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Drosophila larvae are an established model system for studying the mechanisms of innate and simple forms of learned behav-
ior. They have about 10 times fewer neurons than adult flies, and it was the low total number of their neurons that allowed
for an electron microscopic reconstruction of their brain at synaptic resolution. Regarding the mushroom body, a central
brain structure for many forms of associative learning in insects, it turned out that more than half of the classes of synaptic
connection had previously escaped attention. Understanding the function of these circuit motifs, subsequently confirmed
in adult flies, is an important current research topic. In this context, we test larval Drosophila for their cognitive abilities in
three tasks that are characteristically more complex than those previously studied. Our data provide evidence for (i) con-
ditioned inhibition, as has previously been reported for adult flies and honeybees. Unlike what is described for adult flies
and honeybees, however, our data do not provide evidence for (ii) sensory preconditioning or (iii) second-order condition-
ing in Drosophila larvae. We discuss the methodological features of our experiments as well as four specific aspects of the
organization of the larval brain that may explain why these two forms of learning are observed in adult flies and honeybees,

but not in larval Drosophila.

[Supplemental material is available for this article.]

Investigations of Drosophila melanogaster have led to the discovery
of evolutionarily conserved mechanisms for associative learning
and memory (Dudai et al. 1976; Heisenberg et al. 1985; Tully and
Quinn 1985). The application of convenient methods for cell-
specific transgene expression (Brand and Perrimon 1993; Pfeiffer
et al. 2010) then enabled follow-up analyses to reveal the neuronal
circuits underlying this simple form of cognition (Zars et al. 2000;
Guven-Ozkan and Davis 2014; Gerber and Aso 2017; Cognigni
et al. 2018; Boto et al. 2020).

The potential of larval Drosophila for learning and memory re-
search was realized early on (Aceves-Pifla and Quinn 1979), and
with renewed interest when paradigms were established for the as-
sociation of odors and taste reward (Scherer et al. 2003; Neuser et al.
2005) and punishment (Gerber and Hendel 2006; Niewalda et al.
2008; El-Keredy et al. 2012), and between odors and the optoge-
netic activation of brain reward neurons (Schroll et al. 2006).
Larvae possess about 10 times fewer neurons than adult flies, but
feature adult-like circuit motifs—for example, in the olfactory
pathways (Gerber and Stocker 2007; Vosshall and Stocker 2007;
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Diegelmann et al. 2013; Thum and Gerber 2019; Eschbach and
Zlatic 2020). The larva’s nervous system has been partially mapped
into a light-microscopic cell atlas (Li et al. 2014), and transgenic
driver strains can be generated to manipulate neurons of interest
in the context of learning experiments (Rohwedder et al. 2016;
Saumweber et al. 2018). Furthermore, the electron microscopic re-
construction of the chemical-synapse connectome of a first-instar
larval brain has revealed unexpected circuit complexity in the
mushroom body (Eichler et al. 2017; Winding et al. 2023), a
central-brain structure that is essential for a number of mnemonic
processes in insects, including for associative memory between
odors and taste reward (for reviews, see Menzel and Benjamin
2013). The analysis and interpretation of these circuit motifs, sub-
sequently confirmed in adult flies (Takemura et al. 2017; Zheng
et al. 2018; Li et al. 2020), now largely define the research agenda
of the field.

In this context, we probe the cognitive limits associated with a
mushroom body that is numerically as simplified as in larval
Drosophila. We test these animals in three tasks, well established
in experimental psychology (Rescorla 1988a,b), that are character-
istically more complex than the paradigms hitherto applied in
larvae: conditioned inhibition, sensory preconditioning, and
second-order conditioning.

© 2024 Sen et al. This article, published in Learning & Memory, is available
under a Creative Commons License (Attribution 4.0 International), as described
at http://creativecommons.org/licenses/by/4.0/.
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Cognitive limits of maggots

Conditioned inhibition

In a typical associative learning task, a cue (A) is presented together
with a reward (+) (in Pavlovian terminology these would be re-
ferred to as the conditioned and unconditioned stimulus). Such
paired training (A+) is said to establish “conditioned excitation”
because the cue excites the expectation of the reward to occur
and prompts behavior in anticipation of receiving it. In contrast,
“conditioned inhibition” refers to the opposing process, which al-
lows the cue to inhibit the expectation of the reward to occur,
prompting behavior in anticipation of not receiving it (Rescorla
1969). Conditioned inhibition can be established by training the
subjects such that whenever the reward is presented the cue is
not, and vice versa (unpaired training: +/A). In other words, paired
training establishes A as a predictor of reward occurrence (condi-
tioned excitation), whereas unpaired training establishes A as a pre-
dictor for the reward’s nonoccurrence (conditioned inhibition).
Learning through unpaired training is characteristically complex,
because although it is about the reward, it takes place at a moment
when the reward is not physically present.

Opposing effects of paired versus unpaired training have been
reported in larval Drosophila (Saumweber et al. 2011; Schleyer et al.
2018, 2020), adult flies, and honeybees Apis mellifera (Bitterman
et al. 1983; Matsumoto et al. 2012; Barth et al. 2014; Jacob and
Waddell 2020). Here, we confirm and extend these results in larval
Drosophila with respect to hallmark features of conditioned inhibi-
tion, using presentations of a sugar taste reward unpaired from an
odor cue.

Sensory preconditioning

Sensory preconditioning (Brogden 1939) refers to the learning
that results from two cues A and B—say the visual appearance
and the song of a bird—occurring together, thus establishing
their combination into a psychological object. This allows for
pattern completion if one of the cues is not physically pre-
sent—for example, when the song of the wood pewee calls
up its visual appearance. Sensory preconditioning can be dem-
onstrated in a two-stage experiment. In phase (i), AB are pre-
sented, and then in phase (ii), A+ is trained, followed by a
test of B. Responding to B during the test would be indicative
of sensory preconditioning. The characteristic complexity of
such sensory preconditioning is evident first in that it takes
place in the absence of reinforcement in phase (i). It is evident
second in that it requires chained processing during phase (ii)
such that by virtue of the previously established AB association
cue A calls up B, which is then associated with +, and/or
chained processing during the test such that, again by virtue
of the previously established AB association, cue B calls up A,
which then calls up the A+ association (Molet et al. 2012).
Either way, sensory preconditioning hinges on the AB associa-
tion established in phase (i).

Sensory preconditioning has been shown in adult flies and
bees (Miiller et al. 2000; Brembs and Heisenberg 2001; Martinez-
Cervantes et al. 2022), including for binary odor compounds as
cues A and B. We sought to establish sensory preconditioning in
larvae, likewise between the elements of binary odor compounds.

Second-order conditioning

Second-order conditioning (Pavlov 1927; Rescorla 1980) refers to
the observation that when a cue A is firmly associated with a reward
it can itself have a rewarding effect—even when the reward is not
physically present. For example, once humans have learned that
money can buy chocolate, money can itself act as a reward of the
second order. Experimentally, second-order conditioning can be
demonstrated by first (i) training A+, and then (ii) presenting
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AB, followed by a test of B revealing a response. For cues repeatedly
experienced in succession before a reward, for example, O-then-
X-then-A and only then the reward, second-order conditioning
allows the staggered formation of associations for cues such as O,
which would be temporally too far removed from the reward if
they were trained in isolation. In other words, second-order condi-
tioning can identify the earliest reward-predicting cue, allowing
temporally distant goals to be pursued in a chained manner.

Second-order conditioning has been observed in adult flies
and bees (Takeda 1961; Bitterman et al. 1983; Brembs and
Heisenberg 2001; Hussaini et al. 2007; Tabone and De Belle
2011; Yamada et al. 2023), again including for binary odor com-
pounds as cues. We sought to establish second-order conditioning
for larvae, using binary odor compounds as well.

Materials and Methods

Animals, materials, and chemicals

Drosophila melanogaster larvae were raised in mass culture on stan-
dard cornmeal-molasses food and maintained at 25°C, 60%-70%
relative humidity, and a 12 h:12 h light-dark cycle. For behavioral
experiments, 5-d-old, third-instar, feeding-stage, wild-type Canton
Special larvae of either prospective sex were used. Cohorts of ap-
proximately 30 larvae were collected from the food vials, rinsed
in water, collected in a water droplet, and then used for
experiments.

For behavioral experiments, Petri dishes of 9 cm diameter
(Nr. 82.1472 Sarstedt) were filled with 1% agarose solution as
the substrate (PUR; electrophoresis grade; CAS: 9012-36-6, Roth)
or with fructose as the sugar taste reward (+) added to the agarose
solution (2 M; purity 99%; CAS: 57-48-7 Roth). For odor presen-
tation, either custom-made Teflon containers or Petri dish lids
equipped with filter papers were used. The Teflon containers
were of 5 mm diameter with perforated lids with five to 10 holes,
each of ~0.5 mm diameter. These were filled with 10 puL of odor
solution before the experiment and used for 1 d. The aforemen-
tioned Petri dish lids were equipped with four filter papers;
each of these filter papers was loaded with 5 pL of the respective
odor solution shortly before each experiment. When two odors
were presented in the compound, 5 puL of each odor solution
was used per filter paper; these were renewed after each
experiment.

As the odor substances, either n-amylacetate (AM; CAS:
628-63-7, Merck; diluted 1:20 in paraffin oil; CAS: 8042-47-5,
AppliChem) or 1-octanol was used (1-OCT; CAS: 111-87-5;
Merck; undiluted). Paraffin is without behavioral significance in
larval Drosophila (Saumweber et al. 2011).

Behavioral experiments

Effects of PAIRED versus UNPAIRED training with one training trial

Experiments followed a standard, one-odor, single-training-trial
protocol (Fig. 1A; Saumweber et al. 2011; Weiglein et al. 2019;
for a manual, see Michels et al. 2017). Larvae underwent either
paired or unpaired presentations of AM as the odor and the sugar
taste reward (+), followed by a preference test for the odor.

For paired training (PAIRED), two containers with AM were
located on opposite sides of a Petri dish filled with sugar-
supplemented agarose. Cohorts of ~30 larvae were placed in the
middle of the Petri dish and left undisturbed for 2.5 min to disperse
through the Petri dish (AM+). Subsequently, the larvae were col-
lected with a brush and transferred to a second “blank” Petri dish
containing neither the sugar reward nor the odor and left free to
move about the Petri dish for a further 2.5 min; in this case, two
empty odor containers (EM) were placed on the Petri dish. In
half of the cases, this sequence was as mentioned (AM+/EM),
whereas in the other half of the cases, it was the reverse (EM/AM+).
Subsequently, the larvae were transferred to a test Petri dish
with agarose but no sugar added (unless mentioned otherwise);
in this case, an odor container with AM was placed on one
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Figure 1. Odor-sugar associative memory in larval Drosophila. (A-D) Drosophila melanogaster larvae received either PAIRED training of an odor (yellow
cloud, n-amylacetate) and a fructose sugar reward presented on the same Petri dish (green circle), or they received the sugar reward separately (UNPAIRED
training). To equate for training duration and handling, blank periods (open circle) were added for the PAIRED case. The sequence of events during training
was as depicted in half of the cases and the reverse in the other half of the cases (not shown). After training, the larvae were tested for their odor preference
(Equation 1), and a memory score was calculated from the difference between PAIRED and UNPAIRED training (Equation 2). (A) After one-trial PAIRED
training the larvae show higher odor preferences than after UNPAIRED training. (B) The resulting memory scores indicate appetitive associative
memory. (C,D) Corresponding results are observed after three training trials. Box plots show the median as the midline, the 25%/75% quantiles as
box boundaries, and 10%/90% quantiles as whiskers. Sample sizes are indicated within the figure. (#) Significance from zero in an OSS test, (*) significance
in an MWU test. Statistical results and source data are in Supplemental Table ST1.

side, and an EM container was placed on the opposite side of
the Petri dish. After 3 min, the number of larvae on each
side (@AM-side and @EM-side, respectively) and the typically
<12% of larvae on a 10-mm-wide middle zone were counted, in-
cluding the larvae crawling up the sidewalls of the Petri dish;
only larvae crawling up the lid of the Petri dish were excluded
(<5%). From these numbers, a preference score for the odor was cal-
culated as

@AM — @EM

Od f =
our preference Total

6

Thus, odor preference scores may range from +1 to —1, with posi-
tive values indicating an approach to the odor and negative values
indicating avoidance.

For unpaired training (UNPAIRED), an independent cohort of
larvae was likewise placed in Petri dishes, in this case, however, fea-
turing either only agarose with the sugar reward added but no odor
(EM+) or the odor but no sugar reward added to the agarose (AM).
Again, either the aforementioned sequence (EM+/AM) or the re-
verse sequence (AM/EM+) was used, followed by the test for odor
preference as described above.

To quantify associative memory, a memory score was calcu-
lated based on the odor preference scores after PAIRED and
UNPAIRED training as

PAIRED — UNPAIRED

3 @)

Memory score =

Values for the memory score may thus range from +1 to —1, with
positive values indicating appetitive associative memory, whereas
negative values would indicate aversive associative memory.

To quantify the effect of using different sequences of odor and
sugar reward presentation, we separately calculated a sequence in-
dex for the odor preference scores after PAIRED and UNPAIRED
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training as follows:

(EM/AM+) — (AM+/EM)
5 .
(EM+/AM) — (AM/EM+)
5 .

3

Sequence indexparep =

“)

Sequence indexynpairep =

Values of the sequence index may thus range from +1 to —1.
Positive values indicate higher odor preferences when the odor
came last during training (EM/AM+ or EM+/AM) as compared to
when the odor came first (AM+/EM or AM/EM+). Conversely, neg-
ative sequence indices indicate higher preferences when the odor
came first (AM+/EM or AM/EM+) as compared to when the odor
came last (EM/AM+ or EM+/AM). The arrangement of the numer-
ator and thus the signs of the sequence index are arbitrary in a tech-
nical sense. The way we arranged them ensures that, according to
the model that we want to test, conditioned inhibition should
lead to negative sequence indices for the UNPAIRED groups (for
more details on the underlying rationale, see Results section). We
then arranged the numerator for the PAIRED groups such that
for the data in Figure 4D,H any trend in the sequence indices
of the PAIRED group would have the same sign as for the
UNPAIRED groups; this is conservative because it underestimates
the difference between the PAIRED and the UNPAIRED groups.

Effects of PAIRED versus UNPAIRED training with three training trials

All procedures were the same as in the preceding section, except
that two additional training trials were performed in immediate
succession.

Sensory preconditioning

To test for sensory preconditioning, larvae first underwent a pre-
conditioning phase exposing them to two odors, followed by an
odor-reward conditioning phase for one of these odors and a test
of preference for the respective other odor (see Fig. 5).
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During preconditioning, the larvae received the two odors
AM and 1-OCT either presented together asa COMPOUND or tem-
porally SEPARATED from each other, in both cases on Petri dishes
with only pure agarose; to equate for the total duration of the
experiment and for handling, we added a blank trial for the
COMPOUND case. The sequence of trial types during precondi-
tioning was balanced across repetitions of the experiment. Three
trials of preconditioning were followed by a conditioning phase,
in which the larvae in the experimental groups received a single tri-
al of PAIRED presentation of AM and the sugar reward (AM+/EM or
EM/AM+). The larvae in the control groups received neither
the odor nor the sugar reward (HANDLING), only the SUGAR
(EM+/EM or EM/EM+), or only the ODOR (AM/EM or EM/AM).
In the following test, the larvae were assayed for their prefer-
ence for 1-OCT, determined with due adjustment according to
Equation 1.

To quantify the impact of preconditioning as the difference in
odor preference between the SEPARATED and the COMPOUND
cases, a difference index was calculated as

COMPOUND — SEPARATED

3 ®)

Difference index =

Accordingly, positive values indicate a higher odor preference in
larvae that received the odors in COMPOUND during precondi-
tioning as compared to larvae that received them SEPARATED; neg-
ative values indicate the opposite. Sensory preconditioning as an
associative phenomenon would be indicated by higher difference
indices in the experimental groups than in the control groups.

For odor presentation, the Petri dish lids were equipped with
four (during preconditioning and conditioning) or two (during the
test) filter papers. One minute before the lid was placed on the Petri
dish, the filter papers were loaded with the respective odors.

Variations on the paradigm are mentioned within the Results
section.

Second-order conditioning

To test for second-order conditioning, the larvae first underwent a
conditioning phase to establish an odor-reward association (first-
order conditioning). This was followed by a second-order condi-
tioning phase in which the previously rewarded odor was present-
ed together with a novel odor. Then the larvae were tested for their
preference for this novel “target” odor (see Fig. 7).

During first-order conditioning, the larvae in the experimen-
tal groups received a single PAIRED presentation of AM and the
sugar reward (AM+/EM or EM/AM+). The larvae in the control
groups received neither the odor nor the sugar reward
(HANDLING), only the SUGAR (EM+/EM or EM/EM+) or only
the ODOR (AM/EM or EM/AM). This was followed by the second-
order conditioning phase, during which the previously rewarded
odor AM was presented either in COMPOUND with a novel, target
odor (1-OCT) or temporally SEPARATED from the target odor; in
both cases, Petri dishes with only pure agarose were used. To equate
for the total duration of the experiment and for handling, we add-
ed a blank trial for the COMPOUND case. The sequence of trial
types during second-order conditioning was balanced across repe-
titions of the experiment, too. In the following test, the larvae were
assayed for their preference for 1-OCT, determined with due ad-
justment according to Equation 1.

To quantify the impact of the second-order condition-
ing phase, the difference between the SEPARATED and the
COMPOUND cases was determined by calculating a difference in-
dex according to Equation 5. Positive values therefore indicate a
higher odor preference in larvae that received the odors in
COMPOUND during second-order conditioning as compared to
larvae that received them SEPARATED; negative values indicate
the opposite. Second-order conditioning as an associative phe-
nomenon would be indicated by higher difference indices in the
experimental groups than in the controls.

Variations on the paradigm are mentioned within the Results
section.

Learning & Memory Vol. 31, No. 5, a053726.122

Statistics
Nonparametric statistics were performed throughout (Statistica
13, RRID:SCR_014213, StatSoft Inc.). To test whether values are
significant relative to chance level (zero), one-sample sign
(OSS) tests were used. To compare across multiple independent
groups, Kruskal-Wallis (KW) tests with subsequent pairwise com-
parisons by Mann-Whitney U (MWU) tests were performed.
To ensure a within-experiment error rate of <5%, Bonferroni—
Holm corrections (Holm 1979) were applied. Data are shown as
box plots with the median as the middle line, the 25% and 75%
quantiles as box boundaries, and the 10% and 90% quantiles as
whiskers.

The results of the statistical tests and the source data of all
experiments are documented in the data file Supplemental
Table S1.

Results

PAIRED and UNPAIRED training modulate odor
preferences in an opposing manner

Odor preferences after one trial of PAIRED odor-reward training are
higher than after presentations of odor temporally UNPAIRED
from the reward (Fig. 1A). Such a difference indicates appetitive as-
sociative memory and is reflected in a positive memory score (Fig.
1B). Corresponding results were obtained after three training trials
(Fig. 1C,D). However, such results do not allow one to conclude
whether learning has taken place through PAIRED training,
through UNPAIRED training, or both. Through PAIRED training
the larvae may learn that the odor predicts the occurrence of the
reward, leading to an increase in odor preference. Through
UNPAIRED training they may learn the opposite—namely, that
the odor predicts the nonoccurrence of the reward, leading to a
decrease in odor preference. This begs the question as to what
the baseline level of odor preference is, cleared of the associative ef-
fects of the training experience.

In larval Drosophila such a baseline odor preference can be
determined by testing the animals in the presence of the reward.
That is, the difference in odor preference after PAIRED versus
UNPAIRED training is abolished when the testing is carried out
in the presence of the reward (Fig. 2A), leading to memory scores
indistinguishable from chance level (Fig. 2B) (“innate” odor prefer-
ences in experimentally naive animals are not altered by the pres-
ence of the reward: Supplemental Fig. S1). These findings can be
grasped by the notion of appetitive associative memory supporting
a learned search for the reward, which is abolished when the
sought-for reward is present (Gerber and Hendel 2006; Schleyer
et al. 2011). For the current context, the important point is that
the residual odor preference that is observed when the reward is
present during testing reflects the odor preference specifically
cleared of the influence of associative memories. These pooled pref-
erences, represented by their median as the stippled line in Figure
2A, can, therefore, be used as a baseline against which the associat-
ive effects of PAIRED and UNPAIRED training can be measured.
This shows that odor preferences after PAIRED training are in-
creased relative to baseline, whereas after UNPAIRED training
they are decreased (Fig. 2A). The same is observed after three train-
ing trials (Fig. 2C,D).

We conclude that PAIRED versus UNPAIRED training have
opposite effects on odor preference, confirming earlier reports
(Saumweber et al. 2011; Schleyer et al. 2011, 2015a,b, 2018,
2020; Paisios et al. 2017; Weiglein et al. 2019). From the present
study and these earlier reports, however, it remains unresolved
whether the opposing effects of PAIRED versus UNPAIRED training
indeed reflect conditioned excitation versus inhibition. Why is
that?
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Figure 2. PAIRED and UNPAIRED training modulates odor preferences in an opposing manner. (A-D) Larvae were trained with PAIRED or UNPAIRED
presentations of odor and the sugar reward and tested for their odor preference, either in the absence or in the presence of the reward. (A) After one-trial
PAIRED training and when tested in the absence of the reward, the larvae show higher odor preferences than after UNPAIRED training (two box plots to the
left). However, when the larvae were tested in the presence of the reward, this difference was abolished (two box plots to the right); their respective odor
preference values can thus be pooled to represent baseline odor preference, cleared of the influence of associative memories. The green stippled line rep-
resents the median of these pooled preference values. (B) The corresponding memory scores are higher when the animals were tested in the absence than
in the presence of the reward (innate odor preferences are unaffected by the presence of the reward: Supplemental Fig. S1). (C,D) The same pattern of
results is observed after three training trials. Note that after UNPAIRED training and when the test is carried out in the absence of the reward, larvae
show avoidance of the odor (C, second from left). (#) Significance from zero in an OSS test, (*) significance in an MWU test, (n.s.) nonsignificance in
an MWU test. A green * symbol refers to significance in an MWU test against baseline (i.e., against the pooled preferences when the animals were

tested in the presence of the reward). Statistical results and source data are in Supplemental Table S1. Other details as in Figure 1.

Does UNPAIRED training establish conditioned
inhibition or learned inattention?

The opposing effects of PAIRED versus UNPAIRED training con-
form to the experimental psychology constructs of conditioned ex-
citation versus conditioned inhibition in prediction-error learning
rules (e.g., Rescorla and Wagner 1972; Malaka 1999). This view has
not remained unchallenged, though. An alternative scenario has
been suggested whereby the respective training protocols result
in increases versus decreases in how effectively the conditioned
stimuli, rather than the reward, are processed (Mackintosh 1975;
Pearce and Hall 1980). In the current case, this alternative scenario
would suggest that the opposing effects of PAIRED versus
UNPAIRED training are due to increased versus decreased attention
to the odor. However, our results show that UNPAIRED training
not only establishes decreases in odor preference relative to
baseline, but also, in particular when three training trials are
performed, can establish odor avoidance (Fig. 2C). Such odor
avoidance after UNPAIRED training is confirmed in a reanalysis
of pertinent previously published data from our laboratory (Fig.
3A-G). These results are incompatible with learned inattention as
an explanation for the effects of UNPAIRED training, because a
lack of attention may reduce odor preference to zero, but cannot
establish avoidance. They thus provide the first demonstration of
conditioned inhibition in larval Drosophila. We note the variation
in baseline odor preferences between the experiments summarized
in Figure 3, which arguably reflects variation between, for example,
seasons, food, experimental settings, and experimenters even
when the same odor and concentration are used (Fig. 1 vs. Fig. 2;
Supplemental Fig. S2A-D). This demonstrates the importance of
determining the baseline odor preferences separately for each
experiment.

According to prediction-error learning rules, conditioned ex-
citation ensues when there is a positive prediction error—that
is, when, for example, a reward is received although it was not

Learning & Memory Vol. 31, No. 5, a053726.122

predicted (pleasant surprise). This is straightforward for PAIRED
training when the odor is presented together with the reward.
Conversely, conditioned inhibition ensues when there is a nega-
tive prediction error—that is, when, for example, a predicted re-
ward is not actually received (frustrating surprise). This is not
straightforward for UNPAIRED training, however, because one
wonders what the source of a reward prediction would be at the
moment of odor presentation. Prediction-error learning rules typ-
ically make the assumption that presenting the reward alone can
establish associative memories for the context (Dweck and
Wagner 1970; Rescorla 1972; Bouton and Nelson 1998). When
the odor is subsequently presented in that same context, these con-
text-reward associations provide an expectation of reward that,
however, is frustratingly not received. The ensuing negative predic-
tion error is then the basis for conditioned inhibition to accrue to
the odor. This provides an interesting experimental test because ac-
cordingly negative prediction errors would only arise when during
UNPAIRED training the reward-only presentation comes first, es-
tablishing context-reward associations, and the odor-only presen-
tation comes second. When the odor is presented first, in contrast,
there would not yet be any context-reward association that could
be frustrated. Such sequence dependence should be particularly
prominent when only one training trial is used, because for multi-
ple training trials, the contextual memories established in trial #1
would need to be reckoned with from trial #2 on, effectively “iron-
ing out” sequence effects as UNPAIRED training proceeds. With
these considerations in mind, we analyzed two large and mostly
unpublished data sets that we have accumulated with course stu-
dents, interns, scientific guests, and apprentice staff using our stan-
dard one-trial training procedure (Fig. 4A-D; total N =898) as well
as corresponding experiments with three training trials (Fig. 4E-H;
total N=379).

These data sets confirm that odor preference values after one-
trial PAIRED training are higher than after UNPAIRED training (Fig.
4A), yielding a positive memory score indicative of appetitive
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Figure 3. UNPAIRED training with reward can establish odor avoidance. (A-G) Survey of previously published experiments that revealed both PAIRED
and UNPAIRED memory against baseline odor preferences (stippled lines) using different odors (clouds) (yellow, n-amylacetate; blue, 1-octanol; pink,
3-octanol) and rewards (circles/squares) (fructose, green; optogenetic activation of the indicated neurons, blue/red for ChR2-XXL/Chrimson), or
quinine as a punishment (orange). As indicated, the training involved either one-odor “absolute” conditioning (A-F), or two-odor differential conditioning
followed by single-odor testing (G), with the indicated number of training trials. Considering the total of 15 reward cases, in 11 out of the 13 data sets in
which the baseline could be determined, UNPAIRED training established odor preferences that were both below the baseline and reflected odor avoidance
(85%). This argues against learned inattention as the psychological mechanism for UNPAIRED memory. In two of the cases, the baseline could not be
determined because there were significant differences between the PAIRED and UNPAIRED trained groups tested in the presence of the reinforcer; this
is indicated by the absence of the gray horizontal boxes at the bottom of the panels. For the special case of one-trial reward training, see the discussion
in the body text and Figure 4C. The three cases of punishment reveal that UNPAIRED training established increased odor attraction, likewise arguing
against learned inattention. Critical evidence for conditioned inhibition is highlighted by placing the # symbol in the gray box at the bottom of the
panels. (#) Significance from zero in an OSS test, (*) significance in an MWU test, (n.s.) nonsignificance in an MWU test. A colored * symbol indicates sig-
nificance in an MWU test against baseline, that is against the pooled preferences when tested in the presence of the reward (or the absence of the pun-
ishment, respectively). Statistical results and source data are in Supplemental Table S1. Other details as in Figure 1.
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Figure 4. Stronger effect of the sequence of training events for UNPAIRED than for PAIRED training. (A,B) Larvae received one trial of either PAIRED or
UNPAIRED training of odor and the sugar reward. The sequence of events during training was as depicted in half of the cases and the reverse in the other
half of the cases. In all cases, training was followed by a test of odor preference, (A) which turned out to be higher after PAIRED training than after
UNPAIRED training, (B) resulting in positive memory scores indicative of appetitive associative memory. (C,D) Data from A, separated by the sequence
of events during training. (C) Upon PAIRED training, odor preference values are slightly lower when the blank period (open circle) comes first and the
odor-reward pairing comes second, as compared to the reverse sequence (two box plots to the left). An effect of the sequence of events is also observed
upon UNPAIRED training (two box plots to the right), with aversion being the result only when the sugar reward is presented first. (D) A quantification of the
sequence-related differences by the sequence index (Equations 3 and 4) reveals stronger effects of the sequence of training events during UNPAIRED train-
ing as compared to PAIRED training. (E-H) As in A-D, but for three training trials, providing evidence for associative memory, but no evidence of an effect of
the sequence of events during training. (#) Significance to chance level, (*) significance in an MWU test, (n.s.) nonsignificance in an MWU test. Statistical
results are given along with source data in the data file Supplemental Table S1. For data separated by individual data set, see Supplemental Figure S2A-D.
Other details as in Figure 1.

associative memory (Fig. 4B); corresponding results were obtained
for the data set using three training trials (Fig. 4E,F). When odor
preference values are separated by the sequence of odor and sugar
reward presentation during training, it turns out that for the
PAIRED case of one-trial training, odor preference values are slight-
ly lower when the blank presentation (EM) comes first and the
odor-reward pairing (AM+) comes second as compared to the re-
verse AM+/EM sequence (Fig. 4C, leftmost two box plots). For
the UNPAIRED case, odor preference values are not only lower
for the EM+/AM sequence than for the AM/EM+ sequence (Fig.
4C, rightmost two box plots), but—critically important in the argu-
ment for conditioned inhibition—show odor avoidance only for
the EM+/AM sequence. Compared to the PAIRED case, the se-
quence of training events has more impact in the UNPAIRED

Learning & Memory Vol. 31, No. 5, a053726.122

case, as shown by differences in the sequence index (Fig. 4D);
this PAIRED-UNPAIRED difference suggests that associative pro-
cessing plays a role above and beyond the nonassociative processes
that impact behavior in either case. No differences in odor prefer-
ence values between the training sequences were observed upon
three-trial training (Fig. 4G,H).

We conclude that the opposing effects of PAIRED versus
UNPAIRED training reflect conditioned excitation versus condi-
tioned inhibition, rather than changes in attention.

No evidence of sensory preconditioning
Larvae first received two odors (AM and 1-OCT) either as a
COMPOUND or SEPARATED from each other (preconditioning
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phase, three trials). For both groups this was followed by PAIRED
odor—sugar reward training with one of the odors (AM+) (condi-
tioning phase, one trial) and then by testing with the other odor
(1-OCT) (Fig. 5A). We reasoned that if there is sensory precondi-
tioning, then the larvae of the COMPOUND group should show
higher odor preference than the larvae of the SEPARATED group,
as was indeed the case (Fig. 5A).

However, the same difference in odor preference is observed
in control groups for which the treatment in the conditioning
phase was varied such that no odor-sugar reward association could
be formed (Fig. SA). Importantly, the difference indices, quantify-
ing the difference in odor preference between the COMPOUND
and the SEPARATED group, did not vary across the experimental

A1.o B 1.0 :
08} *_ _* _x x 08f —ns.
0.6 06 :
8 0.4 5 04 :
2 3 :
© 0.2 c 02 :
2 .
2 0.0 8 00 :
Q @ .
5-0.2 5 -0.2 Lo#
o = .
8-04 .04
-0.6 -0.6
-0.8 -0.8 .
10 N = 101, 101, 32, 32, 20, 20,18 ,18 10 N =101, 32,20, 18 ; 171
t @@t )
Preconditioning §©@§ Cb
3x g
:0@8 v
Q 2 v 2
[=] z 4 [:4
Conditioning & a s 3
1x 3 z =1 a
a < (2] o v
* v
Test of @ 5 R—
1-OCT preference -
Difference index
C 1.0 1.0
ns. ns.  ns.  ns. - ns.
0.8 0.8
0.6 06 :
304 S 04
2 0.2 ? = 2 o2
w 00 i T T 8 oo
5-02 502 :
3 =
S-04 804
0.6 -0.6
-0.8 -0.8
10 N = 23,22, 22, 21,21, 21, 21, 21 10 N=22,21,21,21: 85

Preconditioning @
1x o

v
Conditioning 9 Q ,) Q o Q 8 @ O
3x
6 0,0 O 0000 ©
Test of
1-OCT preference 6 @__.
Difference index
E 1.0 F 1.0
08 *  ns. ns. % 0.8 ns.
06 0.6
804 x 04
c (]
g 0.2 2 o2 :
500 8 o0 :
5-02 502 M
° =
0-04 0.04
-0.6 -0.6
-0.8 -0.8
10 N = 24 each 10 N =24 each | 96
Preconditioning @
1x o
v v
Conditioning
1x
Te f b4 i
est o [ PR
1-OCT preference e @

Difference index

Learning & Memory Vol. 31, No. 5, a053726.122

and control groups (Fig. 5B). Thus, although experiencing the
two odors in COMPOUND during preconditioning resulted in con-
sistently higher odor preference during the test than experiencing
them SEPARATED from each other, these results do not provide ev-
idence of sensory preconditioning as an associative phenomenon.
Varying the number of trials during preconditioning and during
conditioning did not provide evidence for sensory precondition-
ing, either (Fig. 5C-F).

Given that the treatment during conditioning did not make
any difference in the above experiments, we wondered whether
under the current regimen, an association between the odor
(AM) and the sugar reward was indeed established during condi-
tioning, and whether it was still behaviorally effective during the
test. The larvae first underwent three trials of preconditioning
with the two odors presented in COMPOUND or SEPARATED, fol-
lowed by a single conditioning trial with PAIRED or UNPAIRED
training of the odor AM and the sugar reward. We then tested
the animals for their AM preferences and found these to be higher
after PAIRED than after UNPAIRED training, indicating effective
association formation (Fig. 6A) and resulting in positive memory
scores (Fig. 6B). Interestingly, the memory scores were not different
between the animals that had received the two odors in
COMPOUND or SEPARATED during preconditioning, meaning
that the type of odor exposure during preconditioning did not af-
fect association formation during the conditioning phase.

Taken together, these results do not offer evidence of sensory
preconditioning as an associative phenomenon in larval
Drosophila.

No evidence of second-order conditioning

Larvae in the experimental groups first underwent conditioning to
establish an odor-reward association (first-order conditioning,
three trials). This was followed by a second-order conditioning
phase in which the previously rewarded odor was presented either
in COMPOUND with or SEPARATED from a novel, target odor (one
trial). Then the larvae were tested for their preference for the target
odor (Fig. 7). We reasoned that if there is second-order condition-
ing, then the larvae of the COMPOUND group should show a high-
er odor preference than the larvae of the SEPARATED group, as was
indeed the case (Fig. 7A). However, the same difference in odor
preference is observed in control groups for which the treatment
during first-order conditioning was varied such that no odor-sugar

Figure 5. No evidence of sensory preconditioning. (A-F) During pre-
conditioning the larvae were presented with two odors, AM (yellow
cloud) and 1-OCT (blue cloud), either as a COMPOUND on the same
Petri dish (white circle) or SEPARATED. During conditioning, the larvae
in the experimental groups received PAIRED training of the indicated
odor and sugar reward (green circle), whereas larvae in the control
groups underwent procedures during which either no odor and no
sugar reward (HANDLING), only the SUGAR, or only the ODOR were pre-
sented (gray circles represent any of these procedures during condition-
ing). Subsequently, the larvae were tested for their preference for the
odor not used during the conditioning phase (A,C,E), and the difference
between the respective COMPOUND and SEPARATED groups was calcu-
lated as the difference index (Equation 5) (B,D,F). Sensory preconditioning
as an associative phenomenon would be indicated if the difference indices
in the experimental, PAIRED group were higher than in the controls. In
three variations on the experiment with the number of trials during the
preconditioning/conditioning phases set to 3/1 (A,B), 1/3 (C,D), or 1/1
(E,F), no such evidence of sensory preconditioning was observed.
Sample sizes for the PAIRED groups in A,B are high because, unlike all
the other experiments in the present study, the control experiments
were performed in a staggered, successive manner with the PAIRED
groups always run in parallel. (#) Significance from zero in an OSS test,
(*) significance in an MWU test or a KW test, (n.s.) nonsignificance in an
MWU test or a KW test. Statistical results and source data are in
Supplemental Table S1. Other details as in Figure 1.
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Figure 6. Effective association formation during the conditioning phase.
(A,B) During preconditioning the larvae received the two odors either in
compound or separated. This was followed by either PAIRED or
UNPAIRED conditioning of the indicated odor and the sugar reward.
Subsequently, the larvae were tested for their preference for the odor
used during conditioning. (A) Regardless of the type of preconditioning,
PAIRED training led to higher odor preferences than UNPAIRED training,
indicating effective association formation during conditioning. (B)
Memory scores did not differ between groups, indicating that association
formation during conditioning was equally effective regardless of the pre-
conditioning treatment. (#) Significance from zero in an OSS test, (*) sig-
nificance in an MWU test, (n.s.) nonsignificance in an MWU test. Statistical
results and source data are in Supplemental Table S1. All other details as in
Figure 5.

reward association could be formed (Fig. 7A). Importantly, the dif-
ference indices did not vary across the experimental and control
groups (Fig. 7B). These results do not provide evidence of second-
order conditioning as an associative phenomenon (preliminary ex-
periments in the aversive domain, using a modified protocol and
associations between odor and electric shock during first-order
conditioning, likewise yielded no such evidence: Supplemental
Fig. S3A-D; Saumweber et al. 2011; Tomasiunaite et al. 2018).

To test for the possibility that the treatments in the second
phase of the experiment rendered the first-order association inef-
fective, we conducted a control experiment in which the larvae
were trained either PAIRED or UNPAIRED with the first-order con-
ditioning odor (AM) and a sugar reward, followed by the presenta-
tion of the first-order conditioning odor either in COMPOUND
with or SEPARATED from the target odor (1-OCT). This was fol-
lowed by testing for the preference for the first-order conditioning
odor (Fig. 8A). PAIRED training with the first-order condition-
ing odor yielded a higher preference for it than UNPAIRED
training with it, both when it was subsequently presented in
COMPOUND with and SEPARATED from the target odor (Fig.
8A). Accordingly, appetitive associative memory was observed in
both cases (Fig. 8B), showing that the effects of first-order condi-
tioning were not rendered ineffective by the treatments in the sec-
ond experimental phase. We note that, when compared to the

Learning & Memory Vol. 31, No. 5, a053726.122

COMPOUND case, the memory scores were less when the two
odors were presented SEPARATED in the second-order condition-
ing phase; it must remain unresolved for now whether this reflects
more effective extinction learning when the first-order condition-
ing odor is experienced alone. In any event, the conclusion re-
mains that from the present results, there is no evidence of
second-order conditioning as an associative phenomenon in larval
Drosophila.

Discussion

We provide evidence for conditioned inhibition in larval
Drosophila, corresponding to what has been reported in adult flies
(Barth et al. 2014; Jacob and Waddell 2020) and honeybees (Takeda
1961; Bitterman et al. 1983; Hellstern et al. 1998; Chandra et al.
2010; Matsumoto et al. 2012; Mahoney et al. 2024). However,
our data do not provide evidence for sensory preconditioning or
second-order conditioning in larval Drosophila. This does not
amount to evidence of their absence, though. Changes to the ex-
perimental protocol that could uncover these forms of learning
in larval Drosophila include changes to the number or temporal
spacing of trials, the use of different odor concentrations or of serial
rather than simultaneous odor compounds, different odors or
combinations of odors with visual stimuli, or other kinds of the
reinforcer. Also, more fine-grained analyses of behavior through
video tracking might reveal the effects of training that the current
study has overlooked. It is expressly only with these caveats
in mind that the following discussion supposes that larval
Drosophila are not capable of sensory preconditioning and second-
order conditioning. Why not?

Ways of life

Sensory preconditioning and second-order conditioning have
been demonstrated in adult flies (Brembs and Heisenberg 2001;
Guo and Guo 2005; Tabone and De Belle 2011; Martinez-
Cervantes et al. 2022; Yamada et al. 2023) and honeybees
(Takeda 1961; Bitterman et al. 1983; Miiller et al. 2000; Hussaini
et al. 2007), including with protocols that use binary odor com-
pounds. In contrast, we report an absence of evidence for these
forms of learning in larval Drosophila. Which of the differences
in the biology of larval Drosophila versus adult flies and honeybees
could account for this discrepancy?

Insect larvae are sexually undifferentiated and dedicated
to feeding and growth. Indeed, the salivary glands of larval
Drosophila are larger than their brain. The caste of honeybee used
in the above-cited experiments is likewise asexual in motivation
and dedicated to foraging. In motivational terms, therefore, larval
Drosophila seem closer to honeybees than to adult flies.

What differentiates larval Drosophila from adult flies and hon-
eybees is rather that the larvae live on or in decaying fruit as their
“food-home.” They thus do not need to bother much with finding
as-yet absent resources such as food, a home (as is the case for hon-
eybees), or mating partners (as adult flies need to do). It would
seem that larvae can, therefore, organize their behavior in a more
“online” manner, thatis in relation to physically present resources.
For adult flies and honeybees, in contrast, the behavior needs to be
organized in a more “offline” manner, toward desired but as-yet
physically absent goals. As argued in the introductory section, sen-
sory preconditioning and second-order conditioning both require
chained processing in relation to physically absent cues or rein-
forcement and thus chained “offline” processing. These tasks
might, therefore, tap into cognitive abilities evolved for a life as
lived by adult flies and honeybees.
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PAIRED training of AM (yellow cloud) and a sugar reward, whereas control groups received either no odor and no sugar reward (HANDLING), only the
SUGAR, or only the ODOR (gray circles represent any of these procedures during first-order conditioning). In the following, second-order conditioning
phase, the larvae were presented with AM either in COMPOUND with or SEPARATED from a novel, “target” odor (1-OCT) (blue cloud). Subsequently,
the larvae were tested for their preference for the target odor, and the difference between the respective COMPOUND and SEPARATED groups was cal-
culated as the difference index (Equation 5). Second-order conditioning as an associative phenomenon would be indicated if the difference indices were
higher in the PAIRED, experimental groups than in the controls. No evidence for such a result was obtained. (#) Significance to chance level, (*) significance
in MWU tests or a KW test, (n.s.) nonsignificance in MWU tests or a KW test. Statistical results and source data are in Supplemental Table S1. All other details

as in Figure 5.

Brain organization

The brains of larval Drosophila, adult flies, honeybees, and indeed
insects more generally are organized in largely the same way, in-
cluding the mushroom body, a central-brain structure serving ol-
factory associative memory (for a simplified overview, see Fig. 9A,
B). It, therefore, seems that the relevant differences in brain organi-
zation are not to be found in the principles but in the details
(Menzel 2013). Which ones?

Central complex. Although the brain of larval Drosophila is or-
ganized according to the same principles as in adult flies and
honeybees, the numbers of neurons are reduced. Indeed, the cen-
tral complex comprises so few neurons in the case of larval
Drosophila that it cannot be recognized as a histological structure
but only from the circuit motifs that these neurons establish.
Central complex function underlies course control relative to local
sensory cues during the pursuit of as-yet absent goals (Pfeiffer
2023)—for example, when honeybees navigate between their
hive and flower patches way beyond the catchment area of their
sensory systems. To the extent that a more sophisticated organiza-
tion of behavior in relation to absent goals is required for sensory
preconditioning and second-order conditioning, the performance
of these tasks might, therefore, come more easily to adult flies and
honeybees with their more elaborate central complex.

Ascending olfactory pathways. In comparison to adult flies and
honeybees, the ascending olfactory pathways in larval Drosophila
are characterized by lower numbers of expressed olfactory receptor
genes, sensory neurons, and PNs and a lack of cellular redundancy
at these layers of processing, as well as by less interhemispheric
communication, by a lower number of mushroom body intrinsic
neurons (called KCs), and by the fact that about one-fifth of these
KCs receive input from only a single PN in what appears to be a
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labeled-line sensory-motor pathway. This suggests that their as-
cending olfactory system has a substantially poorer signal-to-noise
ratio and provides a much less nuanced representation of odors
than in adult flies and honeybees. The present protocols for sen-
sory preconditioning and second-order conditioning might thus
be too demanding, as they require an ability to process binary
odor compounds by their elements (something of which larvae
are in principle capable, though; Chen and Gerber 2014; Chen
et al. 2017) and/or a process of pattern completion when only
one of these elements is physically present.

Mushroom body. The number of KCs is relatively similar in lar-
val Drosophila and adult flies, at least in comparison to the much
higher number in honeybees (Fig. 9C). Consideration of the num-
ber of PNs and the number of modulatory MBINs relative to the
number of KCs paints a similar picture (Fig. 9D). The relative num-
ber of MBONS’s does not set larval Drosophila against adult flies and
honeybees, either.

APL and DPM neurons. The mushroom body of Drosophila fea-
tures a giant intrinsic neuron called APL (Mancini et al. 2023, and
references therein). This GABAergic neuron is embryonically born,
persists through metamorphosis, reciprocally connects to KCs,
and functionally corresponds to the GABAergic A3 neurons in
honeybees (Rybak and Menzel 1993). In adult flies such reciprocal
connectivity is observed throughout the mushroom body (as is the
case for the KCs and GABAergic neurons in honeybees; Ganeshina
and Menzel 2001; Zwaka et al. 2018). In larval Drosophila, however,
reciprocal APL «— KC connectivity is only found in the calyx re-
gion of the mushroom body, where the signals from the PNs are re-
ceived. In the lobe regions of the larval mushroom body, where all
but two of the MBONSs are located and where behavioral output is
instructed, APL - KC connections are conspicuously absent. It
would thus seem that in adult flies APL and, in the case of
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Figure 8. Effective first-order associations. (A,B) Larvae received three
trials of first-order conditioning with either PAIRED or UNPAIRED training
of AM (yellow cloud) and a sugar reward. This was followed by presenting
AM either in a compound with or separated from 1-OCT (blue cloud) as
the target odor, followed by testing for the preference for AM as the first-
order conditioning odor. Regardless of the type of odor presentation in the
second experimental phase, PAIRED training led to higher odor preferenc-
es than UNPAIRED training, resulting in positive memory scores in both
cases and indicating effective first-order conditioning associations. In com-
parison to the compound case, the memory scores were less when the two
odors were presented separately, though, arguing for more effective ex-
tinction learning when the first-order conditioning odor is experienced
alone. (#) Significance to chance level, (*) significance in an MWU test.
Statistical results and source data are in Supplemental Table S1. All other
details as in Figure 5.

honeybees, the A3, c neurons (Zwaka et al. 2018) can prevent KC —
MBON signaling and thus “take KCs offline” from behavioral con-
trol, whereas this would not be possible in larval Drosophila (for the
significance of such offline processing for action planning and cog-
nition, see Menzel 2013). Interestingly, lobe-to-calyx feedback,
possible through APL in larval Drosophila and adult flies and
through the A3y neurons in honeybees (Zwaka et al. 2018), was
suggested to underlie reversal learning (Boitard et al. 2015)—a fac-
ulty indeed observed in all three kinds of animal (Tully and Quinn
1985; Boitard et al. 2015; Mancini et al. 2019). In addition, in adult
flies APL is electrically coupled to the DPM neuron, which is absent
in larval Drosophila, and concerted APL-DPM action has been re-
ported to moderate KC-KC communication (Okray et al. 2023)
in a process that should support pattern completion (Cayco-
Gajic and Silver 2019). To the extent that mushroom body func-
tion “offline” from behavioral control and/or pattern completion
is involved in sensory preconditioning and second-order
conditioning, the absence of these forms of learning in larval
Drosophila could thus be related to differences in APL organization
or the absence of DPM.

There thus seem to be four aspects of brain organization in lar-
val Drosophila versus adult flies and honeybees that have the poten-
tial to explain the absence of sensory preconditioning and
second-order conditioning in larvae: (i) an insufficiently differenti-
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ated central complex; (ii) an insufficient signal-to-noise ratio in the
ascending olfactory pathways and mushroom bodies, and thus an
insufficiently nuanced representation of odor mixtures; (iii) the ab-
sence of APL — KC connections in the mushroom body output re-
gion; and (iv) the absence of the DPM neuron. We note the
mnemonic faculties that have nevertheless been observed in larval
Drosophila, including discrimination, generalization, reversal
learning, memory consolidation, an adaptive dominance of con-
summatory over learned behavior (Gerber and Hendel 2006;
Mishra et al. 2010; Schleyer et al. 2011, 2015a,b; Widmann et al.
2016; Mancini et al. 2019), and conditioned inhibition (this
study).

Models

Conditioned inhibition through unpaired training of a cue with a
reward can be accommodated by prediction-error learning rules
(Malaka 1999 and references therein) (for a model inspired by
the functional anatomy of the mushroom body not involving pre-
diction errors, see Gkanias et al. 2022). These models require that at
the moment of presenting the cue, there is a negative prediction er-
ror, as is the case when a predicted reward, frustratingly, is not re-
ceived. This raises the question of the source of the reward
prediction. Two nonexclusive scenarios may be invoked. A reward
prediction may arise from previously established context-reward
associations (Rescorla and Wagner 1972) or from the generaliza-
tion of previously established cue-reward associations (Jiirgensen
et al. 2024). Our observation that unpaired training does not lead
to odor avoidance when there is no possibility for context-reward
associations to have been established (Fig. 4C, second box plot
from the right) supports the contextual scenario.

Sensory preconditioning, however, is beyond the scope of the
aforementioned models because it takes place between two cues
rather than between a cue and reinforcement. What is required
for sensory preconditioning is a process that endows two cues,
based on their past co-occurrence, with the capacity to call up
each other’s representation when either is presented alone. In anal-
ogy to pattern completion in the cerebellum and the hippocampus
(Rudy and Sutherland 199S5; Rolls 2013; Cayco-Gajic and Silver
2019), this could be achieved by modulations of KC-KC signaling
(Miiller et al. 2000; Okray et al. 2023). It would be interesting to see
whether models of the mushroom body that either do or do not
feature the possibility of modulations in KC-KC signaling yield
sensory preconditioning.

To account for second-order conditioning was one of the main
goals in the development of real-time models of reinforcement
learning through prediction errors (Malaka 1999 and references
therein) (for an alternative scenario not involving prediction er-
rors, see Gkanias et al. 2022). What most prediction-error models
have in common is that by virtue of the A+ association established
in phase (i) cue A can call up a representation of +. During AB pre-
sentations in phase (ii) this associatively activated representation
of + can be associated with B. The resulting B+ association is thus
the immediate cause of the response to B during the test. Given
that a subset of dopaminergic mushroom body input neurons
(MBINs of the DAN type) is thought to mediate internal reward
signals, this raises the question of how a learned cue A can activate
DAN:S. As associative learning entails plasticity at the KC - MBON
synapses, this could happen through feedback from the MBONs to
the DANSs. Such feedback was recently shown by Yamada et al.
(2023) to underlie second-order conditioning in adult flies (see
also Konig et al. 2019) and is compatible with the functional anat-
omy of the mushroom body in larval Drosophila as well (Eschbach
etal. 2020). But why, then, is second-order conditioning not exper-
imentally observed in the case of the larva?

Modeling studies typically restrict themselves to the
task-relevant pathways. For example, they consider the ascending
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Figure 9. Simplified organization of the mushroom body. (A) The mushroom body intrinsic neurons (Kenyon cells [KCs]; black) form a sparse, combi-
natorial representation of odors, established through a divergence/convergence connectivity with sensory projection neurons (PNs; yellow) in the calyx
(rounded gray rectangle). Axonal projections of the KCs pass through compartments (gray rectangles) established by axonal branches of modulatory
mushroom body input neurons (MBINs; green) (most of these are dopaminergic) and dendritic branches of mushroom body output neurons
(MBONsSs; pink). Of a total of 10 compartments, one with a rewarding and one with a punishing MBIN is shown. Associative memories are established
through compartmentally specific plasticity at the synapses between odor-activated KCs and MBONs. This changes the balance of activity in avoidance-
versus approach-promoting MBONs underlying learned behavior. Pathways for innate behavior are shown in gray. (B) PN — KC synapses are found only in
the input region of the mushroom body (the calyx), but not in the lobe compartments (stippled yellow arrow). In larval Drosophila, APL — KC synapses are
found only in the calyx (stippled gray arrow), rather than throughout the mushroom body as in adult flies; also, only six out of 10 compartments, rather
than all compartments as in adult flies, feature KC — APL synapses. The stippled pink arrow indicates mostly indirect feedback from MBONs to MBINs.
Innervations by more than one MBIN or MBON, multiple-compartment MBINs and MBONs, and lateral connections between MBONSs as well as
between KCs are not shown. (C,D) Cell numbers in the mushroom bodies of larval Drosophila, adult flies, and honeybees summed for both hemispheres.
Shown in Care the numbers of KCs (the dot indicates a single KC within a cube of 6 x 6 x 6 KCs), and in D the number of the indicated cell types normalized
to the number of KCs. Numbers can be found in Supplemental Table ST and are based on Eichler et al. (2017) and Saumweber et al. (2018) for a first-instar
Drosophila larva, and on Bates et al. (2020), Li et al. (2020), and Schlegel et al. (2021) for adult flies. For third-instar larvae as used in the present behavioral
experiments, the number of KCs is ~600-800 (*). Regarding honeybees, our estimations are based on Witthoft (1967), Schafer and Rehder (1989),
Maronde (1991), Rybak and Menzel (1993), Kreissl et al. (1994), Rybak (1994), Stevenson and Spérhase-Eichmann (1995), Griinewald (1999),
Gronenberg (2001), Schréter and Menzel (2003), Schréter et al. (2007), and Rybak (2011), as well as Zwaka et al. (2018).

olfactory and gustatory pathways, the mushroom body, and the
first steps of the mushroom body efferent circuits. However,
what goes on in the “rest” of the animal is typically ignored, for ex-
ample, in relation to the visual, thermo-, mechano-, or hygrosen-
sory pathways, in relation to processing in the central complex
or the ventral nerve cord, or in relation to signaling between the
brain, gut, and glands (for an exception, see Sakagiannis et al.
2021). The low number of neurons and the absence of cellular re-
dundancy in larval Drosophila possibly makes them more suscepti-
ble to such influences than adult flies or honeybees. It would,

Learning & Memory Vol. 31, No. 5, a053726.122

therefore, be interesting to challenge models of the mushroom
body that use numbers of model neurons corresponding to larval
Drosophila versus adult flies and honeybees with various levels of
noise to see how this affects first- and second-order conditioning.

We note that there is an alternative explanation of second-
order conditioning—namely, that it is a phenomenon of memory
retrieval (Savastano and Miller 1998; Molet et al. 2012). It is sug-
gested that during phase (ii) an AB association is formed and that
through this AB association, at the moment of the test, B calls up A,
which then calls up +. In other words, the immediate cause of
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the response is the A+ association established in phase (i), not a B+
association established in phase (ii). Such a retrieval account of
second-order conditioning has not so far been considered in mod-
els of the insect brain.

In closing, we would like to argue that when it comes to iden-
tifying cognitive limits, demonstrations of the absence of a cogni-
tive faculty are a success, because limits can only be determined
through a failure to transgress them.
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