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Biogenic amines, such as serotonin and dopamine, can be impor-
tant in reinforcing associative learning. This function is evident as
changes in memory performance with manipulation of either of
these signals. In the insects, evidence begins to argue for a common
role of dopamine in negatively reinforced memory. In contrast, the
role of the serotonergic system in reinforcing insect associative
learning is either unclear or controversial. We investigated the role
of both of these signals in operant place learning in Drosophila. By
genetically altering serotonin and dopamine levels, manipulating
the neurons that make serotonin and dopamine, and pharmaco-
logical treatments we provide clear evidence that serotonin, but
not dopamine, is necessary for place memory. Thus, serotonin can
be critical for memory formation in an insect, and dopamine is not
a universal negatively reinforcing signal.

biogenic amines � dopamine � learning � white-ABC transporter �
reinforcement

The neural systems containing biogenic amines, such as do-
pamine and serotonin, may mediate reinforcement informa-

tion to influence memory performance. In the monkey for
example, activity in the dopaminergic system is modulated based
on expected reward (1), and the phasic output of these neurons
may regulate memory performance (1, 2). In some invertebrates
the biogenic amines have also been shown to be critical for
conditioning (3–5). Within the insects, however, dopamine is the
only biogenic amine clearly implicated in negatively reinforced
associative memory (6–8). Indeed, and interestingly, dopami-
nergic system activation can be a sufficient reinforcing signal for
olfactory conditioning in Drosophila larvae (9). Thus, support
grows for a general function of the dopaminergic system in
negatively reinforced memory. Whether serotonin has a role in
insect learning is less clear (10), and in Drosophila it is contro-
versial (11–13). Here, we investigated the influence of serotonin
and dopamine on reinforcement of place learning in Drosophila.

The ‘‘heat box’’ can be used to rapidly condition place
memories in Drosophila (14, 15). In this paradigm, single flies are
allowed to wander in a chamber that is lined top and bottom with
Peltier heating elements (Fig. 1) (16, 17). A series of light sensors
on one side of the chamber tracks the behavior of a fly, and when
the animal moves to a predetermined half, the whole chamber
heats to a nonpreferred (aversive) temperature. With experi-
ence, normal flies avoid the chamber-half associated with rising
temperatures (15, 16, 18). A test performed after conditioning,
when the danger of rising temperature is removed, is used to
measure place memory. Importantly, one can dissociate acqui-
sition from reinforcement processing defects by the performance
of mutant flies after short and long training sessions (19). Flies
that are mutant for a type-1 adenylyl cyclase (i.e., rutabaga) show
poor memory performance after short periods of conditioning
but normal memory after longer training, emphasizing the
memory acquisition function for this protein. In contrast, f lies
mutant for the white-ABC transporter have low memory per-
formance after both short and long training sessions, similar to
normal flies’ memory performance with lower-temperature

reinforcement (19). This finding suggests the white-ABC trans-
porter provides a function critical for reinforcement processing.

After the initial observation of reinforcement processing
deficits in white-ABC transporter mutant flies, in this study we
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Fig. 1. Schematic of heat-box and sample position traces/performance
indices. (A) Individual flies walk in a small chamber, lined top and bottom with
heating elements. During a training session, when a fly moves to one half of
the chamber the whole chamber heats to a defined temperature (the midline
is represented by a dashed line, heating is represented as a red box). When a
fly returns to the previous chamber half the chamber cools (represented in
blue). The behavior of an individual fly is represented from a short period from
each of the pretest, training, and posttest phases. (B) In the pretest, flies
typically walk from chamber end to end, spending about equal time in each
chamber half (the amount of blue shading is similar above and below the
midline). (C) In the training phase, flies will walk past the midline and the
temperature in the chamber rises (red shading). Normal flies spend less time
on the side of the chamber associated with high-temperature punishment
during training (compare red and blue shading). (D) In a memory posttest, flies
continue to avoid the side formerly associated with high temperature (more
blue shading on the bottom half of the position trace). (E) Side preference
behavior is quantified in a performance index, where time spent on the
high-temperature side is subtracted from the time on the low-temperature
side, all divided by the total time within a session. The behavior of the fly in
B–D is quantified here and follows the form typically found when averaged
across many flies. The performance index can range from 1 to �1. Absolute
avoidance of the high-temperature-associated chamber half gives a value of
1. A value of zero indicates no side preference.

www.pnas.org�cgi�doi�10.1073�pnas.0710168105 PNAS � April 8, 2008 � vol. 105 � no. 14 � 5579–5584

N
EU

RO
SC

IE
N

CE

http://www.pnas.org/cgi/content/full/0710168105/DCSupplemental
http://www.pnas.org/cgi/content/full/0710168105/DCSupplemental


investigated whether serotonin and/or dopamine are critical for
this function. We followed this hypothesis because the white-
ABC transporter is known to be critical in the translocation of
tryptophan and guanine into at least some tissues (20–22).
Tryptophan is converted in two enzymatic steps to serotonin.
Furthermore, guanine is a precursor to tetrahydropterin, an
obligate cosubstrate for the enzymes that catalyze the synthesis
of serotonin and dopamine (23–25). We measured levels of
serotonin, dopamine, and a third biogenic amine octopamine in
wild-type and white mutant fly head tissue. Furthermore, using
spatially restricted transgenic expression of RNAi-white and the
tetanus toxin light chain (TeTxLC), we examined the behavioral
function of the serotonergic and dopaminergic neural systems.
Pharmacological manipulation of serotonin and dopamine levels
and measurement of behavioral consequences completed these
investigations. The results of these experiments indicate that
serotonin is necessary for high-temperature negatively rein-
forced place memory but dopamine is not. Therefore, serotonin
can be critical for associative learning in the insects and dopa-
mine is not a universal negative reinforcing cue.

Results
Altered Biogenic Amines in White Mutant Flies. Flies mutant for the
white-ABC transporter (w1118) have memory performance levels
that are �60% of wild-type levels in the heat box (Table 1),
similar to levels found in wild-type CS flies that are conditioned
with lower temperatures (19). And, the white-ABC transporter-
dependent memory deficit has been dissociated from changes in
the ability to sense and avoid a high-temperature source (�41°C)
in tests for thermosensitivity (19). To test the notion that the
white-ABC transporter provides critical substrates for biogenic
amine synthesis, we measured the levels of serotonin, dopamine,
and octopamine in white mutant flies. We included tests for
octopamine as it has been implicated in learning in both the
honey bee and Drosophila (7, 10, 26). We found that white mutant
flies have �30% of wild-type levels of serotonin and dopamine
(Table 1). Although the octopamine level in white mutant flies
is �80% of normal, this reduction does not reach significance
(Table 1). Thus, low serotonin and dopamine levels are correlated
with abnormal place conditioning.

Transgenic Manipulation of Serotonergic/Dopaminergic Systems. Ad-
ditional support for the role of serotonin and/or dopamine in
regulating memory in Drosophila can be gained from manipu-
lating the function of the serotonergic and dopaminergic neural
systems. Furthermore, one might discriminate between the
function of dopamine and serotonin in place conditioning by
using two different GAL4 drivers. The dopa decarboxylase
(Ddc)-GAL4 driver is expressed in a restricted set of neurons
that includes the serotonergic and dopaminergic neurons (ref. 27
and see below). The tyrosine hydroxylase (TH)-GAL4 driver is
expressed in the dopaminergic neurons (28). We first addressed
the role of the White-ABC transporter by expressing an RNAi
transgene under UASGAL4 control in these neurons [supporting

information (SI) Fig. S1] (29). Only flies expressing the white-
ABC transporter-RNAi transgene under Ddc control showed
conditioned memory deficits compared with all genetic controls
(Fig. 2). The TH-GAL4 driven expression of the white-ABC
transporter-RNAi transgene had no effect on conditioned be-
havior. In all genetic manipulations there were no significant
differences in control experiments testing the ability of flies to
sense and avoid a 41°C temperature source, the same temper-
ature used for conditioning (Fig. 2). The effect of down-
regulating white-ABC transporter expression on place memory

Table 1. Wild-type CS and white mutant flies’ memory and biogenic amine levels

Genotype
Memory, PI

N � 221

Serotonin,
pg/head
N � 16

Dopamine,
pg/head
N � 10

Octopamine,
pg/head

N � 8

CS 0.78 � 0.05 169.1 � 36.3 598.8 � 135.5 263.7 � 60.7
w1118 0.48 � 0.06*** 32.6 � 9.2** 147.8 � 31.4* 232.7 � 91.1

Memory was tested after 20 min of training. Biogenic amines were quantified from head extracts. Measure-
ments from wild-type CS and w1118 flies in a CS genetic background were recorded in parallel. Values are means �
SEMs. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Fig. 2. The Ddc-positive neurons are necessary for normal memory perfor-
mance. (A) When the UASGAL4-RNAi-white transgene was expressed with
Ddc-GAL4 driver, flies’ memory performance was strongly reduced compared
with all control genotypes [H (4, n � 643) � 28.3, P � 0.0001]. This finding was
in contrast to TH-GAL4-driven UASGAL4-RNAi-white expression, where no
deficits were found. Significant differences after multiple comparisons are
presented, Ddc-GAL4/UASGAL4-RNAi-white with UASGAL4-RNAi-white/� and
Ddc/� (**, P � 0.01). (B) Tests for the ability of flies with different genotypes
to sense and avoid a 41°C temperature source did not find significant differ-
ences between genotypes [H (4, n � 382) � 3.37, P � 0.50]. (C) Blocking
synaptic transmission by expressing the TeTxLC reveals a necessary role of the
Ddc-positive neurons in memory formation. Flies with TeTxLC expression in
the Ddc-positive and TH-positive neurons, and genetic controls, were trained
in the heat box and tested for memory. Only flies expressing TeTxLC with the
Ddc-GAL4 driver had a deficit in conditioned memory performance [H (4, n �
459) � 50.5, P � 0.0001, multiple comparisons indicate significant differences
between Ddc-GAL4/UASGAL4-TeTxLC and both Ddc-GAL4/� and UASGAL4-
TeTxLC/� performances (**, P � 0.01)]. (D) Tests for the ability to sense and
avoid a 41°C high-temperature source in the thermosensitivity assay found a
difference between these genotypes [H (4, n � 359) � 13.9, P � 0.01], which
was caused by a difference between TH-GAL4/UASGAL4-TeTxLC and Ddc-GAL4/
UASGAL4-TeTxLC flies (P � 0.05). The values represent means, and error bars are
SEMs.
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likely reflects an endogenous function for the white-ABC trans-
porter as white-mRNA has been detected in head tissue lacking
any of the visual systems (30) and a white promoter driving
expression of a marker protein (31) can be colocalized with
serotonin expression (Fig. S1).

We next expressed the TeTxLC (UASGAL4-TeTxLC) in the
Ddc- and TH-positive neurons to block synaptic transmission
(32, 33) and tested these flies for memory formation. We
reasoned that the TeTxLC effector transgene might reveal
further functions of Ddc- or TH-positive neurons because cleav-
ing synaptobrevin and blocking synaptic transmission might be a
more drastic change in neuronal physiology than altering ABC
transporter function. Expression of TeTxLC in the Ddc-positive
neurons led to defects in memory, but left thermosensitivity
unchanged (Fig. 2). Expression of TeTxLC in the TH-positive
neurons had neither an effect on memory performance nor an
effect on the avoidance of a 41°C source. Thus, the Ddc-GAL4
driver defines a neuronal set that requires synaptic transmission
for proper memory formation. Furthermore, the RNAi-white
transgene reduces Ddc-GAL4 neuron function to similar levels.
Synaptic transmission from TH-GAL4-positive neurons is not
necessary for heat-box conditioning. The results from experi-
ments using two effector transgenes increases support for a role
of the serotonergic system in place memory formation.

Manipulation of the Serotonergic System. In an attempt to address
the serotonergic system more directly, we used a TH-promoter
GAL80 transgene (T.K. and Junko Kasuya, unpublished results).
The GAL80 transcription repressor can effectively limit the
effect of GAL4-dependent expression in the fly (34). We
reasoned that as the TH promoter can effectively mark the
dopaminergic neurons (28), suppressing GAL4 function with
this promoter by GAL80 expression in combination with the
Ddc-GAL4 driver would allow for more specific serotonergic
system manipulation.

As a first step toward this goal, we identified the serotonergic
neurons in the fly brain by using a monoclonal antibody against
serotonin. We found between 38 and 41 serotonergic neurons
per hemisphere (Table 2, Fig. 3, and Movie S1). Some of these
neurons have been previously identified, including the lp2, se1,
se2, and se3 neurons (35). We further identified neurons we term
the serotonergic neurons of the anterior lateral protocerebrum
(alp), anterior medial protocerebrum (amp), posterior medial
protocerebrum (pmp), and posterior lateral protocerebrum
(plp). Four other groups of serotonergic neurons have been
previously described in the anterior part of the fly brain (35).
Because we do not find serotonergic neurons in a similar position
and examination of the images from ref. 35 shows structures
consistent with the posterior part of the brain (e.g., mushroom
body calyces and esophagus), it is likely the previously described

‘‘anterior’’ serotonergic neurons correspond to the pmp neurons
shown here.

Next, we characterized the Ddc-GAL4 and TH-GAL4 drivers’
expression with respect to the serotonergic system. We find that
Ddc-GAL4 drives expression of UASGAL4-GFP in �220 neurons
per hemisphere (excluding the optic lobes). We define three
broad classes of Ddc-GAL4-positive neurons: (i) serotonergic
neurons, (ii) distributed nonserotonergic neurons, and (iii) a
cluster of nonserotonergic neurons in the anterior superior
medial part of the cell body rind. First, the Ddc-GAL4-positive
serotonergic neurons number between 26 and 29 (Table 2 and
Fig. 3). Only a fraction of the lp2 and pmp neurons do not

Table 2. Location and number of serotonergic neurons

Group
Cell body

no./hemisphere
No. of

Ddc-GAL4 � cells Location

alp 3 3 Anterior cell body rind, lateral to midline
amp 1 1 Single cell body (�10 �m diameter) lateral to antennal lobe,

dorsal to ammc
lp2 9–11 3–4 Cells between medulla/central neuropil
pmp 13–14 8–10 Posterior cell body rind, medial to the calyx, running

dorso-ventral
plp 3 3 Posterior, between medulla/central neuropil
se1 3 2 Anterior subesophageal neurons
se2 3 3 Posterior to se1, lateral to midline
se3 3 3 Posterior to se1, at the midline

Fig. 3. Serotonin in the adult Drosophila brain. (A) In this slightly oblique
frontal image, depth is encoded from anterior to posterior as blue to red in 100
steps (0–125 relative units). Serotonergic neuron clusters are labeled (see
Table 2 for description of each cluster and explanation of abbreviations). Also
evident are innervations of the serotonergic neurons in the fan-shaped body
(fb) and elsewhere. In B and C, confocal image sections including the fan-
shaped body (fb) and rostral were used to generate the anterior images on the
left. Different brains were imaged from the posterior to provide the caudal
information. (B) Ddc-GAL4 drives expression of UASGAL4-GFP expression in a
subset of the serotonergic neurons and two groups of nonserotonergic cells
(described in Results). The anterior labeling has Ddc-GAL4/serotonin coexpres-
sion in a subset of the lp2, amp, alp (not shown), se1, se2, and se3 cells.
Posterior Ddc-GAL4 / serotonin coexpression is detected in a subset of the pmp
and plp cells. (C) TH-GAL4 drives UASGAL4-GFP expression in a distributed set of
cells that do not overlap in expression with the serotonergic neurons. The
white colocalization signal in the anterior medial ventral brain is an artifact of
flattening these optical sections. (D) TH-GAL80 can effectively suppress TH-
GAL4-driven UASGAL4-GFP expression. (Scale bar in A: 50 �m; applies to all.)
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overlap with the Ddc-GAL4-positive neurons. Second, the �100
Ddc-GAL4-positive distributed nonserotonergic neurons, pre-
sumably including the dopaminergic neurons, are found in
several regions of the cellular rind. Third, �100 nonserotonergic
Ddc-GAL4-postive cell bodies are found in a cluster in the
frontal cell rind. A predominant component of these cells
includes what appears to be extrinsic mushroom body neurons.
Examining TH-GAL4 driven UASGAL4-GFP expression we
found �75 neurons per hemisphere, none of which overlap with
the serotonergic signal (Fig. 3). The two white colocalization
signals seen in Fig. 3 are an artifact of f lattening these confocal
images.

The effectiveness of the TH-GAL80 transgene in repressing
expression in TH-GAL4-positive neurons was examined. We
found that the TH-GAL4-driven UASGAL4-GFP expression
could be completely blocked by the TH-GAL80 repressor
element (Fig. 3). Furthermore, addition of TH-GAL80 to the
Ddc-GAL4 driver reduced expression in the distributed nonse-
rotonergic neuron population but did not appreciably alter the
Ddc-GAL4-positive serotonergic neurons or the frontal cell
body rind neurons (data not shown). Thus, the combination of
Ddc-GAL4 and TH-GAL80 can be used to drive expression in
nearly all of the serotonergic neurons, �100 neurons that
innervate the mushroom bodies, and a handful of additional
neurons distributed in the brain.

We next used the Ddc-GAL4;TH-GAL80 driver combination
to manipulate synaptic transmission. Flies that expressed the
UASGAL4-TeTxLC with the Ddc-GAL4; TH-GAL80 driver
combination had a strongly reduced memory level compared
with genetic controls (Fig. 4). Neither of these manipulations
altered the ability of these flies to sense and avoid the high
temperatures used as a negative reinforcer (Fig. 4). Thus, the
serotonergic system can be manipulated independently of alter-
ation of the dopaminergic system, which can alter place memory
formation.

Pharmacological Manipulation of Serotonergic/Dopaminergic Systems.
Pharmacological manipulation of serotonin and dopamine pro-
vides a third means of testing the role of these systems in
Drosophila place memory formation. We fed flies the drug
�-methyl tryptophan (am-W) to inhibit the synthesis of serotonin
(36). Alternatively, f lies were fed �-methyl tyrosine (am-Y) to
inhibit TH activity and dopamine biosynthesis (37). Flies fed
am-W, but not am-Y, for 2 days as adult animals had memory
performance deficits (Fig. 4). We measured dopamine levels in
fly heads to test the effectiveness of our am-Y feeding protocol.
Flies fed am-Y had strongly reduced dopamine levels [am-Y:
29.9 � 2.7, sham: 507.4 � 109.5 pg dopamine per head; F(1,10) �
19.0, P � 0.001; n � 6 for each group]. Thus, our am-Y feeding
reduces dopamine levels to 6% of normal, which does not alter
memory performance. Also noted here is a reduced memory
score in sham- and am-Y-treated flies compared with wild-type
fly performance with a similar conditioning protocol but fed on
cornmeal media. These differences could be caused by variation
in flies’ performance over time or to effects of the sham food.
Regardless of this somewhat reduced memory background,
feeding am-W to adult f lies has a dramatic effect on memory
performance levels. Finally, feeding flies am-W had no effect on
temperature avoidance behavior (Fig. 4). These results support
the conclusion that serotonin, but not dopamine, is necessary for
place memory formation.

Discussion
Our key finding is that the serotonergic system is necessary for
high temperature reinforced heat-box place learning. This con-
clusion is supported by three independent lines of evidence.
First, white mutant flies have drastically reduced memory per-
formance and show severely decreased levels of both serotonin

and dopamine. Second, this mutant behavioral phenotype can be
phenocopied by decreasing white expression in the cells that
make serotonin. Furthermore, blocking synaptic transmission in
the serotonergic cells by using the UASGAL4-TeTxLC transgene
also reduces memory performance. Third, pharmacological re-
duction of serotonin reduces memory performance. Impor-
tantly, this effect can be seen after 2 days of drug feeding. This
time frame indicates that the serotonergic system can function in
the adult animal to influence memory independent of potential
developmental effects. Although each of these manipulations
may alter more than the serotonergic system, the common
alteration with the three independent manipulations is a reduc-
tion in serotonergic function. Thus, the serotonergic neurons can
be used in Drosophila as a negative reinforcing system. Whether
the serotonergic reinforcement function is general will require
additional tests of negatively and positively reinforced memory.
Using manipulations that show the dopaminergic system is
necessary for negatively reinforced olfactory learning (7, 9) we
find no evidence for the role of dopamine in place learning,
which indicates dopamine is not a general negative reinforcing
system in the insects.

Memory strength, influenced by the intensity/amount of the
reinforcer and measured for example as the rate or duration of
conditioned behavior, is a common memory phenomenon (38).
We use the general term ‘‘reinforcement processing’’ to address
the mechanisms of memory strength/reinforcement intensity

Fig. 4. Manipulating the serotonergic system reduces memory performance.
(A) Flies in which the TeTxLC was expressed in a set of CNS neurons, including
the serotonergic neurons, showed a strong reduction in place memory [H (2,
n � 286) � 14.5, P � 0.0007, multiple comparisons indicate significant differ-
ences between Ddc-GAL4;TH-GAL80/UASGAL4-TeTxLC and both Ddc-GAL4;TH-
GAL80/� and UASGAL4-TeTxLC/� performances (*, P � 0.05)]. (B) Tests for the
ability to sense and avoid a 41°C high-temperature source in the thermosen-
sitivity assay found no significant differences between the genotypes tested
[H (2, n � 210) � 1.20, P � 0.55]. (C) Adult flies fed am-W, reducing serotonin
levels (36), had a significant difference in memory performance compared
with flies fed on the media alone (sham) and flies fed am-Y, altering dopamine
levels [H (2, n � 316) � 10.9, P � 0.004; multiple comparisons indicate
significant differences between am-W-treated and both am-Y- and sham-
treated flies (*, P � 0.05)]. (D) Tests for the ability to sense and avoid a 41°C
high-temperature source in the thermosensitivity assay found no significant
differences between the treatment groups (U test: Z � 0.77, P � 0.44, n � 190).
Flies fed am-Y were not tested (ND) in the thermosensitivity assay. The values
represent means, and error bars are SEMs.
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matching. The matching mechanism is also sometimes termed
reinforcement learning (39). Biogenic amine systems appear to
be critical for reinforcement processing in quite different organ-
isms. In humans and monkeys, the performance level of a
learned behavior can be quickly modulated by the intensity of a
reinforcer, which is thought to be influenced by the dopaminer-
gic system (2, 40, 41). Serotonin and dopamine also have a
reinforcement function in the rodents, Aplysia, and Caenorhab-
ditis elegans (3, 4, 42–45). That Drosophila use dopamine and
serotonin for reinforcement argues that these neural systems
have a conserved role in reinforcement processing.

Our findings that serotonin and dopamine are strongly reduced
in white mutant flies have additional implications for Drosophila
behavioral neuroscience. The white gene is extensively used as a
genetic and transgenic marker in manipulating gene function, while
its own influence may be overlooked. Only a few examples have
previously identified a nonvisual, but nevertheless behaviorally
significant, function to the white-ABC transporter. These include
white overexpression effects on courtship behavior (46, 47) and
loss-of-function effects on anesthesia resistance (30), aggression
(48), and processing of low temperatures and electric shock (19).
Whether the function of the white gene, and the effect of lower
serotonin and dopamine, is restricted to these behaviors and place
learning is open. One should not expect, however, genetic ‘‘marker’’
effects to be restricted to Drosophila. For example, different wild-
type mouse strains used in generating transgenic animals have been
shown to be quite different both in neurophysiological and
behavioral learning tests (49). Whether these differences stem
from a single gene is obviously not clear. Nevertheless, these
studies highlight the unexpected and potentially strong inf lu-
ence on behavior of mutations that are used to facilitate
molecular genetic manipulation.

Finally, that the white-ABC transporter influences serotonin/
dopamine levels and memory performance may provide informa-
tion on the function of homologous vertebrate genes. The white-
ABC transporter is a member of the ABCG class of half-sized ABC
transporters (50). The expression of some of the ABCG transport-
ers has been identified in mouse brain (51, 52). And, interestingly,
a mutation in ABCG1 has been found associated with some male
depression patients (53). Thus, this class of transporters may be
important for the regulation of biogenic amines in critical regions
of the nervous system to influence behavior in multiple species.
Importantly, we can take advantage of the relatively simple fly brain
to close the gap between the molecular and circuit properties of
associative learning and a conceptual model of operant behavior
and learning (19, 54) to eventually provide for an integrated model
of brain function.

Materials and Methods
Genetic Manipulations and Culture Conditions. All flies were raised on our
standard cornmeal-based fly food at 25°C, 60% relative humidity, in a 12:12
h light/dark cycle, unless otherwise noted. Standard genetic crosses were
used to generate all experimental groups. All transgenic lines were out-
crossed to our ‘‘cantonized’’ white mutant line, wCS13 (19), for at least six
generations. The UASGAL4-RNAi-white (29) and UASGAL4-TeTxLC (CYO34 –1)
lines (55) additionally had their first chromosomes replaced with a
wild-type version. The Ddc-GAL4 line is X-linked (27), and so all
experimental and control animals were females. Crosses to generate
Ddc-GAL4/�;UASGAL4-TeTxLC were performed at 18°C, and adult flies were
transferred to 25°C 1 day before experimentation. A third chromosome
insertion line of TH-GAL4 was used (28). A UASGAL4-nlsGFP line was used to
detect GFP expression. Experimental animals used for behavioral studies
were 2–5 days old and never anesthetized.

Pharmacological Treatments. Two to 4-day-old wild-type CS flies were exposed
to drugs in 1% agarose and 1% sucrose for 48 h. The sham control flies were
in identical vials except without drug.

The drugs am-Y (2 mM) and am-W (20 mM) were mixed with cooling but
melted agarose/sucrose solution and allowed to harden. Food coloring was

added to the solution to allow for examination of feeding behavior with the
drugs. The drugs did not seem to negatively affect feeding based on colored
abdomens in flies exposed to the food for 2 days.

Biogenic Amine Measurement. Serotonin levels from head extracts were de-
termined by HPLC using an ESA model 582 isocratic pump, a Thermosepara-
tion AS3500 autosampler (20 �l) and detection with an ESA CoulArray detec-
tor with potentials set at 25, 500, 650, and 800 mV. A prodigy C185 �m (250 �
4.6 mm) column (Phenomenex) and a Phenomenex Securityguard C18 precol-
umn were used with a mobile phase of MDTM/acetonitrile (85:15); (MDTM �
75 mM NaH2PO4, 1.7 mM 1-octanesulfonic acid, 100 �l/liter triethylamine, 25
mM EDTA, adjusted to pH 3 with phosphoric acid) pumped at 0.8 ml/min.
Serotonin levels were quantified by using standard curves generated in par-
allel (serotonin �98% purity; Sigma). Octopamine levels were detected by
using the same HPLC column, but with a mobile phase of 50 mM citrate acetate
buffer, 11 mM octanesulfonic acid, pH 4.5/acetonitrile (80:20) (after ref. 56),
and quantified by comparing peak areas to a standard curve (octopamine
�95% purity; Sigma). Dopamine levels were determined from head extracts
by using an enzyme immunoassay kit per the manufacturer’s instructions
(Labor Diagnostika Nord).

Microscopy. Fly brains were extracted and blocked as described (57). A mono-
clonal antibody against serotonin (1:50; Biomeda) and/or anti-GFP (1:100;
Sigma) was incubated with fixed brains overnight at 4°C. Secondary antibod-
ies [Alexa 488 goat anti-rabbit (1:100; Invitrogen) and Alexa 647 goat anti-
mouse (1:250; Invitrogen)] were incubated again with brains overnight at 4°C.
All antibody incubation steps were followed by three 10-min washes with a
modified PBS (57). Brains were mounted on slides by using vectashield and
imaged with a Zeiss LSM Meta N2O two-photon inverted microscope. The
whole brain was scanned and image stacks were analyzed with LSM (Zeiss) and
Photoshop (Adobe) software. Depth coding used the DepthCod option from
the LSM software. Image stacks were sometimes grouped according to ante-
rior/posterior parts of the fly brain (anterior is used here to describe brain
regions at the level of the fan-shaped body and rostral).

Behavioral Tests. Flies were trained in the heat box as described (17, 19).
Briefly, during training, when an individual fly crossed an invisible midline, the
chamber heated up, reaching a maximal temperature of 41°C within seconds.
When that fly recrossed the midline, the chamber cooled and approached
24°C. Training sessions of 20 min were used. After training, a memory test of
3 min measured the persistent avoidance of the chamber position associated
with the high temperature. Avoidance behavior was quantified by using a
performance index (16, 58), in which the time spent on the punishment-
associated chamber half was subtracted from the time in the unpunished half,
all divided by the total time. The performance index ranges from �1 to 1, with
1 being perfect avoidance of the chamber-half associated with high temper-
ature. A performance index value of 0 indicates no side preference. The front
and rear half of the chambers are associated with high temperature in an
equal number of experiments. As performance index scores from place mem-
ory (and thermosensitivity) experiments give mixed results from tests on
normality (15), nonparametric statistics are used for comparing memory levels
between genotypes.

We refer to the test for the ability of flies to sense and avoid a high-
temperature source as the thermosensitivity assay (18, 59). These tests use the
same chambers; the difference is that the temperature of each chamber half
is manipulated independently of a given fly’s behavior. After 1 min when both
chamber halves are held at 24°C, one chamber half is warmed to 41°C. A
performance index is calculated in the same fashion as in the learning exper-
iment. Again, an equal number of experiments started with the 41°C side
in the front or back of the chamber. A second control we examined is
the relationship between walking activity and memory performance. We
have yet to detect a significant relationship in different genotypes between
walking activity and the ability to form memory (D.S. and T.Z., unpublished
results) (19).
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