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Second-order conditioning in Drosophila
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Associative conditioning in Drosophila melanogaster has been well documented for several decades. However, most studies
report only simple associations of conditioned stimuli (CS, e.g., odor) with unconditioned stimuli (US, e.g., electric
shock) to measure learning or establish memory. Here we describe a straightforward second-order conditioning (SOC) pro-
tocol that further demonstrates the flexibility of fly behavior. In SOC, a previously conditioned stimulus (CSI) is used as
reinforcement for a second conditioned stimulus (CS2) in associative learning. This higher-order context presents an oppor-
tunity for reassessing the roles of known learning and memory genes and neuronal networks in a new behavioral paradigm.

Second-order conditioning is a form of higher-order associative
learning wherein a previously conditioned stimulus (CS1) can
associate with a second conditioned stimulus (CS2) to elicit a con-
ditioned response. Initial training involves pairing of CS1 with
an unconditioned stimulus (US) during a first-order conditioning
(FOC) session followed by a second-order conditioning (SOC) ses-
sion in which CS1 is paired subsequently with a novel stimulus,
CS2. If SOC is successful, an animal will demonstrate a condi-
tioned response to CS2 similar to CS1, even though it has not
been exposed to the original US during CS2+CS1 association.
Although SOC was originally described by Pavlov (1927) and
has been thoroughly studied by psychologists for nearly four
decades (Rizley and Rescorla 1972), modern neuroscience has
only recently turned to this paradigm as a means for understand-
ing the mechanisms of learning and memory (Gewirtz and Davis
2000). SOC presents a unique opportunity to investigate the inter-
nal transfer of information from one conditioned stimulus to
another (CS1 — CS2), leading to a conditioned response.

The ability to form higher-order associations is prevalent
in nature. SOC studies have spanned numerous animal models,
including sea slugs (Hawkins et al. 1998), honeybees (Takeda
1961; Grossman 1971; Bitterman et al. 1983; Hussaini et al.
2007), crickets (Mizunami et al. 2009), pigeons (Rashotte et al.
1977; Rescorla 1979), rats (Rizley and Rescorla 1972; Holland
and Rescorla 1975; Debiec et al. 2006), and humans (Jara et al.
2006; Karazinov and Boakes 2007). While investigations of learn-
ing with flies have demonstrated complex behavior such as sen-
sory preconditioning, the results of previous vision-based SOC
studies were only significant when results from two different
experiments were pooled together (Brembs and Heisenberg
2001). This finding encouraged our investigation of SOC in
Drosophila melanogaster in which we used a robust olfactory-based
conditioning paradigm. Flies have served as a model for many
types of learning and memory studies (Pitman et al. 2009) and
are arguably the best understood animal genetics model as well.
Their ease of manipulation using transgenic technologies and
conditional expression of neuron-silencing transgenes (Keene
and Waddell 2007), along with the availability of numerous
learning- and memory-associated mutations (McGuire et al.
2005) makes the fly an extremely powerful system for examining
neural mechanisms of behavioral plasticity.
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We used the Pavlovian olfactory conditioning T-maze para-
digm (Tully and Quinn 1985) for all experiments. Flies were
Canton special raised at 24 + 0.5°C and 35% + 5% humidity on
standard Bloomington Drosophila medium (http://flystocks.bio.
indiana.edu/Fly_Work/media-recipes/bloomfood.htm) with a
12:12-h light:dark cycle. Experiments were performed at 88% =+
5% humidity and 24° £ 0.5°C under dim red light. For training,
groups of approximately 100 2- to 5-d-old adults were aspirated
into an acrylic tube lined with an embedded double-wound
copper coil to deliver electric foot shock (90 V dc; US). Current
was provided by a dc-regulated power supply (Circuit Specialists).
Three odorants, benzaldehyde (BEN; Aldrich), 4-methylcyclo-
hexanol (MCH; Aldrich), and 3-octanol (OCT; Aldrich) were
suspended in heavy mineral oil (Mallinckrodt) at dilutions of
8 x107*% 1.4 x 1072, and 2 x 1073, respectively. Room air was
bubbled through the odorants in a custom-built automated
delivery system (Analytical Research Systems) (Fig. 1A) at a
flow rate of 650 mL min~'. Presentation of all stimuli was con-
trolled by FieldPoint relays using LabVIEW software (National
Instruments).

Our assessment of SOC in Drosophila used three different
protocols involving alternated pairing and unpairing of condi-
tioned stimuli (Fig. 1B), adapted from earlier studies by Rizley
and Rescorla (1972) and Takeda (1961). The paired—paired (P-P)
protocol was designed with both CS1 and CS2 temporally paired
with the US and CS1, respectively. The paired—unpaired (P-U)
protocol retained pairing of CS1 and the US but delayed associa-
tion of CS2 with CS1 by 45 sec. Alternatively, the unpaired—paired
(U-P) protocol delayed association of CS1 with the US by 45 sec,
while CS2 and CS1 remained paired. After training, flies were
transferred to a choice point between converging air currents
and tested for their responses to either first- or second-order condi-
tioned stimuli. A performance index (PI) was calculated for each
test as the normalized percent of flies that avoided a previously
conditioned stimulus (CS1 or CS2, depending on the protocol)
vs. an unreinforced stimulus (CS™). A PI of 100 indicates 100%
avoidance of a previously conditioned stimulus, while a PT of O rep-
resents a 50:50 distribution (i.e., no learning). We calculated a full
PI as the average of two tests using separate groups of flies. CS1
(FOC) or CS2 (SOC) and CS™ odors in the first test were reversed
in the second. In this way we accounted for a possible odor bias
among different populations of flies (Tully and Quinn 1985).

In our study, three odorants (BEN, MCH, and OCT), deployed
in three different protocols (P-P, P-U, U-P) with reciprocal tests
to account for odor bias, and tests for both FOC and SOC give
a total of 36 possible unique experimental combinations. For
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Figure 1. First- and second-order conditioning. (A) Schematic represen-
tation of our automated odor- and shock-delivery system. Bubblers con-
tained odorants suspended in mineral oil [BEN (8 x 10™%), MCH (1.4 x
1073), and OCT (2 x 1073); CS1, CS2, and CS™] or mineral oil alone
(O) and drew ambient room air using an in-house vacuum system
(650 mL min~"). Solenoids (Analytical Research Systems; white rec-
tangles) directed airflow by opening or closing in response to computer-
controlled relays. Air flowed through teflon-coated tubing (Tygon SE-200;
solid lines; arrow indicates direction) from bubblers to solenoids, then into
acrylic copper-coil-lined training tubes (gray rectangle). We presented
mixed odors by opening two solenoids simultaneously. Electric shock
(90 V dc; dotted line) was delivered from a dc-regulated power supply
(Circuit Specialists) directly to the training tubes. (B) Timeline represen-
tations of training and testing. Squares represent stimuli—solid indicate
reinforcement, open indicate the absence of reinforcement. All flies
received both FOC and SOC and were tested for their responses to
either CS1 (C) or CS2 (D) vs. the CS™. In the paired-paired protocol
(P-P), both CS1 and CS2 were reinforced. In the paired—unpaired proto-
col (P-U), CS2 preceded CS1 by 45 sec, while in the unpaired—paired
protocol (U-P), CS1 preceded the US by 45 sec. During the SOC phase
of the P-P and U-P protocols, CS2 was presented alone for 7 sec, fol-
lowed by simultaneous presentation of both CS1 and CS2. (C) Pairing
stimuli during FOC was required to generate a conditioned response to
CS1 vs. the CS™ (ANOVA, F3,21y=152.0, P < 0.0001; Tukey, P < 0.05).
Note that unpairing of stimuli during SOC did not reduce the first-order
conditioned responses of flies using the P-U protocol. Bars indicate
mean £ SEM; n=8/bar. (D) Pairing of stimuli during both FOC and
SOC was required to generate a conditioned response to CS2 vs. the
CS™ (ANOVA, F,21y = 14.68, P < 0.0001; Tukey, P < 0.05). Bars indicate
mean * SEM; n = 8/bar.

expedience, we focused on a subset of odor pairings. When meas-
uring FOC responses, MCH and OCT were exchanged as CS1 and
the CS™, while BEN remained the CS2 odor. Similarly, when we
measured SOC responses, BEN and MCH alternated as CS2 and
the CS™, while OCT remained the CS1 odor. Tests involving alter-
native combinations of CS1, CS2, and CS™~ odors yielded results
similar to those reported here (data not shown).

In FOC, flies were exposed to a blank odor (air bubbled
through mineral oil) for 90 sec, followed by a 60-sec exposure to
the CS1 odor paired with 12 1.25-sec pulses of 90-V dc shock deliv-
ered every 5 sec. The training tube was flushed for 45 sec with
the blank odor followed by a presentation of an unreinforced
CS™ odor for an additional 60 sec. First-order conditioning was
repeated three times with 10-min rest intervals of no odor or
airflow.

SOC began with exposure to the blank odor for 90 sec
followed by presentation of a novel CS2 alone for 7 sec. The
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previously conditioned CS1 was then presented in 12 4-sec pulses
alternating with a blank odor every 5 sec for 60 sec, paired with a
constant flow of CS2 odor. Pulsing of the CS1 odor generated
stronger second-order conditioned responses than constant expo-
sure (data not shown). Paired odors converged in the airflow
before entering the training tube. The tube was then flushed
with blank odor for 45 sec. CS™ was not presented to the flies dur-
ing the second-order training phase of the experiment to mini-
mize the time between conditioning and testing. Absence of the
CS™ was shown to have only minimal influence on performance
following FOC (Masek and Heisenberg 2008). After repeating
second-order conditioning three times with 10-min rest intervals,
flies were tested for their avoidance of either first- or second-order
conditioned stimuli.

When CS1 and the US were explicitly unpaired during FOC,
we observed a significant decline in avoidance of the first-
order conditioned stimulus (ANOVA, F »;) = 152.0, P < 0.0001;
Tukey, P < 0.05; Fig. 1C). As previously observed in FOC experi-
ments, inserting a 45-sec gap between shock and odor presenta-
tion severely reduces avoidance of a conditioned odor (Tully
and Quinn 1985). Furthermore, the lack of a significant difference
between the paired—unpaired (P-U) and paired-paired (P-P)
groups indicates that unpairing second-order stimuli has no dis-
tinguishable effect on FOC.

During SOC tests, flies demonstrated a significant avoidance
of second-order stimuli compared to either unpaired first-order
or second-order controls (ANOVA, F ;)= 14.68, P < 0.0001;
Tukey, P < 0.05; Fig. 1D). Coincident exposure to both first-order
(CS1+4US) and second-order (CS2+CS1) stimuli is required to
form a conditioned response to the second-order stimulus.
Explicit unpairing during either first- or second-order condition-
ing with a 45-sec gap in stimulus presentation was sufficient to
disrupt this association.

In our SOC paradigm, both CS1 and CS2 use the same sen-
sory modality and are presented simultaneously during training.
Therefore, flies must be able to distinguish both CS1 and CS2
components. Processing of odor mixtures has been previously
investigated in Drosophila (Silbering and Galizia 2007) but not
in the context of associative conditioning in adults. We con-
ducted a series of four shock-associated FOC experiments to exam-
ine the flies’ capacity to discriminate components of odor
mixtures during both training and testing (Fig. 2A). In our first
protocol, flies were conditioned to avoid an odor mixture
(OCT+BEN) and tested for their avoidance of one component of
this mixture (OCT). Protocol 2 is the inverse of protocol 1, with
one component (OCT) of an unreinforced mixture (OCT+BEN)
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Figure 2. Odor discrimination. (A) Timeline representations of training
and testing. Squares represent odor—solid indicate electric shock (90 V
dc) reinforcement, open indicate the absence of reinforcement. We
assessed discrimination of odors from odor mixtures during both train-
ing (protocols 1 and 2) and testing (protocols 3 and 4). (B) Flies demon-
strated significant avoidance of all conditioned stimuli (t-test, t3) = 8.64,
P<0.0001; tn3=9.13, P<0.0001; tn3=11.50, P<0.0001; and
tasy=14.24, P < 0.0001). Differences between groups were not signifi-
cant (ANOVA, Fg3 50y =1.779, P=0.1626). Bars indicate mean * SEM;
n=14/bar.
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presented during the test. In protocol 3, flies were conditioned to
avoid a single odor (OCT) and tested for their avoidance of the
same odor in a mixture (OCT+BEN). Protocol 4 is the inverse of
protocol 3, with an unreinforced odor (OCT) presented in a
mixture (OCT+BEN) during the test. The PI for all four protocols
was significantly greater than zero (f-test, t13, = 8.64, P < 0.0001;
t(13 = 913, P< 00001, t(13) = 1150, rP< 00001, and t(lg) =
14.24, P <0.0001; Fig. 2B). These results clearly demonstrate
that flies possess the capacity to discriminate odors from odor
compounds and also illustrates why one sensory modality can
be used for concurrent presentation of both CS1 and CS2 during
SOC. Furthermore, we observed no significant differences among
any of the four protocols (ANOVA, F sy = 1.779, P =0.1626),
indicating an equivalence of this capacity during both training
and testing.

Exposing flies to a previously conditioned stimulus in the
absence of a US can lead to extinction during FOC (Tully and
Quinn 1985). During SOC, flies were exposed to the CS1 in the
presence of CS2 without the original US. This exposure through-
out all three cycles of SOC may have led to the decreased salience
of CS1 as a reinforcer of CS2. To test for the possibility of such
extinction during SOC, we assayed avoidance of CS1 using two
training protocols (Fig. 3A). In one, flies received identical train-
ing to the P-P protocol described earlier and were exposed to
CS2+4-CS1 during SOC. The second group received identical FOC
but was not exposed to CS1 during SOC. We observed no sig-
nificant difference between the two groups when testing for
FOC response (f-test, f10) = 1.083, P = 0.3042; Fig. 3B), indicating
that unreinforced exposure to CS1 did not accelerate the extinc-
tion of this stimulus during SOC. A similar result was observed
in studies with Apis mellifera, in which the P-P group still demon-
strated a first-order response even after numerous spaced SOC
trials (Bitterman et al. 1983).

These experiments clearly demonstrate SOC in D. mela-
nogaster using an olfactory conditioning paradigm. Three FOC
cycles followed by three SOC cycles are sufficient to produce an
avoidance response to CS2. We also confirmed that flies are
capable of discriminating odors from odor mixtures during asso-
ciative conditioning, a necessary prerequisite for our olfactory-
based SOC paradigm. Furthermore, we did not observe extinction
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in this study, indicating that our SOC training regime effectively
elicits a conditioned response without a significant loss of CS1
salience.

There remain several properties of SOC open for investi-
gation using our protocol. For example, a test of sensory precon-
ditioning would be another, more robust assessment of odor
discrimination in the context of our SOC experiment. This would
involve presentation of a CS2+CS1 odor mixture prior to pairing
of a CS1 component+US reinforcement. Flies would then be
tested for their avoidance of the unreinforced CS2 component
of the mixture. Although the phenomenon has been demon-
strated in Drosophila using a visual-based paradigm (Brembs and
Heisenberg 2001), no example of a successful olfactory-based
approach yet exists.

Our SOC paradigm may be useful for studying neuronal and
molecular mechanisms of extinction in flies (Qin and Dubnau
2010). For example, extinction of CS1 after several rounds of
SOC was previously shown to have no effect on the conditioned
response to CS2 in rats (Rizley and Rescorla 1972). Combining
our robust approach together with Drosophila molecular-genetic
tools should lead to a better understanding of the biological proc-
esses underlying Rizley and Rescorla’s observations on extinction
and SOC.

SOC also presents an opportunity to revisit the roles of
well-studied learning and memory genes and the neuronal cir-
cuits in which they operate. In this regard, we are interested to
know whether or not FOC mutants rutabaga (calcium-sensitive
adenylyl cyclase) and dunce (cAMP-specific phosphodiesterase)
have SOC phenotypes. Drosophila NMDA receptors dNR1 and
dNR2 have also been implicated in Pavlovian learning (Xia et al.
2005). Interestingly, blocking NMDA receptor activity in the
amygdala prevents second-order fear conditioning in mice
(Gewirtz and Davis 1997). Our SOC paradigm will help to deter-
mine whether these evolutionarily conserved receptors are
required for higher-order learning in flies as well.

Several neurotransmitter-specific circuits necessary for asso-
ciative learning have been identified in insects. For instance, dop-
aminergic neuron activity has been shown to provide aversive US
reinforcement during FOC in Drosophila (Schwaerzel et al. 2003;
Riemensperger et al. 2005), honey bees (Vergoz et al. 2007), and
crickets (Unoki et al. 2005). In SOC, a pre-
viously conditioned stimulus (CS1),
rather than a US, provides reinforcement
of CS2. Recent work by Mizunami et al.
(2009) has demonstrated that a second-
order conditioned association in crick-
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Figure 3. Extinction. (A) Timeline representations of training and testing. Squares represent odor
presentation—solid indicate reinforcement, open indicate the absence of reinforcement. We assessed
the effect of CS1 extinction during SOC (protocol 1), relative to the control group (protocol 2). (B)
Presenting CS1 in the absence of the US did not accelerate extinction of the conditioned response

(t-test, toy= 1.083, P=0.3042). Bars indicate mean + SEM; n = 6/bar.
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these neurons is required at this stage of
learning. We are currently using a
transgenic approach with our SOC para-
digm to examine whether dopaminergic
neurons function in a similar manner
in flies.

While Drosophila behavioral neuro-
science has provided some understanding
of the mechanisms underlying first-order
learning and memory, much less empha-
sis has been placed on studies of more
complex and ecologically relevant be-
havior. The work presented here demon-
strates the fly’s capacity for higher-order
associative learning and offers a simple
and reliable method for investigating the
neurobiology of this phenomenon.

CS1vs CS-
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