
rewarded and the other punished.

Animals that underwent one of these three kinds of training regi-
men are then tested for their choice between the trained stimuli in
one of three different testing situations: on a tasteless, pure sub-
strate, on a fructose substrate, or on a quinine substrate. Last, all
experiments are performed using either the two-odor version or
the one-odor version of the learning paradigm (see Materials
and Methods for details) (Supplemental Fig. S5 shows the corre-
sponding Olfactory Index scores of all groups of larvae within
this experiment).

In keeping with the above account (Equation 1), scores after
quinine-only training (Fig. 8A,A′: Kruskal-Wallis tests; [A] H ¼
23.9, df ¼ 2, P , 0.05; [A′] H ¼ 16.4, df ¼ 2, P , 0.05) do not
reveal conditioned avoidance of the quinine-associated odor on
a pure or on a sweet substrate; thus, behavior on both substrates
does not differ (Fig. 8A,A′: Mann-Whitney U-tests; [A] U ¼ 97,
P ¼ 0.52; [A′] U ¼ 103, P ¼ 0.50). This is because the “observed”
pure and the “observed” fructose are both better than the
“expected” quinine, such that in both cases the quinine-memory
trace is not expressed in behavior. In turn, we observe conditioned
avoidance in presence of quinine, different from animals’ behav-
ior on the pure substrate (Fig. 8A,A′: Mann-Whitney U-tests; [A]
U ¼ 22, P , 0.05/2; [A′] U ¼ 34, P , 0.05/2).

Scores after training with reward-only (Fig. 8B,B′:
Kruskal-Wallis tests; [B] H ¼ 21.7, df ¼ 2, P , 0.05; [B′] H ¼ 19.5,
df ¼ 2, P , 0.05) are higher for the pure test situation than in

the presence of fructose (Fig. 8B,B′: Mann-Whitney U-tests; [B]
U ¼ 14, P , 0.05/2; [B′] U ¼ 34, P , 0.05/2), because the
“observed” pure substrate is less valuable than the “expected”
fructose, leading to the behavioral expression of the fructose-rein-
forced memory trace on the pure substrate. Interestingly, scores
are equal in the presence and absence of quinine (Fig. 8B,B′:
Mann-Whitney U-tests; [B] U ¼ 94, P ¼ 0.44; [B′] U ¼ 124, P ¼
0.52), which is somewhat surprising: The above account (1) pre-
dicts that the value of quinine, if present at the moment of testing,
is offset against the value of a fructose-reinforced memory trace.
Thus, conditioned behavior should be expressed particularly
strongly when larvae are tested in the presence of quinine after
training with fructose, because the difference in value between
the “observed” quinine and the “expected” fructose is particularly
large. This, however, is not observed; we therefore argue that the
behavioral expression of a fructose-reinforced memory trace is
independent of quinine processing.

Correspondingly, one may ask whether the behavioral
expression of a fructose-reinforced memory trace is possible,
although the behavioral expression of a quinine-reinforced mem-
ory trace is suppressed. If this were possible, scores on a pure test-
ing substrate (Fig. 8C,C′: Kruskal-Wallis tests; [C] H ¼ 25.3, df ¼ 2,
P , 0.05; [C′] H ¼ 20.6, df ¼ 2, P , 0.05), which allows for the

Figure 7. Expected gain drives learned olfactory behavior. Animals are
trained using n-amylacetate (AM) and empty cups (EM). In all four left-
most panels, a medium fructose concentration (0.2 M) is used as rein-
forcer during training; the subsequent test is performed either in the
absence of fructose or in the presence of a lower than trained fructose
concentration (0.02 M), the medium training fructose concentration
(0.2 M), or a higher than trained fructose concentration (2 M). In the
right-most panel, a high fructose concentration (2 M) is used during train-
ing, but the test is performed in the presence of the medium (0.2 M) fruc-
tose concentration. Memory is behaviorally expressed only if the fructose
concentration during training is higher than the fructose concentration at
the moment of test. Other details as in Figure 5; for a description of the
box plots, see legend of Figure 1. Note that the sketches below the
boxes show only one possible training regimen; the reciprocally trained
group is indicated by a dimmed display in only the left-most panel.
Significant differences from zero (P , 0.05/5, one-sample sign tests) are
indicated by shading of the boxes.

Figure 6. Expected gain drives learned olfactory behavior. All larvae
receive one odor paired with quinine, and the other odor with salt. In
different groups, the concentration of salt was either high, medium, or
low. Testing is performed either in the presence of quinine (A) or in the
presence of the salt concentration that had been used for training (B).
Memory expression is suppressed if none of the odors predicts a gustatory
environment better than the actual test situation. Other details as in
Figure 5; for a description of the box plots, see legend of Figure 1. Note
that the sketches below the boxes show only one possible training
regimen; the reciprocally trained group is indicated by a dimmed
display in only the left-most panel of A. Significant differences from zero
(P , 0.05/3, one-sample sign tests) are indicated by shading of the
boxes. (Data adapted from Gerber and Hendel [2006], with permission
from the Royal Society # 2006.)
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Figure 8. Independence of appetitive and aversive memory systems. A–E show results of a two-odor paradigm using both n-amylacetae (AM) and
1-octanol (OCT), whereas A′, B′, C′, D ′, and E′ show the corresponding results of a one-odor paradigm, using only n-amylacetate and empty cups
(EM). (A,A′) After aversive-only training, larvae behaviorally express memory only in the presence of quinine. The presence of fructose has no effect.
(B,B′) In contrast, after appetitive-only training, memory is behaviorally expressed only in the absence of fructose, whereas the presence of quinine
has no effect. (C,C′) If animals are tested in the absence of any reinforcer, expression of aversive memories is abolished, but expression of appetitive mem-
ories remains intact. (D,D′) Animals tested on quinine show memory after all kinds of training regimen. Importantly, scores after training in a push–pull
regimen using both punishment and reward are higher than those after appetitive-only training, suggesting that both an appetitive and an aversive
memory are behaviorally expressed. (E,E′) After push–pull training, scores for animals tested on quinine are higher than for those tested on pure, con-
firming that only under these conditions, both appetitive and aversive memories are behaviorally expressed. For convenience, some data of this 18-group
experiment are included in more than one graph. Other details as in Figure 5; for a description of the box plots, see legend of Figure 1. Note that the
sketches below the boxes show only one possible training regimen; the reciprocally trained group is indicated by a dimmed display in only the left-most
panel of A. Significant differences from zero (P , 0.05/3, one-sample sign tests) are indicated by shading of the boxes.
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behavioral expression of a fructose-reinforced memory trace but
not of a quinine-reinforced memory trace, should be equal after
fructose-only and fructose–quinine training. This is indeed
what we find (Fig. 8C,C′: Mann-Whitney U-tests; [C] U ¼ 112,
P ¼ 0.98; [C′] U ¼ 114, P ¼ 0.32), suggesting that the behavioral
expression of the quinine-reinforced memory trace can remain
suppressed even if the fructose-reinforced memory trace is in
effect.

Given these arguments for independence, we propose sepa-
rate systems for steering conditioned search and conditioned
escape (Fig. 11C [8,9]). Within either system, it is determined
separately whether conditioned behavior is expressed or not.
That is, conditioned search is expressed if the appetitive memory
promises a gain in the sense of yet more reward than actually is
present:

Conditioned search if:

Appetitive Memory . Observed Reward.
(2)

Conditioned escape, however, remains suppressed as long as the
actual situation is less bad than what aversive memory suggests,
i.e., unless escape offers a gain in the sense of relief:

No conditioned escape if:

Aversive Memory . Observed Punishment.
(3)

This prompted us to ask what will happen if both conditioned
search and conditioned escape tendencies are activated. On a
quinine substrate, which as we have shown above allows the
behavioral expression of both quinine- and fructose-reinforced
memory traces, we compare the scores of groups with differing
histories of training (Fig. 8D,D′: Kruskal-Wallis tests; [D] H ¼
34.4, df ¼ 2, P , 0.05; [D′] H ¼ 34.1, df ¼ 2, P , 0.05). Scores in
this experiment turn out to be higher after fructose–quinine
training than after fructose-only training (Fig. 8D,D′:
Mann-Whitney U-tests; [D] U ¼ 32, P , 0.05; [D′] U ¼ 44, P ,

0.05). Along the same lines, we find that after fructose–quinine
training (Fig. 8E,E′: Kruskal-Wallis tests; [E] H ¼ 25.4, df ¼ 2, P ,

0.05; [E′] H ¼ 26.7, df ¼ 2, P , 0.05) scores are higher in the qui-
nine than in the pure testing condition (Fig. 8E,E′: Mann-Whitney
U-tests; [E] U ¼ 48, P , 0.05; [E′] U ¼ 38, P , 0.05). We suggest
that this is because in the presence of quinine both memory traces
can be expressed behaviorally: conditioned escape from quinine is
expressed because quinine is present, and conditioned search for
fructose is expressed because fructose is absent. These two effects
can both steer behavior independently of each other, and eventu-
ally summate in terms of the distribution of the larvae between
the previously rewarded and the previously punished odor.

To further confirm our findings we partially repeat the last
experiment using a high concentration sodium chloride (1.5 M)
(for further details, see legend of Fig. 9) instead of quinine
(Fig. 9; for the corresponding Olfactory Index values see
Supplemental Fig. S6). In replication of the results of Gerber and
Hendel (2006), after punishment-only training with high-salt
larvae show conditioned behavior when tested in the presence
of high salt but not on a tasteless Petri dish (Fig. 9A:
Mann-Whitney U-test; U ¼ 3, P , 0.05). Notably, after push–
pull training with high salt and sugar (Fig. 9B), values are signifi-
cantly higher when tested on high salt compared with the taste-
less test condition (Fig. 9B: Mann-Whitney U-test; U ¼ 51, P ,

0.05). Thus, under appropriate testing conditions fructose-
induced appetitive and salt-induced aversive memory traces can
summate in behavior: on a too salty Petri dish animals both search
for sugar and try to escape the high salt concentration.

Discussion

We first briefly sketch what is known neurobiologically about the
establishment of smell–taste associative memory traces to provide
a point of reference for our behavior-based model in the second
part of this discussion.

Associating smell and taste
Larvae can learn to associate an odor with taste reinforcement.
This implies convergence between olfactory and taste processing.
However, no such convergence has been reported to date: the
olfactory system passes on its information from the dorsal organ
via only 21 olfactory sensory neurons (Heimbeck et al. 1999;
Kreher et al. 2005) to the larval antennal lobe (Fig. 10A), each of
them targeting just one of 21 spherical “glomerulus” compart-
ments (Ramaekers et al. 2005). The information from a given glo-
merulus is conveyed further by typically just one projection
neuron (Ramaekers et al. 2005; but see Marin et al. 2005), connect-
ing to both the lateral horn, a presumed premotor center, and the
mushroom bodies (Python and Stocker 2002). In the mushroom
bodies’ olfactory input region, the calyx, which is organized
into reported 28–34 glomeruli (Marin et al. 2005; Masuda-
Nakagawa et al. 2005, 2009; Ramaekers et al. 2005), projection
neurons transmit their signal to several of a total of �600 mature
mushroom body neurons (also called Kenyon cells) (Lee et al.

Figure 9. Independence of appetitive and aversive memory systems.
The experiment partially repeats and extends the one shown in Figure
8, using a slightly different protocol: as odors, n-amylacetate (AM),
diluted 1:250 in paraffin, and undiluted benzaldehyde (BA) are used.
Unrewarded, tasteless Petri dishes contain 2.5% agarose, reward Petri
dishes have 2 M fructose added, and punishment Petri dishes have 1.5
M sodium chloride added. (A) Larvae receive aversive training with salt
as punishment and are tested either in absence or presence of salt.
Larvae show conditioned behavior when tested in the presence of salt
but not on a tasteless Petri dish. (B) After push–pull training with salt pun-
ishment and sugar reward, performance indices are higher when tested
on salt compared with the tasteless test condition, corresponding to the
results of Figure 8. All other details as in Figure 5; for a description of
the box plots, see legend of Figure 1. Note that the sketches below the
boxes show only one possible training regimen; the reciprocally trained
group is indicated by a dimmed display in only the left-most panel of A.
Significant differences from zero (P , 0.05/2, one-sample sign tests) are
indicated by shading of the boxes.
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1999; but see Technau and Heisenberg 1982). A given projection
neuron innervates only one calyx glomerulus, and a given Ken-
yon cell collects input from between one and three (Ramaekers
et al. 2005) or up to six (Masuda-Nakagawa et al. 2005) calyx
glomeruli. The Kenyon cells then connect to relatively few (a
reasonable guess may be between one and dozens) (Pauls et al.
2010) output neurons that have projections into the lateral
horn and other potential premotor centers (Pauls et al. 2010; for
the situation in adults: Ito et al. 1998; Tanaka et al. 2008;
Séjourné et al. 2011). These output neurons likely receive input
from many if not all mushroom body cells, thus “summing up”
the total level of activation in their input section of the mush-
room body.

The gustatory system, in turn, conveys taste information
from three external taste organs (terminal organ, ventral organ,
and the bulge of the dorsal organ) and three internal taste organs
(ventral, dorsal, and posterior pharyngeal organ) (Singh and
Singh 1984; Python and Stocker 2002; Gendre et al. 2004), com-
prising a total of �90 gustatory sensory neurons per body side
(Colomb et al. 2007a), to the subesophageal ganglion and then
the ventral nerve cord (Fig. 10B; Melcher and Pankratz 2005;
Colomb et al. 2007a). Thus, there is no apparent direct connection
between smell and taste pathways, consistent with the lack of
interaction between innate gustatory and innate olfactory behav-
ior we report in this study.

Given this architecture, the ability of the larva to form an
odor–taste associative memory trace may appear surprising.
Hammer (1993) in the honeybee identified the octopaminergic
VUMmx1 neuron, which likely receives gustatory input in the sub-
esophageal ganglion and provides output to the antennal lobe,
the mushroom body calyx and the lateral horn. This single, iden-
tified neuron is sufficient to mediate the rewarding function of
sugar in honeybee olfactory learning (Hammer 1993) (for a
description of this neuron in the fly, see Busch et al. [2009]; this
neuron exists in larval Drosophila as well; A Thum, unpubl.). As
in the bee, also in Drosophila there is evidence that at least some
octopaminergic neurons “short-circuit” taste with smell pathways
to mediate reinforcement signaling (Fig. 10B): Adult flies lacking
octopamine are impaired in odor–sugar learning but not in
odor–shock learning. In turn, blocking synaptic output from a
subset of dopaminegic neurons impaired odor–shock learning

but not odor–sugar learning (Schwaerzel et al. 2003). In larvae,
the net effect of driving subsets of octopaminergic or dopaminer-
gic neurons can substitute for reward or punishment, respectively,
in olfactory learning (Schroll et al. 2006; this is not at variance
with the observation that specific other subsets of these neurons
serve different functions, see below). Whether and which of these
neurons, in turn, are required for these two forms of learning is
less clear (Honjo and Furukubo-Tokunaga 2009; Selcho et al.
2009). In any event, important for the current context is that
the memory-forming convergence is not between the olfactory
and the gustatory pathway itself, but between the olfactory path-
way and a modulatory valuation signal (“good” or “bad,” respec-
tively). Such convergence likely happens in the mushroom bodies
(Honjo and Furukubo-Tokunaga 2005, 2009; Selcho et al. 2009;
Pauls et al. 2010; Michels et al. 2011; concerning adults, see
Riemensperger et al. 2005; Claridge-Chang et al. 2009; reviews
by Heisenberg 2003; Gerber et al. 2004a, 2009; concerning honey-
bees, see Hammer and Menzel 1998). If an odor is presented, a par-
ticular pattern of olfactory sensory neurons is activated, leading to
the activation of a particular combination of glomeruli in the
antennal lobe (Kreher et al. 2005), as well as of the projection neu-
rons and the corresponding mushroom body neurons
(Masuda-Nakagawa et al. 2005, 2009). At the same time, a tastant,
e.g., sugar, activates gustatory sensory neurons that trigger the
value signal (“good”) via, e.g., some of the octopamine neurons
(in the case of high-concentration salt or quinine: via, e.g.,
some of the dopaminergic neurons) and send it to many, if not
all, Kenyon cells of the mushroom bodies (Honjo and
Furukubo-Tokunaga 2009; Selcho et al. 2009). Conceivably, only
in that subset of Kenyon cells which are activated coincidently
by both the odor signal and the value signal, a memory trace is
formed (Tomchik and Davis 2009; Gervasi et al. 2010; for discus-
sion, see also Gerber et al. 2004a). The memory trace then is
thought to consist of a strengthening of connection between
the Kenyon cells and their output neurons: if a learned odor is pre-
sented, Kenyon cell output is strong enough to drive the output
neurons for triggering conditioned behavior. Indeed, mushroom
body output is a requirement for conditioned behavior (regarding
adult Drosophila: Dubnau et al. 2001; McGuire et al. 2001;
Schwaerzel et al. 2003). Following Selcho et al. (2009) and Aso
et al. (2010), we stress that the genetic tools available at present

Figure 10. Neuroanatomy of the larval chemosensory system. (A) Schematic diagram of the chemosensory pathways in the larval head. (Modified from
Stocker [2008], with permission from Landes Bioscience and Springer Science + Business Media # 2008.) (B) Simplified diagram of the chemosensory
pathways in the larval brain. From the three external chemosensory organs, the dorsal organ (DO) comprises both olfactory (the “dome”; gray) and gus-
tatory sensilla (little circles). The terminal organ (TO), the ventral organ (VO), and the dorsal, ventral, and posterior pharyngeal sense organs (DPS, VPS,
PPS) include mainly taste sensilla. The cell bodies of the sensory neurons are collected in ganglia below each sense organ (DOG, TOG, VOG). Olfactory
receptor neurons (ORNs, blue) project into individual glomeruli of the larval antennal lobe (LAL), which are interconnected by local interneurons (LN).
Projection neurons (PNs, green) carry signals from the LAL to two higher olfactory centers, the mushroom body (MB) calyx and the lateral horn (LH). One
intrinsic MB Kenyon cell (KC) is shown in red. Gustatory receptor neurons (GRN, brown) extend to the subesophageal ganglion (SOG). Octopaminergic
neurons (OA, green) are proposed to “short-circuit” a taste-driven reward signal from the SOG toward the MB; dopaminergic neurons (DA, red) carry
punishment signals toward the MB. The exact neuronal elements to select particular motor programs when facing tastants and odors are unknown,
but likely involve the lateral horn (LH) and ventral nerve cord (VNC).
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to manipulate octopaminergic and dopaminergic neurons, re-
spectively, cover anatomically and functionally heterogeneous
sets of neurons. Current research is trying to identify from these
sets those neurons conferring reinforcement signaling, and to
tell them apart from neurons mediating other effects, e.g., regard-
ing olfactory processing per se, gustatory processing per se, and
signaling of satiety states (Honjo and Furukubo-Tokunaga 2009;
Selcho et al. 2009; also see Claridge-Chang et al. 2009; Krashes
et al. 2009; Aso et al. 2010 for adult Drosophila).

Regarding the below discussion, two further aspects should
be noted: First, for innate olfactory behavior, the mushroom
body loop is dispensable (de Belle and Heisenberg 1994), but the
projection neurons are required (Heimbeck et al. 2001). This sug-
gests that innate olfactory behavior is supported largely by the
direct antennal lobe-lateral horn pathway, whereas conditioned
olfactory behavior takes the indirect route via the mushroom
bodies (see also Saumweber et al. 2011). Second, there is no evi-
dence to argue that a given odor would not activate the same
one subset of Kenyon cells during aversive as well as appetitive
learning; this implies that appetitive and aversive memory traces
for a given odor may be localized in the same Kenyon cells, but in
distinct subcellular compartments (Fig. 11B, 6; see discussion in
Schwaerzel et al. 2003).

Integrating behavior
Our experimental analyses of chemosensory processing focused
on four kinds of behavior:

1. Innate taste behavior
2. Innate olfactory behavior
3. Conditioned olfactory behavior after appetitive learning

(conditioned search)
4. Conditioned olfactory behavior after aversive learning (condi-

tioned escape)

We asked whether the organization of these kinds of behavior is
functionally independent of each other.

Clearly, both olfactory and gustatory stimuli support innate
behavior. Larvae can show attraction or aversion to odors
(Fig. 11A [1]; in order to make it easier to relate the behavioral evi-
dence referred to in the text to the diagrams in the figures, we
added the numerals 1–9 to the figure), and show positive or neg-
ative preference for tastants, dependent on identity and concen-
tration of the odors and tastants, respectively (Fig. 11A [2,3]).
We could not, despite effort, find any evidence of interaction
between these two pathways: neither does ambient taste seem
to affect olfactory attraction (Fig. 4), nor does in turn ambient
odor have an effect on gustatory preference (Fig. 1). The latter
may at first sight appear somewhat surprising, as Shiraiwa
(2008) had found in adult Drosophila that the proboscis extension
reflex, an element of feeding behavior, can be facilitated by odors.
However, our results certainly do not rule out that odors may, also
in the larva, have a potentiating effect on feeding behavior.

In any event, as assayed in this study, the innate locomotor
tendencies supported by odors and tastants seem mutually insu-
lated (a situation similar to what we have found for visual and
olfactory processing: Yarali et al. 2006). However, the joint pre-
sentation of odor and tastant does support the establishment of
an associative memory trace, clearly requiring some convergence
of both kinds of signaling in the larval brain (also, the joint pre-
sentation of visual cues and tastants associatively alters visual
behavior: Gerber et al. 2004b). As discussed above, this type of
interaction is mediated by modulatory interneurons to “short-
circuit” taste and smell processing, employing distinct sets of neu-
rons to signal reward and punishment (Fig. 11B [5]). As for a given

Figure 11. Behavioral-based circuit of larval chemosensory behavior.
The figures illustrate, in a sequential way, which kinds of circuitry have
to be proposed to accommodate the behavioral experiments reported
in this study. To make it easier to relate behavioral evidence referred to
in the body text to these diagrams, we added numerals 1–9. (A) Innate
olfactory and innate gustatory behavior are mutually “insulated” (Figs.
1, 4). [1] Odors are usually attractive (Fig. 4), except at very high concen-
trations (e.g., Cobb and Domain 2000; Colomb et al. 2007b). [2] Larvae
show negative preference in the case of high concentrations of salt and of
quinine (Fig. 1B,C; Hendel et al. 2005; Niewalda et al. 2008) and positive
preference in the case of low concentrated salt and sugar (Fig. 1A;
Schipanski et al. 2008). [3] We present joint cellular pathways for
sugar/low-concentrated salt processing and for bitter/high-concentrated
salt processing, respectively, based on Hiroi et al. (2004). Separated cellu-
lar pathways for sugar/low-concentrated salt vs. bitter/high-concentrated
salt are based on Marella et al. (2006). (B) Establishment of the memory
trace and sketch of conditioned olfactory behavior. Larvae can associate
an odor with a reward, leading to conditioned approach toward this
odor (Fig. 8B; Scherer et al. 2003; Neuser et al. 2005; Schipanski et al.
2008), or with a punishment, leading to conditioned aversion to this
odor (Fig. 8A; Gerber and Hendel 2006; Niewalda et al. 2008). Trivially,
this requires convergence of the to-be-associated signals. [4] The bifur-
cation of the olfactory pathway is based on Heimbeck et al. (2001); [5]
separated cellular processing of internal reward and punishment signals
is based on Schwaerzel et al. (2003) and Schroll et al. (2006); [6] sepa-
rated subcellular target regions of internal reward and punishment
signals are based on the suggestion by Schwaerzel et al. (2003); [7] sep-
arated cellular processing of retrieval of aversive and appetitive memory
traces is based on Séjourné et al. (2011). (C) Reconsidering the nature
of learned behavior as conditioned search and conditioned escape behav-
ior. Olfactory memory traces are behaviorally expressed only if animals
expect to improve their situation: [8] The presence of a reward signal at
the moment of testing which is at least as “good” as predicted blocks
the expression of conditioned search behavior (Fig. 8B); [9] in turn,
only if at the moment of testing a punishment signal is present, which
is at least as “bad” as predicted, conditioned escape behavior is expressed
(Fig. 8A). Please note that the suppressing effect of satiety on appetitive
conditioned behavior (Krashes et al. 2009) is proposed to come about
by preventing processing beyond the point marked by an asterisk in C
and thus likely is a process distinct from the one we investigate here.
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odor there likely is but one set of Kenyon cells available to enter
into association with reward and punishment; these reward and
punishment signals likely target different cellular compartments
of these cells (Fig. 11B [6]), from which appetitive and aversive
memory traces likely are retrieved via different sets of mushroom
body–extrinsic neurons (Fig. 11B [7]).

In addition to these interactions of olfactory processing and
taste-triggered reinforcement signals during training, we identify
a second type of interaction. That is, whether these memory traces
are behaviorally expressed or not is determined neither by the
strength of the memory trace per se, nor by the circumstances of
testing per se, but rather depends on a comparison between the
respective memory trace and the value of the test situation: condi-
tioned search behavior is expressed unless it is disabled by the
presence of an at least as good as predicted sugar (Fig. 11C [8]).
In contrast, only the presence of quinine or salt at an intensity
at least as bad as predicted enables the expression of conditioned
escape behavior (Fig. 11C [9]). We would like to stress that these
processes require the memory trace to be “read-out” to allow for
this comparison with the value of the test situation; therefore,
obviously, these comparisons have to take place downstream
from the site of the memory trace. This is critically different
from the proposed effect of satiety: Krashes et al. (2009; loc. cit.
Fig. 7) suggest that satiety prevents the very read-out of the mem-
ory trace, i.e., is acting effectively upstream of the memory trace
(site labeled with ∗ in Fig. 11C). Thus, potentially, there may be
two mechanisms at operation, one regulating whether a memory
trace is addressed and read-out at all (depending on satiety), and
another one regulating the behavioral expression of an activated
memory trace, dependent on the comparison between memory
trace and the testing situation.

Generality?
As discussed above, we propose that animals express an aversive
memory if they are motivated to escape from the test situation.
Presenting an aversive reinforcer, as we did in our experiments,
may not be the only way to induce such motivation. Indeed, there
exist a broad range of studies on aversive conditioned behavior in
insects that do not report the necessity of an apparent aversive
reinforcer at the moment of test. Arguably, however, in these cases
there may exist other sources of escape motivation:

Honjo and Furukubo-Tokunaga (2009) used a nonreciprocal
quinine-learning paradigm and found aversive memory scores in
the absence of quinine. However, as in that study animals were
bathed in a liquid quinine solution during training, there may
be a lingering bitter aftertaste at the moment of test. That is,
although no quinine is presented on the test Petri dish, animals
may still regard the substrate as unpleasantly bitter and seek to
escape from it. Such a lingering taste may also be an explanation
for the reported differences in stability of appetitive and aversive
memory (half-maximal effects after 90 and 10 min, respectively:
Honjo and Furukubo-Tokunaga 2005, 2009): With the lingering
taste subsiding, scores of conditioned aversion quickly decay.

Regarding larval electroshock learning, Pauls et al. (2010)
report that associative aversion scores are more negative if the
last training trial included electric shocks, compared with animals
that received electric shock in the previous last training trial. This,
again, may hint at a residual effect of electric shock that may moti-
vate the animals’ escape during test, which may be stronger for
those groups that had received shock just prior to testing (in the
related study by Khurana et al. [2009], data were not analyzed
regarding sequence effects).

Similar arguments may apply in the case of olfactory electro-
shock learning in adult flies (Tully and Quinn 1985), especially as
the intensity of electric shocks in this paradigm is often close to

causing physical damage. Interestingly, Tempel et al. (1983)
report that aversive memory scores induced by electroshocks are
much less stable than appetitive memory scores induced by sugar
(half-maximal effects are found after 2 and 18 h, respectively).
Again, this may hint at a carryover effect of the aversive reinforcer
that vanishes after training, such that the driving force behind
associative aversion may get lost. Also, before the arms of the
T-maze are opened in this type of assay, about 100 fairly stressed
flies are crowded in a volume approximately as small as a cherry
(�1.5 cm3), a situation that should be unpleasant to the flies.
Along the same lines, the training and testing situation in
sting-extension reflex conditioning of honeybees fixates the ani-
mals horizontally on their backs (Giurfa 2007, loc. cit. Fig. 1),
which may not be a leisurely body posture for them.

On the other hand, after conditioning crickets with saline
solution (Matsumoto and Mizunami 2002, loc. cit. Fig. 3) animals
avoid the punished odor in a not apparently unpleasant situation.
This observation seems to not fit to the rule of escape motivation
suggested above. We note, however, that in this paradigm odor
and punishment are presented not only in very close temporal
but also in very close spatial proximity, potentially prompting
the odor to stand in for the punishment, rather than becoming
a signal for punishment. A similar argument may apply to
odor–taste learning in Spodoptera littoralis larvae (Salloum et al.
2011).

Thus, we hesitate to judge whether the behavioral organiza-
tion of learned behavior as found in this study is an exceptional
case or whether it reveals a principle that had remained opaque
in previous assays that may have “implicitly” provided a bad
enough testing situation. Indeed, in a recently developed para-
digm of association between odor and mechanosensory distur-
bance as punishment in larval Drosophila, learned behavior
likewise is only revealed in the presence of that punishment
(Eschbach et al. 2011). Also, Schnaitmann and colleagues, analyz-
ing visual learning in adult flies, report that after punishing
animals with formic acid during training, aversive memory is
behaviorally expressed in the presence but not the absence of for-
mic acid (Schnaitmann et al. 2010, loc. cit. Fig. 10). Importantly,
in this paradigm 50–100 flies can freely move about a large, 9-cm
diameter test arena, such that there may not be any reason to
escape unless “explicitly” provided by the experimenter by adding
formic acid to the test situation. Similarly, flies trained to associate
visual landmarks with a comfortably cool spot in an otherwise
uncomfortably hot arena search at the trained location if the test-
ing arena is uniformly hot (Ofstad et al. 2011), but not nearly as
well when it is uniformly cool (M Reiser, HHMI JFRC, pers.
comm.).

Outlook
Contemplating the neuronal architecture of the insect olfactory
system (Fig. 10; for a recent review, see Galizia and Rössler
2010), one of the striking features is that antennal lobe output
has two target areas: the mushroom bodies and the lateral horn.
These, we propose from our behavior analysis (Fig. 11), corre-
spond to one flexible, open processing stream, and one more
rigid, closed one:

† Along the mushroom body route, olfactory processing is inte-
grated with at least two kinds of gustatory signal, namely, a
reinforcement signal to induce associative plasticity in the
mushroom bodies, and a value signal regarding the current
status of the gustatory environment. When encountering a
conditioned odor, this “triadic” architecture accommodates a
regulatory step, an element of “pondering” if you will, between
the activated memory trace and behavior control: It integrates
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the past experience of the larva (in the form of the memory
trace activated by the odor), its present matter of concern (in
terms of the present gustatory environment), and its options
for future action (in terms of the premotor neurons for condi-
tioned behavior). This endows the animal with the option to
express conditioned olfactory behavior or not. The flexibility
and openness of this architecture, we suggest, is a basic feature
of behavior organization, reflecting the fundamental uncer-
tainty in the world as we find it in general, and the uncertainty
of what will be the best action under any given set of circum-
stances in particular.

† In contrast, the direct antennal lobe-lateral horn pathway is rel-
atively rigid and closed: It is effectively “insulated” against gus-
tatory processing (as well as against visual processing: Yarali
et al. 2006). There are few if any degrees of freedom along this
processing stream, such that a given olfactory stimulus is, with-
out much reference to what goes on in the “rest” of the brain,
able to organize behavior. Such relatively hard-wired organiza-
tion, we argue, reflects the outcome of evolutionary trial and
error, a phylogenetic curbing of the initially open and flexible
organization of behavior to those few odor–behavior relation-
ships that fit under almost all circumstances.

Considering the contrast to the relatively rigid, closed processing
stream along the antennal lobe-lateral horn pathway, we suggest
that conditioned olfactory behavior organized along the mush-
room body loop assumes characteristics of a “decision” (Zhang
et al. 2007), in our case in the sense that conditioned behavior
can be expressed or not. Such a “decision” appears simple enough
to allow experimental access and complex enough to remain
interesting.

For now, the proposed functional circuitry is merely a work-
ing hypothesis, a scaffold to investigate the cellular sites of asso-
ciative plasticity, the tastant signals modulating, as well as the
downstream motor effectuators organizing learned olfactory
behavior. It should thus, we hope, bring us closer to a comprehen-
sive understanding of what makes a larva do what a larva’s got to
do and to the implementation of this understanding into a bio-
inspired robot.

Materials and Methods

General
Drosophila melanogaster of the Canton-S wild-type strain are used
and kept in mass culture, maintained at 25˚C, 60%–70% relative
humidity, and a 14/10 h light/dark cycle. Experiments are per-
formed under a fume hood at 20˚C to 24˚C room temperature
and use 5-d-old feeding-stage larvae collected from the food slurry
and gently washed in tap water before the start of the experi-
ments. Petri dishes used (Sarstedt) are of 85-mm diameter (except
in the case of the experiments displayed in Figs. 1–3, which use
52-mm Petri dishes); they are prepared freshly the day before
experiments and contain solidified 1% agarose (electrophoresis
grade; Roth) (only the experiment displayed in Fig. 9 uses 2.5%
agarose). As the respective experiments require, tastants (fructose
[FRU; CAS: 57-48-7; purity 99%; Roth]; quinine hemisulfate [QUI;
CAS: 6119-70-6; Sigma-Aldrich], or sodium chloride [NaCl; CAS:
7647-14-5; purity 99.5%; Roth]) are added to the agarose at the
respectively indicated concentrations to create sweet, bitter, or
salty substrates. Odors (n-amylacetate [AM; CAS: 628-63-7;
Merck]; 1-octanol [OCT; CAS: 111-87-5; Sigma-Aldrich]; benzalde-
hyde [BA; CAS: 100-52-7; Fluka]) are presented by custom-made
Teflon containers with 5-mm diameter, covered by a lid with
seven 0.5-mm holes as soon as 10 mL of odor has been loaded;
dilutions are made in paraffin oil (CAS: 8012-95-1; Sigma-
Aldrich). Only the experiments displayed in Figures 1–3 use
another way of odor application (see below).

Is innate gustatory behavior affected by ambient odor?
For assaying innate gustatory behavior, 52-mm diameter Petri
dishes are divided into two halves by using a vertical barrier cut
from overhead transparencies (Hendel et al. 2005). One half of
the dish is filled with only solidified 1% agarose and the other
with agarose in addition containing one of three tastants (FRU,
QUI, NaCl). Shortly before the substances solidify, the barrier is
removed and Petri dishes stored for use on the following day.

Larvae are put in the middle of such a split Petri dish. After 1,
2, 4, and 8 min their location is repeatedly determined as either
on the tastant side (#TASTANT), on the agarose-only side (#PURE)
or in an �1-cm-wide “middle” stripe of the plate (#MIDDLE; for
clarity, this middle stripe is not displayed in the sketches of the fig-
ures) as well as the total number of larvae (#TASTANT + #PURE +
#MIDDLE ¼ #TOTAL). Given that for these experiments the small-
diameter Petri dishes are used, and that we repeatedly score larval
behavior at fairly short intervals, only 15 larvae are used in all gus-
tatory behavior assays. From these data, a Gustatory Index (GI)
[21; 1] is calculated as:

GI = (#TASTANT − #PURE)

#TOTAL
. (4)

Thus, positive values indicate positive preference to the tastant,
negative values negative preferences to the tastant.

To test whether innate gustatory behavior is altered by the
presence of an odor, the Gustatory Index is determined (1) in
the absence of odor, (2) in the presence of n-amylacetate (AM;
diluted 1:50), or (3) in the presence of 1-octanol (OCT; undiluted).

To prevent an accumulation of the larvae at and immediately
around the odor containers, in only this experimental series no
odor containers are used. Rather, two 0.5-cm × 0.5-cm filter
papers are attached to the inner side of the lid of the Petri dish,
each on one side of the plate, using double faced adhesive tape.
Filter papers are loaded either both with 5 mL of AM or both
with 5 mL of OCT. As control condition, no odor is added to the
filter papers.

Is innate olfactory behavior altered in the

presence of tastants?
To test whether, in turn, innate olfactory behavior is influenced by
the presence of tastants, behavior of experimentally naive larvae
toward odor is assayed on a Petri dish containing either (1)
agarose-only or on Petri dishes which in addition contain (2) fruc-
tose (2 M), (3) quinine (5 mM), (4) low salt (0.25 M), or (5) high
salt (1.5 M).

Petri dishes (85-mm diameter) are filled with either 1% solidi-
fied agarose or with agarose plus an added tastant and are used the
following day. Two Teflon containers are placed at the circumfer-
ence of the Petri dish, on opposing sides; one is loaded with 10 mL
of odor (either AM or OCT, at the respectively indicated dilution),
while the other container serves as control with no odor added
(empty, EM). For all olfactory behavior assays, the large-diameter
Petri dishes are used to yield sufficient distances for odor gradients
to form. As in addition no temporal resolution of a larval behavior
is attempted, all olfactory behavior experiments, including all
learning experiments, use groups of 30 larvae. Larvae are trans-
ferred to the middle of a Petri dish; after 3 min, we determine
the number of animals at the odor side (#ODOR), the number at
the no-odor side (#EM) as well as in a 1-cm-wide middle stripe
(#MIDDLE; for clarity, this middle stripe is not displayed in the
sketches of the figures), and the total (#ODOR + #EM + #MIDDLE ¼
#TOTAL) number of larvae and calculate an Olfactory Index (OI)
[21; 1] as:

OI = (#ODOR − #EM)

#TOTAL
. (5)

Thus, positive values indicate attraction to the odor, negative
values aversion.
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Conditioned olfactory behavior: Two-odor paradigm
Three kinds of training are used: (1) appetitive training, (2) aver-
sive training, and (3) a “push–pull” combination using both
reward and punishment. For appetitive training, larvae receive
either of two training protocols: Either AM is presented with
reward and OCT without reward (AM+/OCT), or they are trained
reciprocally (AM/OCT+). For aversive training, the procedure
is analogous (AM2/OCTor AM/OCT2). For the push–pull exper-
imental design, one odor is rewarded and another odor is pun-
ished (AM+/OCT2 or AM2/OCT+). In all cases, we measure
the choice between AM vs. OCT in a final test. As reward and
punishment, respectively, we use fructose, quinine, or salt added
to agarose, in the concentrations mentioned in the Results
section.

Specifically, two odor containers are loaded with odor (unless
mentioned otherwise, either with AM diluted 1:50 in paraffin
oil, or with undiluted OCT) (diluting AM ensures that innate
responses to AM and OCT are about equally strong [cf. Fig. 4A
and B]) and placed onto a Petri dish that either does or does not
contain a tastant reinforcer. These two containers (both loaded
with the same odor) are placed at the outer circumference of a
Petri dish, on opposing sides. For the first training trial, larvae
are transferred to the Petri dish; after 5 min they are transferred
to a fresh dish with the alternative odor–substrate combination
for the second training trial. For example, during appetitive train-
ing larvae are first exposed to AM in the presence of fructose
(AM+), and then to OCT in the absence of fructose (OCT)
(AM+/OCT training). This training cycle is repeated three times.
Then, animals are placed in the middle of a Petri dish with AM on
one side and OCT on the other. This test plate may or may not
contain a tastant reinforcer, as is mentioned along the Results
section.

After 3 min, we determine the number of animals at the AM
side (#AM), the number at the OCT side (#OCT), the number of lar-
vae on the middle stripe (#MIDDLE) and the total (#AM + #OCT +
#MIDDLE ¼ #TOTAL) number of larvae and calculate an Olfactory
Index (OI) [21; 1] as:

OI = (#AM − #OCT)

#TOTAL
. (6)

Then, a second group of larvae is trained reciprocally, such that
OCT is rewarded and AM is not (AM/OCT+). From these alter-
nately run, reciprocally trained groups we calculate a
Performance Index (PI) [21; 1] as:

PI = (OIAM+/OCT − OIAM/OCT+)

2
. (7-a)

Thus, positive PIs indicate appetitive, negative values aversive
conditioned behavior.

In half of the cases the sequence of training trials is as indi-
cated in the previous example (i.e., AM+/OCT and in the recipro-
cal group AM/OCT+), and in the other half of the cases the
sequences are reversed (i.e., OCT/AM+ and in the reciprocal
OCT+/AM). Notably, the sequence of training trials does not
have an effect on behavior at test (Schleyer 2009; Saumweber
et al. 2011), and hence, the assignment of data for the calculation
of the PI is unproblematic (see also Appendix of Hendel et al.
2005). For aversive training and push–pull training, training is
performed in an analogous way and the Performance Indices are
calculated respectively as:

PI = (OIAM−/OCT − OIAM/OCT−)

2
after aversive training. (7-b)

PI = (OIAM+/OCT− − OIAM−/OCT+)

2
after push−pull training. (7-c)

Conditioned olfactory behavior: One-odor paradigm
In order to confirm our findings we repeat the kinds of experiment
described above in a number of cases, but using only one odor.

That is, training and test are run in the very same way as described,
but OCT is omitted throughout, such that instead of loading
the respective container with OCT, an empty container (EM) is
used. Thus, appetitive training follows the logical structure of
training as either AM+/EM or in the reciprocal AM/EM+.
Aversive training is run as either AM2/EM or in the reciprocal
as AM/EM 2 , and the push–pull version uses either AM+/
EM2 or AM2/EM+ training. Again, the sequence of trial types
is reversed in half of the cases (see above). Then, larvae are tested
for their choice between AM and EM on the respectively men-
tioned type of substrate and data are analyzed as detailed above.

Data analysis
Given that behavioral data typically are not normally distributed
(and, in particular, as data within restricted intervals by definition
are not normally distributed), nonparametric statistics (one-
sample sign test, Kruskal-Wallis test, Mann-Whitney U-test) are
applied throughout, using Statistica 7.1 (StatSoft) for the PC
(the one-sample sign test uses a web-based statistic tool provided
on http://www.fon.hum.uva.nl/Service/Statistics.html). When
multiple one-sample or pair-wise comparisons are made within
an experiment, a Bonferroni correction keeps the experiment-
wide error rate ,5% by dividing the critical P-value by the num-
ber of tests (e.g., for three tests P , 0.05/3); this is a conservative
approach to significance testing. Data are displayed as box plots,
where the middle line shows the median, the box boundaries
the 25, 75% quantiles, and the whiskers the 10, 90% quantiles.
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