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Systems/Circuits

Circuit Analysis of a Drosophila Dopamine Type 2 Receptor
That Supports Anesthesia-Resistant Memory

Sabrina Scholz-Kornehl and Martin Schwirzel
Freie Universitdt Berlin, Department of Biology/Neurobiology, D-14195 Berlin, Germany

Dopamine is central to reinforcement processing and exerts this function in species ranging from humans to fruit flies. It can do so via two
different types of receptors (i.e., D1 or D2) that mediate either augmentation or abatement of cellular cAMP levels. Whereas D1 receptors
are known to contribute to Drosophila aversive odor learning per se, we here show that D2 receptors are specific for support of a
consolidated form of odor memory known as anesthesia-resistant memory. By means of genetic mosaicism, we localize this function to
Kenyon cells, the mushroom body intrinsic neurons, as well as GABAergic APL neurons and local interneurons of the antennal lobes,
suggesting that consolidated anesthesia-resistant memory requires widespread dopaminergic modulation within the olfactory circuit.
Additionally, dopaminergic neurons themselves require D2R, suggesting a critical role in dopamine release via its recognized autorecep-
tor function. Considering the dual role of dopamine in balancing memory acquisition (proactive function of dopamine) and its “forget-

ting” (retroactive function of dopamine), our analysis suggests D2R as central player of either process.
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ignificance Statement

decentralized organization of consolidated ARM.

Dopamine provides different information; while it mediates reinforcement during the learning act (proactive function), it bal-
ances memory performance between two antithetic processes thereafter (retroactive function) (i.e., forgetting and augmentation).
Such bidirectional design can also be found at level of dopamine receptors, where augmenting D1 and abating D2 receptors are
engaged to balance cellular cAMP levels. Here, we report that consolidated anesthesia-resistant memory (ARM), but not other
concomitant memory phases, are sensitive to bidirectional dopaminergic signals. By means of genetic mosaicism, we identified
widespread dopaminergic modulation within the olfactory circuit that suggests nonredundant and reiterating functions of D2R in
support of ARM. Our results oppose ARM to its concomitant memory phases that localize to mushroom bodies and propose a
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Introduction

The dopaminergic system mediates reinforcement processing
and exhibits similar functions in learning and memory formation
from fruit flies to humans (Schultz, 2004; Berridge and Krin-
gelbach, 2015; Nutt et al., 2015; Schultz, 2015; West et al., 2015).
During the last decades, Drosophila has evolved as a model to
unravel the anatomical design of neuronal circuits dedicated to
reinforcement processing, and particular clusters of dopaminer-
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gic neurons (DANs) within the fly brain have been identified that
contribute to aversive odor learning (Schwaerzel et al., 2003; Aso
etal, 2010, 2012). DANSs from the fly’s PPL1, PPL2ab, and PAM
clusters are of particular importance, and behavioral reinforce-
ment can be substituted by experimental activation of DANS,
resulting in formation of associative odor memories (Schroll et
al., 2006; Claridge-Chang et al., 2009; Aso et al., 2010, 2012;
Yamagata et al., 2015). These DANs project to the mushroom
bodies (MBs) where they synapse onto Kenyon cells (KCs), the
intrinsic neurons of the MBs, as well as onto MB output neurons
that provide feedforward and feedback connections between KCs
and DANs of distinct MB zones (Séjourné et al., 2011; Aso et al.,
2014). These distinct zones appear to be critical for function of
the KC-DANs-MB output neurons network because learning-
induced plasticity occurs similarly in zonal patterns (Boto et al.,
2014).

The KC-DANs-MB output neurons network exhibits com-
plex signaling, and DANs mediate different information at dif-
ferent time points: Although DANs provide US-related impulses
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during the acquisition phase (Schwaerzel et al., 2003; Schroll et
al., 2006), they impede on performance in a bidirectional way
thereafter, either by abolishing performance via increased DAN
activity, or by augmenting it through reduced DAN signaling
(Berry etal., 2012, 2015). It thus appears that memory formation
is not tuned to achieve maximal performance but rather actively
balanced between two antithetic processes (i.e., “forgetting” and
“augmentation”) by adjusted DAN activity.

Such bidirectional design also applies to dopamine receptors
(DARs) that provide the central interface for DANs to commu-
nicate with appropriate downstream neurons. DARs converge
onto intracellular cAMP levels in an antithetic fashion; whereas
D1-type receptors augment cAMP levels, D2-type receptors can
abate it (Doya, 2008; Nakano et al., 2010; Nutt et al., 2015). Ap-
parently, the DAR interface is, as a matter of principle, designed
to balance cellular cAMP levels. However, so far, only D1 recep-
tors have been reported to contribute to Drosophila odor learning
(Kim et al., 2007; Blum et al., 2009; Qin et al., 2012; Boto et al.,
2014). Here, we addressed the contribution of inhibitory D2 re-
ceptors and show that D2 is specific for supporting a particular
form of consolidated memory known as anesthesia-resistant
memory (ARM). By means of genetic mosaicism, we localized
this function to Kenyon cells (KCs), the MB intrinsic neurons, as
well as GABAergic APL neurons and local interneurons of the
antennal lobes, suggesting that consolidated ARM requires wide-
spread dopaminergic modulation within the olfactory circuit.

Materials and Methods

Fly care. Flies were raised at 24°C and 60% relative humidity with a 14:10
h light-dark cycle on cornmeal-based food following the Wiirzburg rec-
ipe (Guo etal., 1996). Genetic crosses were performed according to stan-
dard procedures. All experiments were performed with 3- to 5-d-old
male F1 progeny of homozygous parental lines. All lines used in this
study were outcrossed to Canton-S.

Behavioral experiments. Flies were transferred to fresh-food vials for up
to 48 h before the test. Behavioral experiments were performed in dim
red light at 80% relative humidity with 3-octanol (1/100 dilution in
mineral oil presented in a cup of 14 mm diameter) and 4-methyl-
cyclohexanol (1/150 dilution in mineral oil presented in a cup of 14 mm
diameter) used as olfactory stimuli. The US was represented by a train of
12 DC pulses of 120 V administered in fast succession with 5 s intervals as
originally introduced by Tully and Quinn (1985).

For measuring performance of short-term memory (STM), flies were
tested immediately after the end of the training session (i.e., exactly 3 min
after onset of training). Performance of mid-term memory (MTM) and
ARM was determined at 3 h after training, and flies were transferred to
neutral containers without food for the resting period. For separation of
consolidated ARM and labile ASM, two groups of flies were separately
trained, and one group was cooled in an ice-bath (0°C) for 120 sat 2.5h
after training and tested for odor memory after 30 min of recovery
(cold™* group). This treatment erases the labile anesthesia-sensitive
memory (ASM) component. Thus, performance of the cold ™ group is
solely due to ARM. ASM was calculated by subtracting the performance
index of the cold ™ group (which performed due to ARM) from the
performance index of the cold ~ group that performed due to ASM and
ARM (Scheunemann et al., 2012). Calculation of behavioral indices was
done as originally introduced by Tully and Quinn (1985). In case of 5 min
memory, we applied 90 s ice-bath cooling immediately after the end of
training followed by 60 s recovery before testing. Five minute controls
received 90 s of ice-bath cooling followed by 60 s recovery immediately
before training.

Generating D2 deletion strains. We used the Drosophila FRT-derived
deletion system (Parks et al., 2004) to generate a loss-of-function allele
for the Drosophila D2-like receptor (CG33517). FRT-dependent remo-
bilization of the trans-heterozygous P-element combinations {02905/
06521 and f02905/f02891 generated deletions D2R*! spanning 32,386
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bp and D2R 4! spanning 46,005 bp, respectively (see Fig. 1A). Deletions
were verified by PCR and subsequent sequencing.

Generating transgenic strains. To construct the upstream activating
sequence (UAS) expression vectors containing wild-type D2 cDNA, we
obtained the cDNA clone RE06088 containing a D2 isoform (Hearn et
al., 2002) from the Drosophila Genomic Resource Center. cDNA was
amplified by PCR, subcloned into the pEntry vector (pENTR/DTOPO
Cloning Kit, Invitrogen), and further cloned into the pUAST Drosophila
transfection vector obtained from Drosophila Genomic Resource Cen-
ter. Germ-line transformation was performed by BestGene.

Compendium of transgenic lines. The following fly strains were used in
this study: wild-type Canton-S; D2RA1 (current study), D2RA2 (current
study), Df(1)BSC>%7 (Cook et al., 2012), dncl (Davis and Kiger, 1981),
and rutl (Livingstone et al., 1984). We used the following Gal4 lines: orco
(Hummel et al., 2003), GH298 (Stocker et al., 1997), GH148 (Heimbeck
et al., 2001), NP2426 (Das et al., 2008), NP1227 (Chou et al., 2010),
NP2631 (Pitman et al., 2011), mb247 (Zars et al., 2000), 17d (Scheun-
emann et al., 2012), NP1131 (Akalal et al., 2006), c320 and c305a
(Krashes et al., 2007), and TH (Schwaerzel et al., 2003). We used the
following UAS lines: UAS-D2R ™ (current study), UAS-D2R-RNAi
(Draper et al., 2007), UAS-dnc-RNAi (Cheung et al., 1999; Scheun-
emann et al., 2012), and UAS-rut-RNAi (Pan et al., 2009). To modify
spatial and temporal expression of particular Gal4 lines, we used tub-
Gal80" (McGuire et al., 2003) and Cha-Gal80 (Kitamoto, 2002).

Results

Engineering a null D2 receptor mutant by targeted P-

element remobilization

To address the role of D2 receptors in odor learning, we targeted
a small deletion to the Drosophila D2R locus by remobilizing
FRT-containing P-elements (Parks et al., 2004). Thereby, we gen-
erated two deletions (D2R*' and D2R*?, respectively) that par-
tially covered the D2R locus (Fig. 1A). Putative null D2R mutants
were homozygous viable and fertile but suffered from reduced
performance of 3 min odor memory (one-way ANOVA: F, 4, =
12.61, p < 0.001). Shock avoidance response (one-way ANOVA:
F;30) = 0.03, p = 0.97) and olfactory responsiveness (one-way
ANOVA: F 5 ;) = 0.13, p = 0.98) were unaffected, thus excluding
perceptual deficits as a potential cause of the behavioral defect
(Fig. 1B). Because the mutations also removed CG17003, a gene
of unknown function, we tested performance of D2R mutants in
trans to BSC", a putative D2 allele, because the deficiency cov-
ered D2R, but it did not affect CG17003 (Fig. 1C). D2A deletions
in trans to BSC exhibited reduced performance indistinguishable
from homozygote D2As, as did the trans combination of D2R!
and D2R*?, whereas animals that carried appropriate deletions in
heterozygous condition performed like wild-type animals (one-
way ANOVA: F; o, = 10.80, p < 0.001). By means of this com-
plementation analysis, we concluded that the memory phenotype
of D2R mutants was recessive and that D2R*!, D2R*?, and BSC**”
were allelic to each other.

Next, we used RNAi constructs that effectively target D2R
transcripts to degradation (Draper et al., 2007). Thereby, we re-
duced memory performance to levels indistinguishable from that
of D2R mutants when RNAi was expressed under control of elav-
Gal4 (Fig. 1D). Genetic controls that carried either transgene in
separation performed at wild-type levels (one-way ANOVA:
F(5.96) = 6.66, p < 0.001).In a second test, we performed a genetic
rescue experiment focusing on D2R*! (Fig. 1E). Expressing wild-
type D2R* cDNA under control of the pan-neuronal elav Gal4
driver within an otherwise D2R mutant animal restored memory
performance to wild-type levels, whereas genetic controls that
carried either transgene alone performed at mutant levels (one-
way ANOVA: F 455 = 10.46, p < 0.001). Finally, we aimed to
distinguish between acute functions of D2R at the adult stage or,
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Figure 1.

Deletion of a Drosaphila D2 receptor deteriorates aversive odor learning. Null D2R mutants were generated by targeted deletion of P-elements and tested for associative odor learning

using the Tully—Quinn paradigm (Tully and Quinn, 1985). A, Deletions at the Drosaphila D2R locus were generated by remobilizing FRT-containing P-elements: D2R " was generated by combining
02905 and 06521; D2R 2 by combining 02905 and f02891. BSC*®" is a characterized deletion partially removing D2R coding sequence. B, Performance of STM was reduced in D2R mutants,
whereas shock response and odor acuity were unaffected. C, The D2R alleles D2R“", D2R 2, and BSC*®' complement for each other for STM performance. D, Pan-neuronal knockdown of D2R by
means of RNAi (D2R ) (Draper et al., 2007) deteriorated STM performance. E, Pan-neuronal rescue of null D2R mutants by means of D2R * cDNA restored STM performance. F, Conditional rescue
atlevel of MBs, arecognized Drosophilaleaming center, restored STM under permissive conditions, whereas restricting expression of rescuing cDNA did not. Error bars indicate mean = SEM of 8—10
biological repetitions (i.e., N = 8 -10). Statistical differences at level of p =< 0.05 are denoted by different letters or asterisks.

alternatively, during development by use of the TARGET system
(McGuire et al., 2003). Toward that goal, we induced expression
of the rescuing transgene within KCs of the MBs, a recognized
Drosophila “learning center” (Heisenberg, 2003) by use of
mb247-Gal4 (Fig. 1F). When we induced expression at the adult
stage by shifting animals from 18°C to 30°C (permissive condi-
tions), we obtained full rescue (Fig. 1F; one-way ANOVA:
F36) = 7.52, p < 0.01), whereas animals performed on mutant
level under restrictive conditions (Fig. 1F; one-way ANOVA:
F 38 = 10.52, p < 0.01). Together, these results established
inhibitory D2R as critical regulator of aversive odor learning and
identified MB KCs as a neuronal site of function.

D2 mutants lack consolidated ARM

Memory is composed of distinct memory phases that support
behavioral performance during distinct time windows that sepa-
rate at biochemical and neuronal levels (Margulies et al., 2005;
Schwiirzel and Miiller, 2006). In case of Drosophila aversive olfac-
tory learning, multiple memory phases are induced after single
cycle training that separate by their resistance to amnestic cool-
ing, and hence are referred to as ARM and ASM. Typically, this
separation is applied to 3 h memory by use of 2 min cold treat-
ment (Tempel et al., 1983; Scheunemann et al., 2012). When we
separated 3 h total memory into its consolidated ARM and labile
ASM components (Fig. 2A), we observed that ARM was abol-

ished in D2R mutants (¢ test, t,5) = 4.49, p < 0.01), whereas ASM
remained unaffected (t test, t,4) = 0.58, p = 0.57). How did total
loss of ARM relate to a reduction of 3 min memory because D2R
is a null mutant?

Similar to its 3 h counterpart, early memory is composed of a
consolidated and a nonconsolidated component that separate by
resistance to amnestic cooling (Knapek et al., 2011; Bouzaiane et
al., 2015). When we separate early (5 min) total memory into its
consolidated and nonconsolidated forms (Fig. 2B), we revealed
loss of early ARM in D2R mutants, ¢,5) = 4.44, p < 0.01. We thus
conclude that consolidated ARM has a general requirement for
inhibitory D2R. Given the well-established function of D2 recep-
tors as inhibitor of the cAMP signaling pathway (Hearn et al.,
2002; Bonci and Hopf, 2005; Pignatelli and Bonci, 2015), we next
sought to investigate how Drosophila D2R interacts with learning
mutants that affect cAAMP signaling.

D2R interacts with a rut-independent cAMP

signaling pathway

The cAMP-signaling pathway is central to Drosophila odor learn-
ing, and mutants affecting either the Type 1 adenylyl cyclase ru-
tabaga (rut) or the cAMP-specific Type 4 phosphodiesterase
dunce (dnc) suffer from reduced odor memory performance
(Byers et al., 1981; Livingstone et al., 1984). However, rut and dnc
mutants dissociate between ARM and ASM, showing that func-
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D2Rmutants lack consolidated ARM. Consolidated ARM and labile ASM are proportionate components of aversive odor memory and can be separately quantified by use of cold-amnestic

treatment. A, Applying cold amnestic treatment to 3 h memory separated consolidated ARM and labile ASM from total memory. Whereas ARM was abolished in null D2R mutants, performance of
ASM remained unaffected. B, Administering amnestic treatment directly after training revealed the existence of consolidated memory component that were disrupted in D2R mutants. Error bars
indicate mean == SEM of 8 —10 biological repetitions (i.e., N = 8—10). **Statistical differences (p = 0.05). ns, Not significant.

tionally distinct cCAMP signals are engaged during odor learning
that act within different neuronal circuits to support ARM or
ASM, respectively (Scheunemann et al., 2012, 2013). Because
D2R comprises a major route for dopamine to inhibit cAMP
signaling (Hearn et al., 2002), we tested for genetic interactions
between D2R and rut- or dnc-mutants, respectively. Toward that
goal, we separated 3 h total memory into ARM and ASM by use of
cold amnestic treatment (Fig. 3A) and established RNAi-
mediated knockdown of rut or dnc transcripts to circumvent
recombination because all three mutants were X-linked. Pan-
neuronal expression of knockdown constructs targeting either
rut- or dnc-transcripts (Cheung et al., 2006; Pan et al., 2009)
affected appropriate memory components in a manner indistin-
guishable from the respective mutant (i.e., knockdown of dnc
resulted in loss of consolidated ARM) (Fig. 3B; one-way ANOVA:
Fio,105) = 15.53, p < 0.001), whereas rut abolished ASM (Fig. 3C;
one-way ANOVA: Fy 05y = 10.54, p < 0.001). When knock-
downs were executed in D2R null mutant background, we ob-
served interaction between D2R and rut as indicated by an
additional loss of ARM (one-way ANOVA: Fg 1454y = 9.83,p <
0.001), whereas D2R and dnc-PDE4 did not interact as de-
duced by wild-type levels of ASM (Fig. 3D). Genetic controls
that carried either transgene alone did not impair memory
performance (Fig. 3E). Together, we conclude that D2R acts
independent of the rut adenylyl cyclase but shares a common
neuronal site with the former as revealed by our KC rescue
experiment (Fig. 1E).

RNAi-mediated knockdown identified a large circuit

modified by D2R

A previous study has identified KCs as necessary neuronal site of
D2R function in support of larval olfactory learning by means of
RNAi knockdown (Qi and Lee, 2014 ). While this result is well in
line with our KC rescue and suggestive for a common architec-
ture of D2R in larval and adult fruit flies, the authors also re-
ported requirement at level of larval DANs where D2R is
hypothesized to act as autoreceptor in regulation of dopamine
release. We analyzed the adult counterpart by targeting D2R
knockdown to DANs. When assayed for 3 h memory, TH//D2R-
RNAi animals showed reduced performance of total memory

(Fig. 4A, B, top; t test: t;5) = 8.87, p < 0.001) due to loss of
consolidated ARM (Fig. 4 A, B, middle panel; ¢ test: £,5, = 5.03,
p < 0.001) with no change in labile ASM (Fig. 4A, B, bottom
panel). These results suggest a common functional architecture
of D2R in adult and larval fruit flies.

To test for further functions of D2R, we performed knock-
down aided by Gal4 lines systematically addressing individual
stage of the learning relevant circuitry. When D2R knockdown
was applied to olfactory receptor neurons by use of OR83b “!4,
we observed no effect on performance (Fig. 4C; ttest: t,5) = 0.40,
p = 0.70 for MTM and t,5, = 0.54, p = 0.59 for ARM). In
contrast, memory was reduced and ARM abolished when RNAi
was expressed under control of NP1227 %" (Fig. 4D; ttest: 4, =
5.18, p < 0.001 for MTM and t;5, = 6.32, p < 0.001 for ARM),
NP2426 % (Fig. 4E; t test: tasy = 4.09, p < 0.01 for MTM and
tas) = 4.18, p < 0.01 for ARM), or GH298 %! (Fig. 4F; t test:
ts) = 7.51, p < 0.001 for MTM and ¢,5, = 6.46, p < 0.001 for
ARM) (i.e., Gal4 lines that mark GABAergic antennal lobe in-
terneurons) (Sachse et al., 2007; Tanaka et al., 2009; Chou et al.,
2010). A similar effect was observed when knockdown was ap-
plied under control of GH146 “ (Fig. 4G; t test: tas) = 6.40,p <
0.001 for MTM and t,5) = 4.37, p < 0.001 for ARM) that marked
the majority of olfactory projection neurons as well as the
GABAergic APL neurons (Pitman et al., 2011). To dissociate be-
tween requirements of either neuronal population, we used ad-
ditional elements that either removed APL neurons from the
GH 146 pattern (GH146 %4, Cha “*®°, Fig. 4H; t test: taay = 0.61,
p = 0.55 for MTM and t,,, = 0.53, p = 0.60 for ARM) or
addressed APLs, but not olfactory projection neurons, by use of
an alternative driver (i.e., NP2631%4) (Fig. 4I; t test: t(,4) =
11.03,p <0.001 for MTM and ¢,y = 10.57, p < 0.001 for ARM).
Our results clearly identified APL rather than projection neu-
rons as site of D2R function. Finally, we addressed KCs by use
of mb247 9 resulting in memory decline and ARM abolish-
ment (Fig. 4K; ttest: ;4 = 3.51, p < 0.01 for MTM and ¢(,,, =
2.96, p < 0.01 for ARM). To further investigate on particular
lobe systems, we used more restricted Gal4 lines and identified
KCs of the af-lobes marked in 17d “* (Fig. 4L; t test: sy =
4.91,p <0.001 for MTM and ¢(;5) = 4.25, p < 0.001 for ARM)
as well as y-lobes marked in NP1131 9% (Fig. 4M; t test: thg) =
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D2R acts in parallel to rut-dependent cAMP signals. A, Three hour total memory was separated into consolidated ARM and labile ASM to test for genetic interactions between D2R,

dnc-PDE4, and rut-AC1. B, C, Targeted knockdown of either dnc-PDE4 or rut-AC1 dissociated between ARM and ASM in a manner indistinguishable from appropriate mutants. D, Knockdown of
rut-AC1, but not dnc-PDE4, resulted in loss of all memory phases, suggesting parallel processing of appropriate cAMP signals. E, Genetic controls performed on wild-type levels. Error bars indicate
mean = SEM of 6 — 8 biological repetitions (i.e., N = 6 —8). Statistical differences at level of p = 0.05 are denoted by different letters.

4.78,p < 0.001 for MTM and t,5) = 4.49, p < 0.001 for ARM)
but not prime lobe KCs marked in ¢320%**(Fig. 4N; t test,
tasy = 1.13, p = 0.28 for MTM and ¢(,5, = 1.66, p = 0.12 for
ARM) or ¢305a ! (Fig. 40; t test, t,,) = 1.00, p = 0.34 for
MTM and t.,,) = 1.43, p = 0.17 for ARM). Together, this

functional analysis revealed a broad distribution of D2R in
support of ARM, including particular KC populations,
GABAergic APL and antennal lobe interneurons, as well as
dopaminergic neurons themselves. While this analysis has re-
vealed necessary sites of D2R function, we next sought to iden-



Scholz-Kornehl and Schwérzel @ Mapping D2R Support of Consolidated Memory

J. Neurosci., July 27,2016 - 36(30):7936 7945 « 7941

71]A B C D E F G H I KL M N O
60 A
4 —= el ns L e e S —=_ EEEE > =, EECEENY 5
> 50 A
° ]
GE) 40 1 g
1<
Ewqg
© =]
e
£ 8 20 4
m 10 -
®@ I
8 1 AU ns e = . NS . — | — ns 0S|
c 30 -
® s ] &
€ =7 1:3
"g < 10 - S
0 .
()
m 30 4 _ns_ _nhs _ns _ns _ns ns ns ns ns ns ns ns ns ns
= 20 -
0 {1 g
d
< 0| HE
=
1 K
| oo
D2R RNAi —— _+ = + - - + - + - - + = + = + =  + = + - + = + =
GAL4 — TH OR83b NP1227 GH298 NP2426 GH146 GH146, NP2631 mb247 17d NP1131 c320 c305a
marks — DANs ORNs LN1 LN1 LN2 PNs %% ApLs MBs MBs MBs MBs MBs
APLs PNs aB+y ol v alp alp

Figure 4.

ARM requires ample distribution of D2R. Targeting knockdown of D2R to individual stages of the olfactory pathway defined necessary elements of D2R function. Performance of total

memory (top panels), consolidated ARM (middle panels), and calculated ASM (bottom panels) was scored (A). Particular Gal4 lines were used for knockdown at individual stage of the circuitry,
including dopaminergic neurons (B), olfactory receptor neurons (C), antennal lobe interneurons (D—F), projections neurons and/or APL neurons (G—/), and mushroom body KCs (K-0). Error bars
indicate mean == SEM of 8 —10 biological repetitions (i.e., N = 8 —10). **Statistical differences (p = 0.05). ns, Not significant.

tify those stages of the circuitry where D2R functions suffices
ARM support.

Genetic rescue within the MBs suffices for ARM performance
Toward that goal, we expressed wild-type DR2 * cDNA within an
otherwise D2R mutant brain and determined total memory (Fig.
5, top panels), consolidated ARM (Fig. 5, middle panels), or cal-
culated labile ASM (Fig. 5, bottom panels) at 3 h after condition-
ing. First, we performed rescue within olfactory receptor neurons
(OR83b “14; Fig. 5B) but failed to rescue performance (¢ test,
tany = 0.67, p = 0.54 for MTM and t;,, = 0.08, p = 0.93 for
ARM). Similarly, local interneurons of the antennal lobes
(GH298 %™, Fig. 5C; t(19) = 013, p = 0.90 for MTM and t,,, =
1.24, p = 0.24 for ARM), APLs and/or olfactory projection neu-
rons (GH146 %!, Fig. 5D; t test, tag = 0.02, p = 0.94 for MTM
and t;5y = 0.90, p = 0.37 for ARM), as well as dopaminergic
neurons (TH %, Fig. 5E; t test, t(,,) = 0.07, p = 0.94 for MTM
and t(,,, = 0.51, p = 0.62 for ARM) failed to restore ARM. In
contrast, expressing D2 * cDNA within KCs by use of mb247 %!
fully restored ARM performance (Fig. 5F; t test, t(,4) = 5.44, p <
0.001 for MTM and ¢,y = 1.43, p < 0.001 for ARM), as did Gal4
lines that restricted expression to either a8-lobes (17d “*!, Fig.
5G; ttest, t(43) = 5.53, p < 0.0.001 for MTM and ¢, = 6.69, p <
0.001 for ARM) or the Y-lobes (NP1131 94, Fig. 5H; ttest, t(,4) =
5.52, p = 0.001 for MTM and ¢;,, = 4.45, p < 0.001 for ARM).
Expression at level of prime lobe KCs did not rescue (320,
Fig. 5L ttest, t(;,, = 1.34,p = 0.21 for MTM and t(;,, = 1.61,p =

0.14 for ARM). Performance of labile ASM was unaffected in all
genotypes.

Discussion

Here we performed functional mapping of a Drosophila D2R that
is required for support of consolidated ARM. Thereby, our re-
sults extend the repertoire of dopamine receptors assigned to
aversive odor learning for D2R, suggesting that, for ARM, excit-
atory and inhibitory dopamine inputs are equally important.

Dopamine receptors are functionally dissociated but
converge at level of MBs

Several DARs are involved in Drosophila aversive odor learning:
dDAI1 (Kim et al., 2003), DAMB (Han et al., 1996), and D2R
(current study). All three receptors exert their function within
KCs as demonstrated for dDA1 (Qin et al., 2012) and D2R mu-
tants by means of genetic rescue, whereas DAMB, another D1
type receptor, was localized by in situ hybridization (Han et al.,
1996) and antibody staining (Crittenden et al., 1998). Mutant
analysis revealed nonredundant functions: loss of dDA1 abol-
ished all forms of aversive odor learning, including ARM (Qin et
al., 2012), whereas DAMB mutants showed nearly normal learn-
ing yet impaired forgetting that results in augmented perfor-
mance and revealed a retroactive dopamine function (Berryetal.,
2012). Vis-a-vis these excitatory receptors is D2R, an inhibitory
receptor capable of abating cellular cAMP levels (Hearn et al.,
2002). However, D2R mutants do not categorize with either of
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Figure5.

KCs comprise a sufficient site of D2R in support of ARM. Genetic rescue of D2R function was performed at individual stages of the olfactory pathway to define sufficient elements of D2R

function. Performance of total memory (top panels), consolidated ARM (middle panels), and calculated ASM (bottom panels) was scored (A). Gal4 lines expressing the rescuing cDNA at different
levels of the circuitry were used that mark dopaminergic neurons (B), olfactory receptor neurons (€), antennal lobe interneurons (D), projections neurons and/or APL neurons (E), the majority of MB

KCs (F), KCs of the o/ B-lobes (G), the ~y-lobes (H), and the o/ 3-lobes (I)
ns, Not significant.

the D1 phenotypes but exhibit discrete and specific loss of con-
solidated ARM. Thus, DAR functions dissociate at the behavioral
level directly asking how this is implemented at a functional level.

Do dopamine receptors equilibrate KC cAMP levels in a
concurrent fashion?

DARs are G-protein-coupled receptors and D1s activate Type 1
adenylyl cyclases (ACls) via G/G,,, whereas D2s couple to G/,
subunits that bind to and inhibit ACls, thereby preventing pro-
duction of cAMP and activation of PKA. In this view, a primary
action of dopamine is to elevate cellular cAMP levels through
ACls, and this activation is balanced by its concurrent D2-
dependent inhibition (for review, see Neve et al., 2004; Bonci and
Hopf, 2005). Drosophila DARs adhere to this mode of action
(Han et al., 1996; Hearn et al., 2002), so that D2 has potential to
operate on proactive and/or retroactive dopamine functions by
counterbalancing dDA1 and/or DAMB actions, respectively.

. Error bars indicate mean == SEM of 8 —10 biological repetitions (i.e., N = 8 —10). **Statistical differences (p = 0.05).

ARM is sensitive to proactive (Qin et al., 2012) and retroactive
dopamine actions (Placais et al., 2012), rendering loss of ARM
performance possible via either process. Our data indicate that
proactive and retroactive aspects are differentially affected by
knockdown or rescue and localize to different stages of the
learning-relevant circuitry: In particular, no sign of retroactive
D2R actions was observed in case of genetic rescue. Rather, we
observed full restoration of its proactive counterpart upon ex-
pression of cDNA at level of af3- or y-type KCs. This suggests that
proactive D2R action is redundant at level of particular MB lobes.

On the contrary, knockdown of D2R at level of either af3- or
v-lobes disrupted ARM performance, despite similar constella-
tions of the MB network compared with corresponding rescue
(for a comparison of circuit components affected upon rescue or
knockdown approaches, see Table 1). We attribute this contrast
to different D2R functionality of MB-adjacent circuits that re-
mained wild-type like within the knockdown approach but
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Table 1. Comparison of proactive and retroactive D2R functions”

J. Neurosci., July 27, 2016 - 36(30):7936 7945 « 7943

Retroactive function revealed by knockdown

Proactive function revealed by rescue

MBs Adjacent circuit MBs Adjacent circuit

Gal4 line Marks Behavior af3 b7 p APL DAN LNs Behavior af3 bY p APL DAN LNs
NP1227 LN1 - F F F F F NF — —_ = = — —
GH298 LN1 - F F F F F NF - NF NF NF NF NF F

NP2426 LN2 - F F F F F NF — — - — —
TH DANs - F F F F NF F - NF NF NF F NF
GH146 PNs and APL - F F F NF F F - NF NF F NF NF
NP2631 APL - F F F NF F F — —_ - = — —
mb247 afand yKCs - NF NF F F F F + F F NF NF NF NF
17d aB KGs - NF F F F F F + F NF NF NF NF NF
NP1131 v KGs - F NF F F F F + NF F NF NF NF NF
OR83b ORNs + F F F F F F - NF NF NF NF NF NF
GH146; Cha®®° PNs + F F F F F F — —_ = = — —
320 + F F NF (no subset)” F F F - NF NF F NF NF NF
305a + F F NF (no subset)’  F F F — . — —

“Gal4 lines addressing particular stages of the learning relevant circuitry have been used to drive RNAi-mediated knockdown or genetic rescue of a Drosaphila D2 receptor. Performance of ARM (i.e. results from Figures 4 and 5) is schematized
according to wild-type (+) or mutant like (—) behavior. D2R function at level of MBs and adjacent circuits is coded as follows: F, Functional; NF, nonfunctional; —, not applicable.

®Gal4 lines that did not impact on ARM performance with knockdown.

changed to null D2R mutant background in case of rescue. It thus
appears that retroactive dopamine actions are doubly dependent
on D2R abundance (I) within the MB network in conjunction
with (II) MB adjacent circuits.

D2R mediates retroactive dopamine actions via a complex
neuronal circuitry
In addition to KCs, D2R is required at level of GABAergic APLs
and antennal lobe local interneurons, two sets of inhibitory neu-
rons assigned to balancing network activity (Tanaka et al., 2009;
Parnas et al., 2013). GABAergic local interneurons are site of
DUNCE action, another negative regulator of cAMP signaling
(Scheunemann et al., 2012) that impacts on ARM. However,
whatever dunce impacts on memory acquisition or modulation is
unknown, in contrast to a recognized function of APLs in retro-
active modulation (Wu et al., 2013). APLs are connected to KCs
in a reciprocal fashion and provide recurrent inhibitory feedback
from the MB lobes to the sensory input region (Liu et al., 2007).
In the biochemical domain, vertebrate D2Rs excerpts numer-
ous functions via interaction with the G, subunit that impact on
multiple signaling pathways, including Ca** (Yan et al., 1997;
Zamponi and Snutch, 1998; Koga and Momiyama, 2000), MAPK
(Faure et al., 1994; Ghahremani et al., 2000), phospholipases
(Mitchell et al., 1998; Yan et al., 1999), and B-arrestin (Urs et al.,
2015). Moreover, D2R sensitizes Type 2/4 adenylyl cyclases
(AC2/4; i.e., recognized coincidence detectors of PKC and G,
signals) via G, thereby providing an alternative route for D2R
to cAMP-PKA signaling independent of concurrently regulated
ACls (Watts and Neve, 2005). Thus, a wealth of signaling path-
ways is available to D2R regardless of concurrent D1 action.
However, it will require future experiments to elucidate which
options are engaged in case of Drosophila ARM and how they
map onto the learning relevant circuitry.

Does D2R regulate dopamine release via auto-regulation?

D2R exerts additional support of ARM at level of DANSs as re-
vealed by RNAi knockdown. In vertebrate midbrain neurons,
D2R acts as autoreceptor of dopamine release by decreasing the
excitability of DANs and by curtailing dopamine abundance via
control of tyrosine hydroxylase, the rate-limiting enzyme of do-
pamine synthesis, as well as via plasma membrane dopamine
transporters (Beaulieu and Gainetdinov, 2011; Ford, 2014). Lack

of a putative D2 autoreceptor in Drosophila DARs could lead to
increased dopamine release that in turn has potential to unbal-
ance proactive and/or retroactive processes. Actually, Drosophila
DANs are both upstream of KCs during acquisition (Schroll et al.,
20065 Aso et al., 2012), as well as downstream of KCs in case they
impact on retroactive modulation (Plagais et al., 2012), so that
both scenarios appear equally plausible. Conditional block of
DANSs in combination with appropriate DAR manipulation may
be applied within future experiments to fully understand the re-
iterating and nonredundant contributions of dopamine and its
receptors in associative learning and memory consolidation.
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