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D, Dopamine Receptor dDA1 Is Required in the Mushroom
Body Neurons for Aversive and Appetitive Learning in
Drosophila

Young-Cho Kim,' Hyun-Gwan Lee,? and Kyung-An Han'*
Department of Biology and The Huck Institute 'Neuroscience and 2Genetics Graduate Program, Pennsylvania State University, University Park,
Pennsylvania 16802

Drosophila has robust behavioral plasticity to avoid or prefer the odor that predicts punishment or food reward, respectively. Both types
of plasticity are mediated by the mushroom body (MB) neurons in the brain, in which various signaling molecules play crucial roles.
However, important yet unresolved molecules are the receptors that initiate aversive or appetitive learning cascades in the MB. We have
shown previously that D, dopamine receptor dDAL1 is highly enriched in the MB neuropil. Here, we demonstrate that dDAI is a key
receptor that mediates both aversive and appetitive learning in pavlovian olfactory conditioning. We identified two mutants, dumb’ and
dumb’, with abnormal dDA1 expression. When trained with the same conditioned stimuli, both dumb alleles showed negligible learning
in electric shock-mediated conditioning while they exhibited moderately impaired learning in sugar-mediated conditioning. These
phenotypes were not attributable to anomalous sensory modalities of dumb mutants because their olfactory acuity, shock reactivity, and
sugar preference were comparable to those of control lines. Remarkably, the dumb mutant’s impaired performance in both paradigms
was fully rescued by reinstating dDA1 expression in the same subset of MB neurons, indicating the critical roles of the MB dDA1 in
aversive as well as appetitive learning. Previous studies using dopamine receptor antagonists implicate the involvement of D, /D; recep-
tors in various pavlovian conditioning tasks in mammals; however, these have not been supported by the studies of D;- or Ds-deficient
animals. The findings described here unambiguously clarify the critical roles of D, dopamine receptor in aversive and appetitive pavlov-

ian conditioning.
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Introduction

Pavlovian (classical) olfactory conditioning tests the animal’s
ability to learn and remember the odor [conditioned stimulus
(CS)] associated with diverse unconditioned stimuli (US) in Dro-
sophila and is instrumental in investigating the neural and cellular
mechanisms underlying distinct learning and memory processes.
When subjected to concurrent odor (CS+) and electric shock
(aversive US) presentation, flies learn to avoid the CS+ odor in
the absence of shock. Conversely, flies learn to prefer the CS+
odor after concurrent odor (CS+) and sugar (appetitive US)
exposure. Thus, the same CS+ triggers either avoidance or pref-
erence behavior depending on previous experience of the flies.
Several key questions arise regarding the underlying mecha-
nisms. Specifically, are common or separate neural systems re-
quired for aversive versus appetitive learning and memory? What
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are the critical molecular and cellular events that distinguish re-
ward versus punishment information?

Two key components are essential for both aversive and ap-
petitive conditioning. One component is the cAMP signaling
pathway. Flies defective in cAMP metabolism, such as dunce
(cAMP-specific phosphodiesterase) and rutabaga [rut; calcium/
calmodulin (CaM)-dependent adenylyl cyclase (AC)], or flies
with altered activities of cCAMP effectors protein kinase A and
dCREB2 are impaired in learning and/or memory in aversive
conditioning (for review, see Davis, 2005). Likewise, appetitive
conditioning requires cCAMP because rut mutants display poor
learning (Schwaerzel et al., 2003). The other component is the
mushroom body (MB) brain structure. Flies with ablated MB
structures or functions are completely defective in aversive learn-
ing (de Belle and Heisenberg, 1994; Connolly et al., 1996). More-
over, synaptic output of different MB lobes is involved in mem-
ory formation or retrieval in aversive and appetitive conditioning
(Dubnauetal., 2001; McGuire et al., 2003; Schwaerzel et al., 2003;
Isabel et al., 2004; Krashes et al., 2007). These indicate the MB as
a central neural substrate for olfactory learning and memory.
This poses a fundamental question regarding the neuromodula-
tors and their receptors that initiate the cAMP cascade in the MB
for aversive and appetitive learning and their memories.

The neuromodulators that are crucial for olfactory condition-
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ing and activate cCAMP increases are dopamine and octopamine.
Previous studies of Drosophila larvae and adults show that dopa-
minergic neuronal activities are essential for aversive, but not for
appetitive, learning, whereas octopamine or octopaminergic
neuronal activities are necessary only for appetitive learning
(Schwaerzel et al., 2003; Schroll et al., 2006). Consistently, the
activities of dopaminergic neurons projecting to the MB are
mildly increased by odor stimuli and strongly by electric shock
(Riemensperger et al., 2005). Moreover, duration of their activi-
ties is prolonged when the CS+ odor is presented, suggesting the
role of dopamine neurons in US prediction. However, it is yet
unknown whether dopamine directly activates the MB for aver-
sive learning. To uncover the signal(s) activating the learning and
memory cascade, we previously identified three receptors that are
highly enriched in the MB and increase cAMP levels, and they are
two dopamine receptors, dDA1 and DAMB, and an octopamine
receptor, OAMB (Han et al., 1996, 1998; Kim et al., 2003). Here,
we show that dDAL is required in the MB for aversive and appet-
itive learning.

Materials and Methods

Drosophila stocks and culture. Wild-type Canton-S and isogenic w
were used as controls. The control, deficiency, and inversion lines used in
this study were obtained from the Bloomington stock center and 02676
from the Harvard Exelixis stock collection. MB247-GAL4, Elav-GAL4,
and GAL80" lines were kindly provided by Drs. S. Waddell, M. Heisen-
berg, and R. Davis, respectively. The X and second chromosomes of the
inversion line In(3LR)234 were replaced with those of Canton-S. {02676
was backcrossed with w'' for at least five generations. Flies were reared
on standard cornmeal/agar medium at 25°C and ~50% relative humid-
ityona 12 hlight/dark cycle. The 4- to 7-d-old flies of mixed genders were
used for behavioral tests. In appetitive conditioning, flies were starved for

1118

Pedunculi

dDA1 IRin the adult head sections of Canton-S, dumb’, and dumb? flies. The frontal sections at the levels of the MB
lobes (top) and pedunculi along with the central complex (bottom) are shown. dDAT IR is visualized by red florescence. Canton-S
has prominent dDAT IR in the MB lobes and pedunculi as well as the central complex; however, no dDA1 IR is visible in those
structures of dumb’ and dumb?. p, Pedunculus; cc, central complex. Allimages are at the same magnification. Scale bar, 100 um.
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22 h in Drosophila vials containing water-
soaked Kimwipes before training (Kim et al.,
2007).

Immunohistochemistry and molecular analy-
ses. Immunostaining was performed as de-
scribed previously using mouse anti-dDA1 an-
tibody (1:200 for sections; 1:1000 for whole
mounts) and Alexa 555-conjugated anti-mouse
IgG (1:1000; Invitrogen, Eugene, OR) (Han et
al., 1996; Kim et al., 2003). Images were taken
by a DMR epifluorescent (Leica, Heidelberg,
Germany) or a FluoView confocal (Olympus,
Melville, NY) microscope. RNA preparation
and reverse transcription (RT)-PCR were per-
formed using Qiagen (Chatsworth, CA) kits ac-
cording to the manufacturer’s instruction.

Behavioral tests. The protocol described by
Beck et al. (2000) was adopted for aversive con-
ditioning with minor modifications. Appetitive
conditioning was performed as described pre-
viously (Kim et al., 2007). Briefly, 50—60 flies
were exposed to a first odor (CS+) in the pres-
ence of pulses of 90 V electric shock or 2 m su-
crose for 1 min, followed by 30 s air. After ex-
posure to a second odor (CS—) without shock
or sucrose for 1 min, flies were tested in a
T-maze with two odors presented for 2 min. In
sucrose-mediated conditioning, flies received
another cycle of training with a 30 s intertrain-
ing interval. A second set of flies was simulta-
neously trained with the odors presented in a
reversed order to counterbalance any possible
odor bias in conditioning. The test was per-
formed immediately after or at 1 h after train-
ing. The performance index (PI) was calculated
by subtracting the percentage of flies that chose
CS+ (incorrect choice) from the percentage of flies that chose CS—
(correct choice). An average PI of two sets of flies conditioned with
counterbalanced odors was used as one data point. Odorants used for
conditioning were 1% 3-octanol (OCT), 0.5% benzaldehyde (BA), 2%
ethyl acetate (EA), and 2% isoamyl acetate (IAA). Odorants were diluted
in mineral oil and sucrose in deionized water. All chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO).

For olfactory acuity tests, flies were placed in a T-maze, with one of the
arms carrying air and the other carrying an odor, into which flies dis-
persed from a central choice point, and allowed to choose air versus the
odor for 2 min. The tests were performed with the concentrations of
odorants used for conditioning and with the five-times lower concentra-
tions. Electric shock avoidance was tested in a T-maze with two tubes
lined with copper grids, in one of which flies received pulses of 90 or 30 V
electric shock. Sugar preference was also tested in a T-maze with both
tubes covered with filter papers, one of which had 2 or 0.2 M sucrose.
Avoidance and preference scores were calculated similar to PI.

All data are reported as mean = SEM. Statistical analyses were per-
formed using Minitab 14 (Minitab, State College, PA). ANOVA with post
hoc Tukey—Kramer or Student’s ¢ test was used for normally distributed
data. If data were not normally distributed, the Kruskal-Wallis test was
used.

Results

Identification of dDA1 mutants

To identify dDA1 mutants, we surveyed multiple fly lines with
lesions that are known to map at the chromosomal location 88A
where the dDA1 gene resides. Two lines showed abnormal dDA1
immunoreactivities (IRs) in the brain. One of them is the inver-
sion line In(3LR)234, which has the break points at 67D and
88A-88B (Craymer, 1984). The other is f02676 containing the
transposable element piggyBac inserted at the first intron in the
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Table 1. Sensory modalities including olfactory acuity and shock reactivity [n = 6 for all groups: Df(3R), Df(3R)su(Hw)7;Df(3L), Df(3L)ACT]

dumb'’/ dumb'/ P dumb'/
G Df3R)/+  Df3L) dumb’/+ D3R dumb’ values w dumb?’/+  dumb? dumb? pvalues
Odor
avoidance  1%0CT 56540 526*25 526*66 63147 56318 47829 0188 524+44 494+14 494+40 528+43 0869
0.2%0CT 16,1 =53 187*x46 17846 13350 136*46 51*58 0437 172*43 158*+15 17.9*x22 17021 0959
0.5%BA 70943 760*+22 645*+31 76939 65237 65620 0032 63030 655*14 621*+33 67.8*+46 0.604
0.1%BA 10830 112*+29 97%34 146=*15 127*+36 72*+30 0608 168+38 153*£18 170*x13 174*+39 0.962
Shock
avoidance 90V 69.9 =35 66.1*x46 68867 636*+44 66745 692*25 0927 578*44 624*+44 57539 547*40 0.635
30V 393233 285%£29 266*+32 297=*63 315*34 270*x25 0212 25840 271 *=81 275*43 248*+42 0984
dDAT1 locus (Thibault et al., 2004). Previ-  Table 2. Sensory modalities induding olfactory acuity and shock reactivity (n = 6 for all groups)
ously, we have shown that dDA1 is highly 247/+; 247/ +;
enriched in the MB lobes, the central com- 247/ +;dumb”  247/+;dumb®  dumb'/dumb? dumb’/~+ pvalues
plex, a few scattered cells in the brain, and o402 iigance 196007 509+ 41 530 =36 539 +33 50+60 0965
the  Apterous-positive  cells in  the 05%BA 62132 560+ 46 593 + 27 576+22 0609
thoracico-abdominal ganglion (Kim etal.,  Spockavoidance ~ 90V 605 + 2.8 573 27 595 +33 56936 0820
2003; Park et al., 2004). Both In(3LR)234 30V 313*+39 288 = 3.5 265*34 303 £3.6 0.798
and f02676 have negligible dDA1 IRs in the
MB and the central complex (Fig. 1) but e . .
. . Table 3. Sensory modalities including olfactory acuity and taste perception (n = 6 for all groups
intact IRs in the scattered and Apterous- y s incuding yacty perception 34;1)
positive cells (data not shown). Consis- ; 5 5
tently, full-length dDAI transcripts were © dumb dumb dumb palues
detected in both lines by RT-PCR (data  Sugar preference 2 msucrose 68.2 =29 70.0 =35 68.6 = 2.2 704 =29 0.942
not shown). Thus, In(3LR)234 and 02676 0.2 msucrose 38131 370 =29 399*+39 36.4 = 3.0 0.881
appear to have lesions in the regulatory se- Odor avoidance 2% IAA 64.4 =27 624 +28 60.3 + 3.1 61.8 £ 3.1 0.798
2% EA 644 *+ 23 61.6 = 3.0 643 =34 61929 0.841

quence for tissue-specific dDA1 expres-

sion, representing hypomorphic dDA1 al-
leles, and are designated as dumb’
[D1(uno) in mushroom bodies] and dumb?, respectively.

Impaired learning of dumb mutants in aversive conditioning
The observations that dDA1 is concentrated in the MB neuropil
and can activate the cAMP pathway (Sugamori et al., 1995; Kim et
al., 2003) prompted us to investigate the role of dDA1 in olfactory
conditioning. When subjected to aversive conditioning using
odorants BA and OCT as conditioned stimuli and electric shock
as a US, dumb' homozygous mutants showed severely impaired
performance immediately after training (Fig. 2A). Performance
of dumb' did not decline at 1 h after training, suggesting that
dumb’ is defective in learning rather than memory. dumb' has
two break points caused by inversion. Thus, to investigate the
lesion accountable for poor performance of dumb’, we used two
deficiency lines, Df(3L)ACI and Df(3R)su(Hw)7, having deletion
between chromosomes 67A2 and 67D13 and chromosomes 88A9
and 88B2, respectively, which include each break point (Pauli
et al,, 1995; Deak et al., 1997). Similar to dumb’, dumb'/
Df(3R)su(Hw)7 trans-heterozygous mutants exhibited poor per-
formance immediately or 1 h after training (Fig. 2A). In contrast,
performance of dumb'/Df(3L)ACI was comparable to that of
Canton-S and dumb'/+ or Df(3R)su(Hw)7/+ heterozygous flies
immediately after training. These data indicate that the lesion in
chromosome 88A is responsible for poor learning of dumb’ mu-
tants. The flies heterozygous for both deficiency chromosomes
had slightly lower performance scores compared with those of
Canton-S and dumb'/+ at 1 h after training (Fig. 2A). This could
be attributable to putative memory genes in the deleted
chromosomes.

We next asked whether the dumb’ phenotype is linked to the
lesion in dDA1 by examining the independent dumb allele dumb’
and dumb'/dumb’ trans-heterozygous mutants in aversive con-
ditioning. Like dumb’, both genotypes had negligible perfor-

mance scores immediately after or 1 h after training (Fig. 2B),
supporting the potential role of dDA1 in punishment-mediated
olfactory learning. dumb' and dumb” heterozygous flies exhibited
normal performance (Fig. 2A,B); thus, a single copy of dDA1
may be sufficient for mediating this process.

To test whether dumb mutants could learn better with differ-
ent conditioned stimuli, we used other odorants in electric shock-
mediated olfactory conditioning. When trained with EA and IAA
as conditioned stimuli, dumb' mutants also displayed severely
impaired learning (PI of dumb’, 4.2 = 1.3; PI of CS, 59.3 * 2.4;
n = 6; two-tailed Student’s ¢ test, p << 0.0001). This suggests that
dDAL1 is involved in aversive learning induced by diverse odor
inputs. The impaired performance of dumb mutants is not attrib-
utable to anomalous sensory modalities because all dumb alleles
and the control Canton-S and w'''® flies showed comparable
avoidance of the CS odors and electric shock presented at two
different concentrations or intensities, respectively (Tables 1-3).
Thus, poor learning of dumb mutants is likely attributable to their
inability to associate CS+ with US.

Aversive learning requires dDA1 in the MB

Synaptic output of dopamine neurons was previously shown to
be required during training for aversive learning (Schwaerzel et
al., 2003), implicating the similar requirement of dDA1 at the
time of learning. To test this, we used the pan-neuronal driver
Flav-GAL4 and GAL80", which allows the temporal control of
GAL4 activities (McGuire et al., 2003). GAL80 binds to GAL4 to
sequester it from activating upstream activating sequence (UAS).
The temperature-sensitive GAL80* can no longer bind to GAL4
at 30°C, allowing it to act on UAS to induce downstream gene
expression. The piggyBac inserted at the first intron of the dDA1
gene in dumb” has UAS (Thibault et al., 2004). Although the
piggyBac insertion itself interferes with endogenous dDA1 ex-
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pression in dumb®, UAS in piggyBac, after binding to GAL4, may
induce dDAL transcription from the second exon containing the
5' untranslated sequence and the start codon. Thus, we
crossed dumb® with dumb' carrying Elav-GAL4 and GAL80"
to generate Elav-GAL4,GAL80"/+;dumb'/dumb’ flies. The
Elav-GAL4,GAL80"/+;dumb'/dumb’ kept at room temperature
did not have any detectable dDA1 induction (Fig. 3A); however,
when the flies were reared at 30°C for 3 d, conspicuous dDA1 IR
was visible in the MB lobes and pedunculi, the central complex,
and other brain areas including antennal lobes (Fig. 3 B,C and
data not shown). Whereas Elav-GAL4 is expressed in all neurons
(Ito et al.,, 1998), membrane-bound GFP reporters driven by
Elav-GAL4 are enriched in certain brain areas including the
aforementioned structures (data not shown). Therefore, the tem-
poral manipulation of GAL80" and Elav-GAL4 activities was ef-
fective in restricting dDA1 expression at the adult stage in dumb
mutants.

When Elav-GAL4,GAL80"/+;dumb'/dumb® flies reared at
room temperature were subjected to electric shock-mediated
conditioning, they showed poor learning; however, their perfor-
mance was dramatically improved after temperature shift to 30°C
(Fig. 4A). The performance score of Elav-GAL4,GAL80"/+;
dumb'/dumb’® with the restored dDA1 expression was slightly
lower than that of Canton-S; nonetheless, it was not significantly
different from that of Canton-S treated with the same tempera-
ture shift but was different from that of uninduced Elav-
GAL4,GAL80"/+;dumb'/dumb’ ( p = 0.0009). Therefore, dDA1
is required in the adult neurons, presumably at the time of train-
ing, for aversive memory formation. Notably, the same manipu-
lation in the dumb® heterozygous background (Elav-
GAL4,GAL80"/+;dumb?/+) did not alter the performance scores
after brief training (2 pulses of electric shock) or regular training
(12 pulses of electric shock) (Fig. 4B). This indicates that the
ectopically expressed dDA1 has a negligible effect on normal
learning of the heterozygous flies and thus unlikely contribute to
the reinstated performance of dumb'/dumb® mutants.

We next addressed whether the learning phenotype of dumb
mutants is attributable to deficient dDA1 function in the MB
rather than in the central complex or other neurons. MB247-
GALA4 contains 247 bp of dAMEF2 regulatory sequence that allows
GALA4 expression rather specifically in a subset of the MB neurons
projecting to the a/f lobes and the gamma lobes, but not the
o'/B" lobes (Schulz et al., 1996; Schwaerzel et al., 2002; Krashes et
al., 2007). When MB247-GAL4/UAS-GFP in the wild-type back-
ground was stained with the dDA1 antibody, the GFP-labeled
(thus MB247-GAL4-expressing) MB neurons were positive for

<«

Figure2. Thelearning phenotype of dumb mutants in aversive olfactory conditioning. 4, B,
Flies were trained with BA and OCT as (S and tested immediately after (acquisition) or Th after
training (1 h memory). A, dumb’ homozygous and dumb’/Df(3R)su(Hw)7 trans-heterozygous
mutants exhibited severely impaired learning, whereas dumb’/+, Df(3R)su(Hw)7/+, and
dumb’/Df(3L)ACT, which have one copy of the dDA1 gene, showed performance similar to that
of Canton-S (AVOVA; F s 55, = 35.9;p << 0.0001; n = 6 for all groups; asterisks indicate signif-
icant difference by post hoc Tukey—Kramer tests). B, At 1 h after training, dumb’, dumb/
Df(3R)su(Hw)7, Df(3R)su(Hw)7/+, and dumb'/Df(3L)ACT showed defective performance com-
pared with Canton-$ and dumb1/+ (ANOVA; s 35) = 26.04; p << 0.0001; n = 6; asterisks
indicate significant difference compared with Canton-S by post hoc Student’s t test). €, dumb’
homozygous and dumb’/dumb? transheterozygous mutants showed no trace of learning and
1 h memory, whereas learning or 1 h memory performance of dumb? heterozygous flies
(dumb’/+) was similar to that of the genetic control line w'""® (w) (acquisition ANOVA: 5 55,
= 55.3,p <0.0001; Thmemory ANOVA: F 5 ,5, = 21.6,p < 0.0001; n = 6; asterisks indicate
significant difference by Tukey—Kramer tests). Error bars indicate SEM.
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dDALI IRs although the relative intensities
of GFP and dDA1 signals varied in the dif-
ferent MB lobes (Fig. 3D). Thus, MB247-
GAL4 was used to reinstate dDA1 expres-
sion in the MB of dumb mutants. After
staining with anti-dDA1 antibody, dDA1
expression was apparent in the MB lobes
(Fig. 3E) and pedunculi (Fig. 3F) but not
in other neural structures (Fig. 3E, F and
data not shown) of MB247-GAL4/+;
dumb'/dumb’. When subjected to electric
shock-mediated conditioning, MB247-
GAL4/+;dumb’/dumb’ or MB247-GAL4/
+;dumb’/dumb’ had the learning scores
comparable to those of Canton-S (Fig. 4C).
Moreover, fully reinstated performance
was observed in < MB247-GAL4/+;
GAL80",dumb’/dumb’ reared at 30°C for
3 d before training but not in MB247-
GAL4/+;GAL80",dumb’/dumb’ reared at
room temperature (Fig. 4D). Therefore,
dDALI expressed only in the subset of the
adult MB neurons is necessary and suffi-
cient to rescue the dumb mutant’s im-
paired learning, indicating the indispens-
able role of the MB dDALI in aversive
memory formation.

Appetitive learning requires dDA1 in
the MB

Dopamine is crucial in appetitive learning
in mammals; however, the previous study
(Schwaerzel et al., 2003) of TH-GAL4/
UAS-Shi” flies suggests that this is not the
case in Drosophila. To investigate this fur-
ther, we tested dumb mutants in sugar-
mediated olfactory conditioning. To our
surprise, both dumb’ and dumb’® mutants
exhibited poor performance immediately after training (Fig. 5A).
Although dumb mutants’ performance in appetitive learning was
not as severely impaired as in aversive conditioning, it was signif-
icantly different from that of Canton-S (Fig. 5A4) or w'''® (data
not shown). As in electric shock-mediated conditioning, dumb
mutants’ performance did not decline at 1 h after training, indi-
cating a crucial role of dDALI in acquisition, as opposed to short-
term memory, of appetitive conditioning. Moreover, dumb’ ho-
mozygous or dumb'/dumb’ trans-heterozygous mutants carrying
MB247-GAL4 displayed fully reinstated learning in sugar-
mediated conditioning (Fig. 5B). These data indicate that dDA1
is required in the same subset of the MB neurons for aversive and
appetitive learning.

Figure 3.

Scale bar, 100 pm.

Discussion

dDAL in aversive learning

Previous research on olfactory conditioning in Drosophila has
primarily focused on the intracellular components, many of
which are involved in learning and/or memory processes in the
MB (McGuire et al., 2005). Although those studies have revealed
important insights, the receptors that initiate signaling cascades
into motion in the MB are unknown. The findings presented here
provide the first demonstration of a MB receptor essential for
aversive learning. The role of dDA1 in this behavioral plasticity is
physiological, rather than developmental. This is consistent with
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Restored dDA1 expression in dumb transgenic mutants. A-C, dumb’/dumb? trans-heterozygous mutants carrying
Elav-GAL4 and GAL80 " reared at room temperature (uninduced) had no detectable dDAT expression (A); however, when they
were incubated at 30°Cfor 3 d (induced), dDA1 IRs were visible in the MB lobes (B) and pedunculi, the central complex, and other
brain structures (C). D, GFP driven by MB247-GAL4 in the wild-type genetic background was visible in most, if not all, dDA1-
positive MB neurons. E, F, dumb’/dumb? carrying MB247-GAL4 had conspicuous dDA1 expression in the MB lobes (E) and
pedunculi (F) but not in the central complex (F). p, Pedunculus; cc, central complex. All images are at the same magnification.

the observations that synaptic output of dopaminergic neurons is
necessary during training (Schwaerzel et al., 2003), and the learn-
ing phenotype of rut mutants is rescued by the restricted expres-
sion of rut-AC, a potential dDA1 effector, in the adult MB
(McGuire et al., 2003; Mao et al., 2004). Moreover, the dopami-
nergic processes projecting to the MB gamma lobe strongly re-
spond to electric shock (US) and show altered activities after CS+
exposure

(Riemensperger et al., 2005). Together, these strongly implicate
dDALI as areceptor conveying aversive US information in the MB
lobes for memory formation.

Two additional neuromodulator systems are previously im-
plicated in aversive olfactory conditioning in Drosophila. One
neuromodulator system is the glutamate NMDA receptor com-
posed of ANR1 and dNR2 subunits. Flies with decreased dNR1
expression show diminished performance in aversive condition-
ing (Xia et al., 2005). Although dNR1 in the MB is crucial for
anesthesia-resistant and midterm memories, dNR1-dependent
learning occurs outside of the MB (Lin, 2005). Another putative
modulator involved in olfactory learning is Amn, which has se-
quence homology with mammalian neuropeptide PACAP. Al-
though amn mutants are mostly defective in midterm memory,
they are mildly impaired in learning when BA is used as CS+ and
learning of BA depends on synaptic output of Amn-expressing
DPM neurons projecting to the MB lobes (Keene et al., 2004).
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Figure4. Rescue of the dumb mutant’s phenotype in aversive learning. 4, The restricted dDA1 expression in the adult nervous

system rescued the learning phenotype of dumb mutants. dumb’/dumb? carrying Elav-GAL4 and GAL80 * reared at room tem-
perature (Flav,GAL80"/~+,dumb’/dumb? uninduced) showed poor performance immediately after training; however, perfor-
mance of the same genotype reared at 30°C for 3 d (Flav, GAL80"/~+,;dumb’/dumb? induced) was not significantly different from
that of Canton-S$ (Kruskal-Wallis test, p = 0.0009; n = 6; the asterisk indicates significant difference by Mann—Whitney tests).
B, When subjected to brief (submaximal) training with two pulses of electric shock (2 shocks), dumb? heterozygous flies carrying
Elav-GAL4 and GAL80™ that were reared at 30°C for 3 d to induce ectopic dDA1 expression (Elav,GAL80®/+ ;dumb’ /dumb’
induced) had the learning score comparable with that of Canton-S, whereas dumb? homozygous mutants showed impaired
learning (ANOVA; F(, ;) = 27.2; p < 0.0001; n = 6; the asterisk indicates significant difference by Tukey—Kramer tests).
Likewise, the dumb® heterozygous flies with ectopic dDAT expression (Elav, GAL80®/ +;dumb’/dumb? induced) had performance
comparable with that of Canton-S and the same genotype without heat treatment (Elav, GAL80®/+;dumb’/dumb? uninduced)
when subjected to regular training with 12 pulses of electric shock (regular) (ANOVA; £ ;) = 0.04;p = 0.96;n = 6). C, The dumb
transgenic mutants expressing dDAT in the MB lobes (MB247/-+,;dumb? and MB247/+ ;dumb’ /dumb?) had the learning scores
similar to those of Canton-S and MB247/+,dumb’/+, whereas all three lines with deficient dDA1 expression (dumb?, dumb’/
dumb?, and MB247/+;dumb’) had significantly low learning scores (ANOVA; F 5 4, = 43.6;p < 0.0001; n = 6; asterisks indicate
significant difference by Tukey—Kramer tests). D, The temporally induced dDA1 expression only in the adult MB rescued the
learning phenotype of dumb mutants. dumb'/dumb? carrying MB247-GAL4 and GAL80 * that were reared at 30°Cfor 3 d (MB247/
+,GAL80" dumb®/dumb’ induced) had the learning score comparable with that of Canton-S, whereas the same genotype reared
at room temperature (MB247/-+,GAL80%,dumb®/dumb’ uninduced) and dumb’ homozygous mutants had significantly low
learning scores (ANOVA; f 5,5 = 77.6;p << 0.0001; n = 6; asterisks indicate significant difference by Tukey—Kramer tests). Error
bars indicate SEM.
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dDAL in appetitive learning

The data presented here demonstrate the
crucial role of dDA1 in sugar-mediated ol-
factory learning as well. Interestingly,
dumb mutants have diminished, yet signif-
icant, performance scores, implicating an
additional receptor(s) for this type of
learning. Indeed, tBh mutants lacking oc-
topamine show severe impairment in ap-
petitive conditioning, which is rescued by
feeding octopamine before, but not after,
training (Schwaerzel et al., 2003). Thus,
octopamine represents another neuro-
modulator crucial for appetitive learning.
Because the MB is a primary neural sub-
strate for appetitive conditioning, reward
memory formation is likely mediated by
dDA1 and an octopamine receptor(s) in
the MB.

The previous study of TH-GAL4/UAS-
Shi® flies, in which endocytosis of the do-
pamine neurons expressing TH-GAL4 can
be temporally controlled by dominant-
negative dynamin Shi®, suggests that dopa-
mine is not involved in appetitive condition-
ing (Schwaerzel et al., 2003; Kim et al., 2007).
This is contrary to the learning phenotype of
D, dopamine receptor mutants dumb.
Nonetheless, the discrepancy may be recon-
ciled by several reasonable possibilities. First,
TH-GAL4 used in the previous study to
drive Shi* may not be expressed, or ex-
pressed at low levels, in a subset of the dopa-
mine neurons critical for appetitive learning.
Second, dopamine neuronal output convey-
ing sugar information may not be com-
pletely inhibited by Shi®. Third, dopamine
crucial for appetitive learning may be se-
creted by a dynamin-independent pathway.
These possibilities may be tested by investi-
gating pale mutants that are unable to syn-
thesize dopamine; however, such flies die
during development because of an essential
role of dopamine in cuticle formation (Bud-
nik and White, 1987). Future studies on con-
ditional pale mutants should help resolve
this issue.

Punishment and reward signals
activated by dDA1 in the MB

We have shown here that dDA1 expression
driven by MB247-GALA4 fully rescues the
learning phenotypes of dumb mutants in
electric shock- as well as sugar-mediated

Thus, it has been suggested that putative amn-encoded neuropep-
tides, by binding to their receptor(s) in the MB neuropil, may medi-
ate memory formation; however, the predicted Amn neuropeptides
or their receptors remain unidentified. Therefore, dDA1 represents
the only MB receptor identified to date that is essential for aversive
learning. Notably, dumb mutants, similar to MB-less flies, show neg-
ligible learning (de Belle and Heisenberg, 1994). This indicates that
the MB neurons absolutely require dDA1 for aversive memory
formation.

conditioning. This indicates that appetitive and aversive memory
formations are mediated by dDA1 in the same subset of the MB
neurons (~30% of all MB neurons). This poses an intriguing
question as to how those MB neurons distinguish punishment
versus reward information delivered by dDA1 to generate avoid-
ance versus preference behavioral output. The key to answering
this question may be intracellular effectors in the MB neuropil.
rut-AC is crucial in the MB247-GAL4-expressing MB neurons
for both aversive and appetitive learning (Schwaerzel et al., 2003).
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Notably, rut mutants retain some learning A
capacities in electric shock- and sugar-

mediated conditioning, whereas MB-less 40 -
flies or the flies with inhibited MB synaptic
output exhibit no trace of learning in both 35 -
assays (de Belle and Heisenberg, 1994;
Krashes et al., 2007). This implicates addi- 30
tional cellular components crucial for g
aversive and appetitive memory forma- -g 25
tion. Because dumb mutants are rather e
completely impaired in aversive learning, o
dDA1 may activate rut-AC and other cel- @ 20
lular components in the MB to process §
punishment information. K=] 15
G-protein-coupled receptorsincluding g
dopamine receptors can recruit multiple 8= 1Q
effector systems through heteromeric
G-proteins or through cross-interactions &
of diverse signaling components (Lidow et
al., 2001; Pierce et al., 2002). Thus, for
aversive learning, dDA1 activated by elec- 0
tric shock US input may recruit the
mitogen-activated protein (MAP) kinase
cascade in addition to the cAMP pathway. Figure 5.

The activated protein kinase A and MAP
kinases may act on ion channels or cell ad-
hesion molecules such as integrin and fasII
to modify MB synaptic output, leading to
avoidance behavior (Yoshihara et al.,
2000; Berke and Wu, 2002; Koh et al.,
2002; Selcher et al., 2002). Consistently, the flies defective in 14-
3-3 and S6KII, which are involved in the MAP kinase cascade, and
a-integrin and fasII mutants are poor learners in electric shock-
mediated conditioning (Skoulakis and Davis, 1996; Grotewiel et
al., 1998; Cheng et al., 2001; Putz et al., 2004).

For reward-mediated learning, reward US input may impinge
on at least two receptors, dDA1 and an octopamine receptor, in
the MB. Their simultaneous activities may recruit multiple effec-
tors that possibly include rut-AC, MAP kinases, protein kinase C,
and CaM kinase II. The biochemical changes collectively acti-
vated by these effectors may alter MB synaptic output to generate
preference behavior. Interestingly, OAMB (octopamine recep-
tor) activates the increases in intracellular calcium as well as
cAMP (Han etal., 1998) and is a good candidate that can turn on
the aforementioned effectors for processing reward information
in the MB. The punishment and reward effectors may be at work
in separate areas of the same MB neuropil or in different MB
neurons or neuropils, which are differentially innervated by do-
paminergic axons conveying electric shock input or by dopami-
nergic and octopaminergic axons conveying sugar input. At
present, there is limited information on intracellular components
involved in appetitive learning. Future studies in this venue will
help attest this model. Together, concurrent CS+ and US re-
ceived during training may activate dDA1 (for punishment US)
or dDAL1 and an octopamine receptor (for reward US) to induce
distinctive biochemical changes, leading to avoidance or prefer-
ence behavior, respectively.

D, dopamine receptor in pavlovian conditioning

Multiple lines of evidence indicate that dopamine in the amyg-
dala, the nucleus accumbens, and the medial prefrontal cortex in
mammals is crucial for acquisition, expression, and/or extinction
in aversive pavlovian conditioning (for review, see Pezze and
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Impaired learing of dumb mutants in appetitive conditioning and rescue by reinstated dDA1 expression in the MB.
A, Both dumb’ and dumb” mutants were moderately impaired in acquisition (ANOVA; f 1, = 14.2;p < 0.0001;n = 6)and Th
memory (ANOVA; F, ;,) = 11.5;p < 0.005; n = 6) of sugar-mediated olfactory conditioning. B, The dDAT expression in the MB
driven by MB247-GAL4 was sufficient to rescue the learning phenotype of dumb? homozygous (MB247/+;dumb?) and dumb’/
dumb’ transheterozygous (MB247/+,dumb’/dumb”) mutants (ANOVA; F 5 5o, = 10.2;p < 0.0001; n = 6 for MB247/+,dumb'/
dumb?; n = 15 for other groups). Asterisks denote significant difference by Tukey—Kramer tests. Error bars indicate SEM.

Feldon, 2004). However, the receptors mediating the functions of
dopamine are unclear. Studies using D,/D5 dopamine receptor
antagonist R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,
3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390)
in rats suggest the significant roles of the D,-type receptor in the
amygdala and the nucleus accumbens during acquisition in fear
conditioning and conditioned taste aversion (CTA), respectively
(Guarraci et al., 1999; Fenu et al., 2001). However, the mice lack-
ing D, or D5 receptor show normal acquisition in fear condition-
ing (El-Ghundi et al., 2001; Holmes et al., 2001). Likewise, D,-
deficient mice show normal learning of CTA to salt (CS) paired
with LiCl (US), although they do not develop CTA to sucrose
(Cannon et al., 2005). The discrepant findings of the pharmaco-
logical and genetic studies may be attributable to either other
receptor types affected by SCH23390 or compensatory adapta-
tions in D, or D5 knock-out mice. The studies reported here
support the latter and clarify the indispensable role of D, receptor
in aversive pavlovian conditioning. Additionally, pharmacologi-
cal studies reveal the significant role of D,-type receptors in ap-
petitive pavlovian conditioning in mammals (Schroeder and
Packard, 2000; Baker et al., 2003; Eyny and Horvitz, 2003; Dalley
etal., 2005) and possibly in Aplysia (Reyes et al., 2005), although
no information is available on D, or D5 knock-out mice in this
type of behavioral plasticity. Therefore, the studies described here
elucidate, for the first time, the critical role of D, receptor in
appetitive pavlovian conditioning.
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