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Animals in a natural environment confront many sensory cues. Some of these cues bias behavioral decisions independent of

experience, and action selection can reveal a stimulus–response (S–R) connection. However, in a changing environment it

would be a benefit for an animal to update behavioral action selection based on experience, and learning might modify even

strong S–R relationships. How animals use learning to modify S–R relationships is a largely open question. Three sensory

stimuli, air, light, and gravity sources were presented to individual Drosophila melanogaster in both naıv̈e and place condition-

ing situations. Flies were tested for a potential modification of the S–R relationships of anemotaxis, phototaxis, and negative

gravitaxis by a contingency that associated place with high temperature. With two stimuli, significant S–R relationships were

abandoned when the cue was in conflict with the place learning contingency. The role of the dunce (dnc) cAMP-phospho-

diesterase and the rutabaga (rut) adenylyl cyclase were examined in all conditions. Both dnc1 and rut2080 mutant flies failed

to display significant S–R relationships with two attractive cues, and have characteristically lower conditioning scores

under most conditions. Thus, learning can have profound effects on separate native S–R relationships in multiple contexts,

and mutation of the dnc and rut genes reveal complex effects on behavior.

Learning in the environment requires a complex interplay be-
tween sensory information, ongoing behavior, and the conse-
quences of a given behavior. When animals are confronted with
a sensory cue, an evolutionarily conserved stimulus–response
(S–R) relationship can be revealed through behavioral action selec-
tion (Heisenberg 2015). In a complex environment, however,
learning through experience might provide a benefit to an animal
by altering the selection of a particular S–R pathway. How native
S–R-behavior interacts with associative processes is a largely open
question. Indeed, tests of learning typically avoid biased environ-
ments thatmight test for interactions of this sort. For example, spa-
tial learning in rodents and flies typically use visual stimuli in the
environment which do not bias spatial preferences in search quad-
rants prior to conditioning (i.e., aweak or absent S–R environment)
(Morris 1984; Foucaud et al. 2010; Ofstad et al. 2011). Moreover,
classical olfactory conditioning in adult flies is usually done in
dark conditions with balanced aversive odor cues to minimize
potential interactions of intrinsic biases and memory formation
(Tully and Quinn 1985; Zars et al. 2000a; McGuire et al. 2005;
Kahsai and Zars 2011). However, classical olfactory conditioning
with different odor concentrations in larval Drosophila animals
suggests an interaction of learning with intrinsic chemotactic
S–R behavior (Schleyer et al. 2015). Moreover, the ability of adult
flies to suppress a light preference in the aversive phototaxic
suppression (APS) paradigm when light is associated with quinine
suggests an interaction of learning with this sort of S–R behavior
(Seugnet et al. 2009; Dissel et al. 2015). To understand better
how action selection occurs in a complex environment with po-
tentially competing S–R behaviors and learning, what is needed
is a robust conditioning paradigm that allows for exposure to dif-
ferent sensory stimuli with individual animals.

Drosophila exhibit multiple experience-independent innate
S–R behaviors that lend themselves to examining interaction

with learning. Three S–R relationships were examined here. If a
fly is presented with a localized air source, at least in flight, flies
will typicallyorient andmove toward anair source,which is termed
anemotaxis (Budick et al. 2007; van Breugel and Dickinson 2014).
Flies also prefer to move toward a light source in fast phototaxis
(Benzer 1967; Kain et al. 2012). The S–R behavior here is an attrac-
tion to lit versus dark targets (Le Bourg and Buecher 2002; Seugnet
et al. 2008; Kain et al. 2012). Finally, flies move against gravitation.
For example, if given sequential choices to go up or down in a re-
peated Y-maze, flies largely prefer the up-choice (McMillan and
McGuire 1992; Armstrong et al. 2006).

A potential modification of S–R behavior was tested in an op-
erant place learning paradigm in Drosophila using the heat-box. In
this assay, a fly is typically placed in a dark long narrow chamber
(1 × 2 × 34 mm). In the absence of conditioning flies walk back
and forth between the chamber ends, presumably searching for
an escape from this environment (Zars et al. 2000b). Addition of
localized air, light, and gravitaxis cues might be used by flies as
potential cues for an escape route, and biased searches toward these
sensory cues could reveal S–R behaviors. Importantly, flies can be
conditioned by associating movement to different parts of the
chamber with rising high temperatures (Wustmann et al. 1996;
Wustmann and Heisenberg 1997; Zars 2010; Ostrowski and Zars
2014). Flies can be quickly trained and show a persistent place pref-
erence in the chambers for several minutes (Zars et al. 2000b;
LaFerriere et al. 2011; Ostrowski et al. 2015). Individualflies are con-
ditioned, and positional information is recorded at high spatial (0.2
mm) and temporal (10 Hz) resolution (Sitaraman and Zars 2010).

Interaction of S–R behaviors with place learning andmemory
in the heat-box was tested. Naïve and potential interactions of

Corresponding author: zarst@missouri.edu

# 2018 Baggett et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first 12 months after the full-issue publication
date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12 months,
it is available under a Creative Commons License (Attribution-
NonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.

Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.046136.
117.

25:122–128; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/18; www.learnmem.org

122 Learning & Memory

mailto:zarst@missouri.edu
mailto:zarst@missouri.edu
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.046136.117
http://www.learnmem.org/cgi/doi/10.1101/lm.046136.117
http://www.learnmem.org/cgi/doi/10.1101/lm.046136.117
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/
http://www.cshlpress.com


preference behavior with learning were done with a localized air
source, one lit chamber end, and on an incline (Fig. 1). That is,
we tested whether S–R behaviors would be revealed in the heat-box
with air source, light, and gravitational cues, with and without
conditioning. Moreover, flies with mutations in the dunce (dnc)
cAMP-phosphodiesterase and rutabaga (rut) adenylyl cyclase were
examined in all conditions.

Results

Air source preference interaction with learning

and memory
We first examined the potential influence of learning on anemo-
tactic S–R behavior. The heat-box was fitted with a potential air
source at the back of the chambers. A valve allowed us to provide
a low level of airflow into the chamber. Flies were either exposed
to an air speed of ∼0.7 m/sec or no-air flow in the chamber. In
all conditioning experiments the back end of the chamber was
associatedwith 41°C. The no-conditioning group similarly “associ-
ated” the back half of the chamber with the baseline temperature
of 24°C. A performance index (PI) represents the proportion of
time spent in the front half of the chamber. A PI of zero indicates
an equal preference for the front and back half of the chamber. A PI
of 1 would be a perfect preference for the front of the chamber and
a negative PI indicates a preference for the end with the air source.

Wild-type flies show a strong effect of an air source on average
spontaneous place preference, but learning completely suppresses
this S–R behavior. Wild-type CS flies had an average place prefer-
ence score of between −0.3 and −0.4 in the presence of the air
source in the no-conditioning group (Fig. 2A). This shows that as
a group flies preferred the end of the chamber with the air source.
In the conditioning group, CS flies again showed a strong prefer-

Figure 1. Flies were conditioned in the presence of stimuli that could act
as potential attractive cues. In the anemotaxis experiments, an air source
was provided at the back of the chambers. A fly with a potential preference
for the air source is represented, with the arrows suggesting movement
toward that source (front and back refer to either end of the chamber).
Training associated the chamber end with the air source with 41°C. In
the phototaxis experiments, a light source was provided at the front of
the chambers. Training associated the lit end with the aversive tempera-
ture of 41°C. In the gravitaxis experiments, chambers were shifted at
7.8° and 15.6o from the horizon. Training associated the higher end
with the aversive temperature of 41°C. Controls for each of these cues
were without the potentially attractive cue. A second set of controls
used the nonaversive temperature of 24°C as the “training” temperature.
No conditioning was expected in these control conditions, and provided
information about the attractiveness of the cues presented.

Figure 2. Flies were conditioned in the presence of an air source that
could act as a potential attractive cue. (A) Wild-type flies have a preference
for an air source. Under no-conditioning, wild-type CS flies show a prefer-
ence for the side of the chamber with the air source compared to flies not
exposed to an air source, evident in negative values (Wilks λ = 0.0378
F(33,313.0) = 20.3, P < 0.00001 for all groups and conditions. Duncan post
hoc tests with significant differences are represented, (*) P < 0.05; (**) P
< 0.01; (***) P < 0.001). Moreover, the pretest phase in a training experi-
ment also shows a significant negative value compared to flies from the
no-air group. In both training conditions, the Training and Post-test
phases are strongly positive, but are not statistically distinguishable in
the air and no-air groups. (B) There were no preferences for an air
source in dnc1 flies compared to flies from the no-air group. Only the
Post-test performance of dnc1 flies was significantly lower than that of
CS flies in the absence of air. The dnc1 flies had a low Training and
Post-test performance in the presence of air compared to CS flies. (C)
The rut2080 flies had a significantly lower Training and Post-test perfor-
mance in the absence of air compared to CS performance levels. Only
the Post-test score in rut2080 flies was significantly lower than the CS flies
levels in the air groups. The pretest preference was significantly lower in
rut2080 flies in the air versus no-air groups. N = 16 trials for CS in each of
the conditions; N’s = 8 trials for dnc1 and rut2080 in each of the conditions.
Values are presented as means and error bars are SEMs.
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ence of the end of the chamber with the air source, but only in the
pretest phase. This preference was completely suppressed during
the training and post-test phases (Fig. 2A). The air-source prefer-
ence is similar to the preference flies have to orient toward and ap-
proach an air source in flying flies (Budick et al. 2007; van Breugel
and Dickinson 2014).

We also tested dnc1 and rut2080 mutant flies. The dnc1 flies
showed no average preference for the end of the chamber with
the air source (Fig. 2B). In contrast, the rut2080 mutant flies showed
a preference for the chamber end with the air source (Fig. 2C). The
training scores gave mixed results for dnc1 and rut2080 mutant flies
compared toCS,with dnc1mutantflies having a significantly lower
performance in the presence of airflow, but not in the control case
(Fig. 2B). For rut2080mutant flies, a lower training score was evident
in only the no-air control condition (Fig. 2C). The post-test scores
were significantly lower in dnc1 and rut2080 mutant flies compared
to those of CS flies in all cases. The results from the control condi-
tions are similar to previous findings, where dnc1mutant flies have
a relatively normal training performance but lower post-test score,
and rut2080 flies have lower scores in both phases (Wustmann et al.
1996; Zars et al. 2000b).

We also examined activity levels in the pretest phase for all ge-
notypes and conditions. In this case, we identified a strong effect
of the presence of air on locomotor activity across all genotypes
(Table 1), consistent with previous observations (Yorozu et al.
2009). In thesemeasures, we removed the requirement for an even-
tual experience with the high-temperature chamber half during
the conditioning phase since these activity measures were made
before there were any chances to experience a high-temperature
exposure, and this reveals an effect of dnc1 and rut2080 mutation
on behavior in the presence of an air source. In wild-type CS flies,
activity levels in the presence of an air source were reduced more
than 50% compared to the levels of flies in the absence of an air
source. Both dnc1 and rut2080 flies have reduced activity levels in
the absence of an air source, and an apparent strong sensitivity
to an air source in that the activity levels are again significantly
lower inmutantflies compared toCS flies (Table 1). Relative chang-
es in activity were also examined by normalizing activity levels to
those in the absence of an air source. CS activity levels in the pres-
ence of air were 0.50 and 0.41 in the no-conditioning and condi-
tioning groups, respectively. Both dnc1 and rut2080 flies were still
significantly lower in activity in the presence of air after normaliza-

tion (dnc1 = 0.34 and 0.28 in no-conditioning and conditioning
groups, P’s < 0.01 with Duncan post hoc tests; rut2080 = 0.27 and
0.29 in no-conditioning and conditioning groups, P’s < 0.01 with
Duncan post hoc tests). The reductions in locomotor activity in
the presence of air for dnc1 and rut2080 were consistent across all
of the experiments, and suggest this as an effect of air exposure
on the behavior of these mutant flies.

Light preference interaction with learning and memory
Wenext examined the potential interaction of learned behavior on
a light-based S–R behavior. The opaque stoppers that are typically
used to hold flies in individual chambers in the heat-box were
replaced with translucent stoppers and the room remained lit, in
contrast to conditions that were used in all other experiments.
The effect was that flies had an approximate 200 lux light source
at the front of the chamber. In all conditioning experiments
the front, lit end, of the chamber was associated with 41°C. The
no-conditioning group similarly “associated” the front half of
the chamber with a baseline temperature of 24°C.

Flies show a preference for the lit end of the chamber, but
conditioning completely suppressed this behavior. In the absence
of conditioning, flies showed a significant stable light preference,
evident in the negative PI for each of the phases of an experiment
(Fig. 3A). This preference was also evident in the pretest phase
of the conditioning experiment. In contrast, the training and
post-test phases completely suppressed the light preference S–R
behavior.

Mutant dnc1 and rut2080 flies do not show a light preference,
and have a deficit in training and post-test performance. In the
no-conditioning experiments, dnc1 mutant flies show no prefer-
ence for the lit end of the chamber (Fig. 3B). The dnc1 mutant flies
only had a significantly reduced training score in the presence of
light compared to those of wild-type flies, and strongly reduced
post-test scores in both dark and light conditions. The rut2080 mu-
tant flies also showed no preference for the lit end of the chamber
(Fig. 3C). The rut2080 flies also showed a significantly lower training
and post-test score compared to those of wild-type flies during the
training and post-test phases of the conditioning experiments.
Thus, at least under these conditions, dnc1 and rut2080 flies do
not show an obvious light preference, and have a characteristic
lower training and post-test score.

We examined activity levels in the pretest phase for all geno-
types and conditions. In this case, there was some variation in
activity between the different conditions for wild-type andmutant
flies (Table 2). The presence or absence of a light cue did not
consistently alter activity levels. The rut2080 mutant flies showed
inconsistent differences with wild-type flies. In the dark, rut2080

mutant flies had significant higher activity level in the
no-conditioning experiments, but not in the conditioning experi-
ment. Similarly, in the light rut2080 mutant flies had a significantly
higher activity level in the no-conditioning experiment but not in
the conditioning experiment. Since the pretest activity levels in
the conditioning and no-conditioning experiments are essentially
identical with respect to the temperature and temperature change
contingencies, the significant differences are likely without impact
on interpretation of training, post-test, and spontaneous place
preference behaviors in the presence and absence of a light cue.
The dnc1 mutant flies’ activity levels were not significantly differ-
ent from those of wild-type levels in any condition.

Potential gravitational preference interaction with

learning and memory
Finally, we examined how a gravitation cuemight influence native
preferences and interact with conditioned behavior. The heat-box

Table 1. Activity differences between CS, dnc1, and rut2080flies in
the pretest phase of the anemotaxis experiments

Genotype Conditioning
No-air/

air n
Mean
(a.u.) SD P-value

CS No No-air 258 287.8 126.1 n.a.
CS No Air 242 148.7 113.2 n.a.
CS Yes No-air 241 307.0 119.4 n.a.
CS Yes Air 244 122.2 95.4 n.a.
dnc1 No No-air 110 246.1 110.7 0.002
dnc1 No Air 102 85.5 84.2 <0.001
dnc1 Yes No-air 110 265.9 114.4 0.004
dnc1 Yes Air 103 72.1 77.4 <0.001
rut2080 No No-air 111 295.7 122.0 0.58
rut2080 No Air 104 78.8 77.1 <0.001
rut2080 Yes No-air 111 293.1 120.6 0.33
rut2080 Yes Air 103 85.4 82.7 0.008

Activity in the pretest period was examined in flies from three genotypes and
in different conditions. Conditioning (yes/no), no-air and air conditions, the
number of flies that were tested (n), the mean (a.u.), standard deviation (SD),
and P-values comparing mutant flies activity levels to CS under the same con-
ditions. ANOVA: F(11,1827) = 119.6 P < 0.00001. Duncan post hoc P-values are
given.
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was either not tilted, or tilted at 7.8° and 15.6° from the horizon,
positioning the front of the chamber higher than the back. In all
conditioning experiments the front, elevated end, of the chamber

was associated with 41°C. The no-conditioning group similarly
“associated” the front half of the chamber with a baseline temper-
ature of 24°C. In this control group, the chambers were treated in
exactly the same fashion as the conditioning group, but the cham-
ber temperature never changed.

Flies show no effect of an incline in the range tested on group
average spontaneous preference, but show an interaction with
place memory. Wild-type CS flies had an average place preference
score of near zero in the three groups, 0°, 7.8°, and 15.6° in the
“no-conditioning” group (Fig. 4A). This shows that as a group, flies
preferred neither the higher nor the lower ends of the chamber. In
the conditioning group, CS flies had similar training performance
at all angles from the horizon, but in the post-test phase flies
trained against the higher end showed a significantly higher post-
test performance level. Both the dnc1 and rut2080 flies showed no
average preference for the elevated chamber end, similar to wild-
type flies (Fig. 4B,C). The training score was usually lower than
the wild-type levels, the exception being dnc1 flies at 0 degrees
from the horizon. In all cases, the post-test score of themutant flies
was significantly different from the post-test scores of CS flies.
Remarkably, and in contrast to the CS flies, there was no post-test
phase advantage of training with the incline. Thus, in addition to
the typically reduced post-test score of dnc1 and rut2080 flies, these
mutant flies also fail to take advantage of the gravity vector to
improve post-test performance.

We also examined activity levels in the pretest phase for all ge-
notypes and conditions. In this case, there was some variation in
activity between the different conditions, but no significant differ-
ences were identified between flies of the different genotypeswhen
compared within specific conditions (Table 3).

Discussion

A conceptual model explains the interaction of S–R behaviors
with place learning and memory. We posit that a learning module
provides inhibitory input to S–R based modules such that learning
over-rides experience-independent behaviors. That is, cellular and
circuit mechanisms of learning impinge on and suppress the
systems that are critical for expression of stereotyped behavior.
The stereotyped behaviors that were examined here are shifts in
group average place preference with air and light. Moreover tests
with a gravitaxis sensory modality suggests that cues that provide

Figure 3. Flies were conditioned in the presence of a light stimulus that
could act as a potential attractive cue. (A) In the phototaxis experiments,
wild-type CS flies are attracted to the light cue in the absence of condition-
ing, evident in negative values (Wilks λ = 0.0122 F(33,357.2) = 37.5, P <
0.00001 for all groups and conditions. Duncan post hoc tests with signifi-
cant differences are represented, (*) P < 0.05; (***) P < 0.001). This prefer-
ence was also evident in the pretest phase of the conditioning experiment
in the light compared to the dark. The learning and memory score during
the training and post-test phases were statistically indistinguishable in the
presence or absence of a lit chamber end. (B,C) Mutant dnc1 and rut2080

flies did not show a preference for the lit half of the chamber. Mutant
dnc1 and rut2080 flies had statistically lower training and post-test perfor-
mance compared to CS flies. The exception was the training performance
of dnc1 flies in the dark. N = 16 trials for CS in each of the conditions; N’s =
8 trials for dnc1 and rut2080 in each of the conditions. Values are presented
as means and error bars are SEMs.

Table 2. Activity differences between CS, dnc1, and rut2080 flies in
the pretest phase of the phototaxis experiments

Genotype Conditioning
Dark/
light n

Mean
(a.u.) SD P-value

CS No Dark 197 316.6 100.6 n.a.
CS No Light 187 318.5 101.8 n.a.
CS Yes Dark 203 319.4 93.3 n.a.
CS Yes Light 185 325.2 100.9 n.a.
dnc1 No Dark 117 351.6 91.3 0.005
dnc1 No Light 118 372.8 89.3 <0.001
dnc1 Yes Dark 99 353.3 85.7 0.007
dnc1 Yes Light 101 377.8 79.1 <0.001
rut2080 No Dark 120 381.9 77.3 <0.001
rut2080 No Light 121 381.4 83.6 <0.001
rut2080 Yes Dark 121 350.2 110.1 0.01
rut2080 Yes Light 118 378.0 86.1 <0.001

Activity in the pretest period was examined in flies from three genotypes and
in different conditions. Conditioning (yes/no), dark/light, the number of flies
that were tested (n), the mean (a.u.), standard deviation (SD), and P-values
comparing mutant flies activity levels to CS under the same conditions.
ANOVA: F(11,1675) = 12.0 P < 0.00001. Duncan post hoc P-values are given.
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stereotyped behaviors can provide a positive input to a learning
module to enhance memory performance.

In Drosophila place conditioning, learning has a remarkably
strong influence on air and light-induced place preferences. Both
light and air cues induced a significant group-average preference
for the source of these cues, evident in place preferences that

were significantly biased toward the chamber ends with the source
of these stimuli (Figs. 2, 3). However, when conditioned to avoid
this chamber end, learning during the training phase andmemory
in the post-test were statistically indistinguishable in flies with and
without these cues. Thus, a learningmodule completely suppresses
the native S–R behavior in two different cases. The sole interaction
was with a gravitaxis cue and an increase in memory levels as the
incline increased (Fig. 4), even though this cue did not induce a
spontaneous average preference for this chamber end. This memo-
ry performance increasewas not a result of increased training, since
learning performance levels were similar across the different in-
clines. The increasedmemory performancewas in the direction op-
posite of a potential native preference of moving up the chamber
incline. The gravitaxis experiments suggest that nonobvious con-
ditions can provide input to a learning module to positively influ-
ence place memory levels.

What influences the increasedmemoryperformance offlies in
the presence of a gravitaxis cue, but completely suppresses light or
air cue induced preferences? Even though light and air sources pro-
vide attractive cues to wild-type flies, this preferencewas complete-
ly abolished by learning conditions. Thus, it appears that the
high-temperature reinforced place memory mechanisms can read-
ily over-ride mechanisms for these attractions. Perhaps it is impor-
tant that the gravitaxis cue was also the only cue that did not
influence a spontaneous preference. It seems that in place condi-
tioning with obvious cues that the suppression of the behavioral
action of phototaxis and anemotaxis by conditioning is of para-
mount importance. In the presence of a subtle cue,flies take advan-
tage of all information, and use the gravitational vector as an
orientation aid. Place conditioning with aversive temperatures
could be using very different mechanisms that impinge on the
experience-independent visual- and air-dependent circuits. The
gravitaxis circuits could be more integrated in the neural circuits
that influence place conditioning (Zars et al. 2000b; Armstrong
et al. 2006; Kamikouchi et al. 2009; Zars 2010). The caveat here is
that the stimulus intensities for the three cues havenot been exam-
ined extensively. Itmay be that light brightness and air speed levels

Figure 4. Wild-type CS, dnc1, and rut2080 flies were presented with grav-
itaxis cues and trained against a potential preference. (A) There were no
obvious group average preferences for a chamber end that was raised
up to 15.6°. Conditioning, however, led to high training and post-test
scores compared to no-conditioning (Wilks λ = 0.0184 F(51,509.9) = 28.3,
P < 0.00001 for all groups and conditions. Duncan post hoc tests with sig-
nificant differences are represented, (*) P < 0.05; (**) P < 0.01; (***) P <
0.001). The post-test scores were higher with 15.6° compared to the
0.0°, and 7.8° compared to the 0.0°, conditions. (B) Mutant dnc1 flies
showed no obvious preference for an elevated chamber end. The training
and post-test performance was lower in dnc1 flies compared to CS flies,
with the exception of the training score in control conditions. (C )
Training and Post-test scores were lower in rut2080 flies compared to CS
levels tested under the same conditions. N = 16 trials for CS in each of
the conditions; N’s = 8 trials for dnc1 and rut2080 in each of the conditions.
Values are presented as means and error bars are SEMs.

Table 3. Activity differences between CS, dnc1, and rut2080 flies in
the pretest phase of the gravitaxis experiments

Genotype Conditioning
Angle
(°) n

Mean
(a.u.) SD P-value

CS No 0 188 344.5 90.4 n.a.
CS No 7.8 195 355.2 76.1 n.a.
CS No 15.6 193 328.3 92.6 n.a.
CS Yes 0 184 358.4 85.0 n.a.
CS Yes 7.8 188 347.6 87.5 n.a.
CS Yes 15.6 187 337.3 94.9 n.a.
dnc1 No 0 97 390.7 69.1 0.06
dnc1 No 7.8 84 387.7 81.7 0.02
dnc1 No 15.6 100 370.9 81.6 <0.001
dnc1 Yes 0 92 390.7 76.7 0.08
dnc1 Yes 7.8 98 370.8 90.5 0.06
dnc1 Yes 15.6 93 378.3 79.1 <0.001
rut2080 No 0 100 367.7 82.0 <0.001
rut2080 No 7.8 99 384.7 74.9 0.01
rut2080 No 15.6 98 384.8 87.2 0.001
rut2080 Yes 0 83 380.9 75.9 0.01
rut2080 Yes 7.8 100 370.6 76.7 0.07
rut2080 Yes 15.6 98 385.0 74.3 <0.001

Activity in the pretest period was examined in flies from three genotypes and
in different conditions. Conditioning (yes/no), angle of the chambers from
the horizon, the number of flies that were tested (n), the mean (a.u.), stan-
dard deviation (SD), and P-values comparing mutant flies activity levels to CS
under the same conditions. ANOVA: F(17,2259) = 7.4, P < 0.00001. Duncan
post hoc P-values are given.
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could be found that provide little or no spontaneous preference but
have an impact on memory levels. Future experiments will deter-
mine if this is the case.

We find that mutation of the dnc cAMP-phosphodiesterase
gene (Nighorn et al. 1991) has complex effects on learned and
innate S–R behaviors. In the absence of overt sensory cues, dnc1

mutant flies never had a significant reduction in training perfor-
mance, but had a significant reduction in memory performance
in all cases (Figs. 2–4). In the presence of sensory cues, both the
training and memory scores were significantly lower in all cases.
The variable effect on place learning but overall reduction inmem-
ory performance is consistent with previous findings (Wustmann
et al. 1996). Moreover, in all cases dnc1 mutant flies did not display
an average preference for any discrete cue, including light and air
source experiments. The lack of a phototactic response in dnc1

mutant flies in the current conditions, with fairly low-light levels
and in a narrow chamber, are in contrast to other results in which
these flies have a normal attraction to light but a specific deficit in
learning (e.g., Dissel et al. 2015). The specific low-light conditions
in the current experiments are likely responsible for these differ-
ences. The dnc1 mutant flies also did not show an advantage in
the memory score in the presence of potential gravitational cues.
In our simple model, a learning module negatively influences
nonconditioned behaviors. In the case of dnc1 mutant flies, the
learning module is altered such that the input on naïve behaviors
is less influential.

Mutation of the rut adenylyl cyclase (Levin et al. 1992) is
largely restricted to learning and memory phenotypes. In the
absence of overt sensory cues, rut2080 mutant flies have signifi-
cantly lower learning and memory scores in all cases (Figs. 2–4).
Moreover, in the presence of overt cues, learning and memory
scores are significantly lower in nearly all of the cases, the excep-
tion being in the presence of an air cue. The rut2080 mutant flies
only showed a consistent preference for an air source, and there
was no effect of a potential gravitational cue on memory perfor-
mance. As with dnc1 flies, rut2080 flies showed an enhanced reac-
tion to the air stimulus in terms of locomotor activity reduction
(Table 1). Thus, although spontaneous preferenceswere not readily
detected in most cases by rut2080 flies, it seems likely from the
results that the primary deficit in these flies is in the associative
process, the learning module, which is consistent with previous
views for the function of this gene (Dudai 1985; Levin et al.
1992; Zars et al. 2000a; Schwaerzel et al. 2002; Gervasi et al. 2010).

The interaction of gravitaxis cues with place conditioning
and the suppression of light and air source preferences add to a
few examples of integration across different sensory modalities in
Drosophila (Guo andGuo 2005; Chow and Frye 2008; Seugnet et al.
2008; Gaudry et al. 2012; Zhang et al. 2013; van Breugel and
Dickinson 2014; Wasserman et al. 2015). Flies can use visual feed-
back in a flight simulator to better orient toward a virtually local at-
tractive odor source (Chow and Frye 2008;Wasserman et al. 2015).
Moreover, in cross-modal and sensory preconditioning learning
experiments with visual and odor cues, a clear interaction of visual
and olfactory information can influence learned behaviors (Guo
and Guo 2005; Zhang et al. 2013). That is, flies both show an en-
hanced conditioned avoidance of a visual or olfactory cue when
the two cues that were conditioned were suboptimal and that flies
can be trained to avoid one cue if it has been preassociated with a
second cue. These studies suggest that the visual and olfactory neu-
ral systems converge at some level to influence action selection and
ongoing behavior. We see a similar interaction with gravitaxis and
place memory (Fig. 4). Moreover, examination of chemotactic
behavior in Drosophila larvae with paired and unpaired condition-
ing experiments suggests that learning can influence native S–R be-
haviors within a sensory modality (Schleyer et al. 2015). In adult
flies examined with a quinine conditioned suppression of light

preference (the APS paradigm), a few paired experiences with the
aversive gustatory cue is enough to suppress the light preference
in a light/dark choice point. The effect of this conditioning is
short-lived, with flies going back to a light preference quickly after
the quinine contingency is removed (Seugnet et al. 2008, 2009).
We see a similar profile with the suppression of light and air source
cues (Figs. 2, 3). The difference here is that the suppression is longer
lived, lasting at least 3 min.

The results here represent the first attempts to examine poten-
tial interactions of overt sensory cues and place learning andmem-
ory in behavioral action selection. Potential for interaction was
tested with three sensory stimuli and place learning and memory
using high-temperature aversive conditioning. Wild-type CS flies
show an unexpected enhancement of memory in the presence of
a gravitaxis cue, even though these flies do not show an influence
of this cue in average preferences. Wild-type flies completely
suppress light and air source preferences in place learning and
memory. Mutation of the dnc1 and rut2080 flies show complex phe-
notypes, with the rut2080 mutant flies consistently showing learn-
ing and memory deficits.

Materials and Methods

Drosophila treatment
Drosophilamelanogasterwere raised on cornmeal-based fly foodme-
dia and maintained on a 12 h/12 h day/night cycle at 24°C and
60% relative humidity. For behavioral experiments wild-type
Canton S (CS) flies at the age of 2–5 dwere used. Prior to the behav-
ioral experiments flies were provided 16–24 h on new fly food. The
Canton S flies stem from the Martin Heisenberg laboratory stocks.
The rutabaga adenylyl cyclase (rut2080) has a P-element insertion
near the gene and has been described as a null allele. The dunce
cAMP phosphodiesterase (dnc1) was isolated from an EMS muta-
genesis and is thought to be a hypomorphic allele. Both are in
a Canton S background (Nighorn et al. 1991; Levin et al. 1992;
Crittenden et al. 1998).

Behavioral experiments
Place learning and memory was tested using the heat-box appara-
tus. The heat-box consists of multiple rectangular chambers in
which single flies are allowed to walk freely back and forth (Zars
2009, 2010; Ostrowski and Zars 2014). The position of a single
fly within each chamber is recorded throughout an experiment
at 10 Hz and a resolution of 0.2 mm. Fast temperature changes
within the chambers are provided by Peltier-elements on top and
bottom. A computer coordinates rising temperatures with position
of the fly. Before each training session flies are provided a pretest
phase (60 sec) at constant 24°C to determine any potential sponta-
neous side preference. During conditioning (the training phases)
one chamber half is defined as the side associated with high tem-
perature and the other as not. Every time the fly enters the high
temperature associated side the whole chamber heats up to an
aversive temperature (41°C). The return of the fly to the other
side quickly cools down the chamber to a nonaversive temperature
(24°C) (Sayeed and Benzer 1996; Zars 2001). The training phase
was for 10 min. The following 3-min post-test measures place
preference while the chamber is kept at the same nonaversive
temperature. A PI is calculated by the difference in time a fly spent
in either chamber half (unpunished side versus punished side)
divided by the total time within a pretest, training, or post-test
session. The PI can vary from 1.0 to −1.0. Zero indicates that on av-
erage the flies spent equal time on both sides of the chamber,
whereas 1.0 shows a perfect side preference of the fly for the un-
punished chamber half.

Flies were exposed to one of three stimuli that could act as at-
tractive cues. In the first case, a localized air sourcewas used. In this
case, the air supply that is traditionally used to expel the flies was
slightly opened to allow an airflow of ∼0.7 m/sec during the exper-
iment. Conditioning associated the back, air-source containing
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chamber end with 41°C during training. The second case used a
light source. The traditional opaque stoppers were replaced with
translucent stoppers and the fluorescent room light was left on,
providing approximately 200 lux light. Conditioning associated
the front, brighter chamber end with 41°C during training.
Finally, the chambers were put on an incline of 7.8 or 15.6° from
thehorizon. The control situationwas no incline.Conditioning as-
sociated the front, higher chamber end with 41°C during training.

Data analysis
Position of flies within the chambers is recorded by a custom-made
program and spatial preference (PI) of individual flies during all
phases of an experiment are automatically calculated. Flies that
were inactive during pretest or did not experience heat during
training were automatically discarded in all experiments. Average
PIs were calculated for each of the 8 to 16 experiments per geno-
type and experiment type. Data from two sets of eight experiments
were combined for the wild-types flies since results were consistent
between the experiments. The mean values were used in paramet-
ric ANOVA and Duncan’s post hoc tests. Inspection of residual ver-
sus expected normal values indicate that the data are normally
distributed, as is typical for this type of analysis (Tully and Quinn
1985; Zars et al. 2000a). Data are shown as mean ± SEM. For statis-
tical analysis Statistica 8 (StatSoft) was used.
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