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Slow oscillations in two pairs of dopaminergic neurons
gate long-term memory formation in Drosophila

Pierre-Yves Placais!%, Séverine Trannoy!%, Guillaume Isabel>>°, Yoshinori Aso>>, Igor Siwanowicz?,

Ghislain Belliart-Guérin!, Philippe Vernier?, Serge Birman*, Hiromu Tanimoto? & Thomas Preat!

A fundamental duty of any efficient memory system is to prevent long-lasting storage of poorly relevant information. However,
little is known about dedicated mechanisms that appropriately trigger production of long-term memory (LTM). We examined

the role of Drosophila dopaminergic neurons in the control of LTM formation and found that they act as a switch between two
exclusive consolidation pathways leading to LTM or anesthesia-resistant memory (ARM). Blockade, after aversive olfactory
conditioning, of three pairs of dopaminergic neurons projecting on mushroom bodies, the olfactory memory center, enhanced
ARM, whereas their overactivation conversely impaired ARM. Notably, blockade of these neurons during the intertrial intervals of
a spaced training precluded LTM formation. Two pairs of these dopaminergic neurons displayed sustained calcium oscillations in
naive flies. Oscillations were weakened by ARM-inducing massed training and were enhanced during LTM formation. Our results

indicate that oscillations of two pairs of dopaminergic neurons control ARM levels and gate LTM.

Abilities of indiscriminate remembering, which, for example, occur
with disproportionate frequency in autistic individuals!, betray
brain injury or functional disorders"2. However, little is known
about the dedicated mechanisms that trigger the consolidation of
memory traces into LTM only for relevant learned experiences. In
Drosophila, in the context of aversive olfactory learning, two different
types of consolidated memory have been characterized®: LTM, which
relies on de novo protein synthesis, and ARM, which does not. We
previously proposed that these two memory phases were mutually
exclusive®; the engagement into the ARM pathway thus preventing
the energetically costly® formation of LTM when it is not necessary.
However, whether ARM and LTM actually antagonize each other has
been debated®, and the putative role of ARM inhibition during LTM
formation remains unknown.

In mammals, dopamine, a neuromodulator involved in reward
learning’, intervenes shortly after conditioning®® or as late as 12 h
after conditioning!? in the maintenance of LTM. However, the physio-
logical processes at work in dopaminergic neurons during memory
consolidation remain unclear. In Drosophila, dopamine is involved in
a broad range of behavioral functions' 12, In the framework of aver-
sive olfactory memory resulting from simultaneous exposure to elec-
tric shocks and an odorant®!314, efforts have focused on the role of
dopaminergic neurons in learning!>-17, leaving a putative function of
dopaminergic neurons in memory consolidation mostly unexplored.
A single study has reported that dopaminergic neurons are involved in
the memory impairment induced by heat stress after conditioning!®.

Three bilateral clusters of dopaminergic neurons (PAM, PPLI and
PPL2ab, amounting to ~200, 24 and 12 dopaminergic neurons,
respectively, out of ~280 total in the protocerebrum!®) were identified
as projecting to the mushroom bodies, paired multilobed structures
that are the essential memory centers?’, and were classified according
to the mushroom body region that they innervate!7-2!.

We found that blockade, via the expression of a thermosensitive
Shibire mutant protein®>23, or overactivation, via the thermosensi-
tive channel TrpA1 (refs. 17,23), of three pairs of PPL1 dopaminergic
neurons enhanced or inhibited, respectively, ARM consolidation. We
characterized a sustained oscillatory activity of two pairs of these
neurons by in vivo imaging in naive flies, and we found that these
oscillations correlated with ARM inhibition in trained flies. In addi-
tion, we found that the pathways leading to ARM and LTM are exclu-
sive and, consequently, that the ARM-regulating PPL1 dopaminergic
neurons are endowed with the ability to gate the formation of LTM
during the intertrial intervals (ITIs) of spaced conditioning.

RESULTS

Dopaminergic neurons regulate ARM

We began with the tyrosine hydroxylase (Th, also known as ple)-GAL4
fly line?*, which extensively labels most dopaminergic neurons clus-
ters, including the PPL1 and PPL2ab clusters, except the PAM cluster,
which is sparsely labeled!®!%2* The Th-GAL4 driver was used in
combination with UAS-shi® or UAS-TrpAl to transiently block or
stimulate, respectively, brain dopaminergic neurons after conditioning.

1Genes and Dynamics of Memory Systems, Neurobiology Unit, Centre National de la Recherche Scientifique, Ecole Supérieure de Physique et de Chimie Industrielles
(ESPCI), Paris, France. 2Behavioral Genetics, Max Planck Institute of Neurobiology, Martinsried, Germany. 3Développement, Evolution, Plasticité du Systéme Nerveux,
Institut de Neurobiologie Alfred-Fessard, Centre National de la Recherche Scientifique, Gif-sur-Yvette, France. #Genetics and Physiopathology of Neurotransmission,
Neurobiology Unit, Centre National de la Recherche Scientifique, ESPCI, Paris, France. SPresent addresses: Centre de Recherches sur la Cognition Animale,
Université Paul Sabatier, Toulouse, France (G.l.) and Janelia Farm Research Campus, Howard Hughes Medical Institute, Ashburn, Virginia, USA (Y.A.).

SThese authors contributed equally to this work. Correspondence should be addressed to T.P. (thomas.preat@espci.fr).

Received 5 December 2011; accepted 18 January 2012; published online 26 February 2012; doi:10.1038/nn.3055

592 VOLUME 15 | NUMBER 4 | APRIL 2012 NATURE NEUROSCIENCE


http://www.nature.com/doifinder/10.1038/nn.3055
http://www.nature.com/natureneuroscience/

© 2012 Nature America, Inc. All rights reserved.

npg

Th-GAL4/UAS-shi" flies were trained with one cycle of conditioning
at the permissive temperature and were then shifted to the restric-
tive temperature during memory consolidation and retrieval (block-
ade was maintained during the test to avoid a potential rebound
of dopamine release). This resulted in an increased memory score
when flies were tested 3 h after training (Fig. 1a), whereas Th-GAL4/
UAS-shi® flies showed no memory enhancement at the permissive
temperature (Supplementary Fig. 1a) and normal olfaction at the
restrictive temperature (Supplementary Fig. 1b). This extra memory
was found to be resistant to cold-shock anesthesia (Fig. 1b), a hall-
mark of ARM*2°. Blocking dopaminergic neurons after five massed
cycles of conditioning, which generates ARM? persisting for more
than 1 d, yielded an increased 24-h memory performance (Fig. 1¢)
that did not occur in flies that were kept at the permissive temperature
(Supplementary Fig. 1¢). This memory enhancement was a result of
blockade during the consolidation phase (Fig. 1d) and not during
memory retrieval (Supplementary Fig. 1d). Taken together, these
data suggest that, in wild-type flies, dopaminergic neurons’ activ-
ity after conditioning controls memory consolidation by inhibiting
ARM formation.

To test this hypothesis, we assessed the effect in Th-GAL4/+;
+/UAS-TrpA1 flies of a brief overactivation of dopaminergic neurons
immediately after conditioning. We observed that 3-h memory was
strongly decreased (Fig. 1e), leaving only labile memory (Fig. 1f),
whereas Th-GAL4/+; +/UAS-TrpAl flies that were kept at the per-
missive temperature after training displayed normal memory scores
(Supplementary Fig. 1e). Overall, these findings indicate that ARM
consolidation is regulated by dopaminergic neurons after training.

Three pairs of PPL1 neurons control ARM levels

Specific behavioral functions have already been attributed to
restricted subsets of Drosophila dopaminergic neurons!'’-?3. We
thus investigated whether ARM regulation could be ascribed to
specific dopaminergic neurons. The expression pattern of the
NP0047-GAL4line includes only three pairs of the mushroom body-
innervating dopaminergic neurons in the PPLI cluster, namely
MB-V1 (V1) neurons, MB-MV1 (MV1) neurons and a single pair of
MB-MP1 (MP1) neurons?! (Fig. 2a-c and Supplementary Movies 1
and 2). Expression in those three pairs of dopaminergic neurons is
silenced by Th promoter-driven GAL80 (Th-GAL80)'7 (Fig. 2d,e and
Supplementary Movies 3 and 4). Notably, blocking NP0047-GAL4
neurons output during the consolidation phase after massed train-
ing led to a strong increase in 24-h memory, recapitulating the effect
observed with Th-GAL4 (Fig. 2f). This increase was abolished by
Th-GALS80 and is therefore attributable to the V1, MV1 and MP1
dopaminergic neurons (Fig. 2f). NP0047-GAL4/UAS-shi® flies
showed no memory enhancement at the permissive temperature
(Supplementary Fig. 2a).

Figure 1 Th-GAL4 neurons regulate ARM consolidation. Time courses of
temperature changes are shown alongside each graph of memory performance.
C, conditioning; T, test. (a,b) Blocking the output of Th-GAL4 neurons after a
single cycle of training (1x) enhanced 3-h memory (F, 0= =7.203, P=0.002,
n= 14, a). This extra memory was resistant to a 2-min cold-shock performed
2 h after training, and thus corresponded to ARM (F2,42 =7.768, P=0.0013,
n>14,b). (c,d) 24-h memory after massed training was also increased
(F,5,=5.746, P=0.0056, n2 18, c), even when neurons were blocked
during the consolidation phase only (F 40 =16.327, P=0.0040, n> 14,

d). (e,f) Conversely, activation of Th- GAL4 neurons immediately after single-
cycle training impaired memory (F, 39= =24.49, P<0.0001, n>14,e),
specifically ARM (F, 39 =4.332, P=0.02, n> 14, f). Data are presented as
mean = s.e.m. *P< 0.05, **P< 0.01, ***P< 0.001.
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Transient activation of NP0047-GAL4 neurons after one cycle of
conditioning caused a memory drop that recapitulated the effect that
was observed with Th-GAL4 and was rescued by Th-GAL80 (Fig. 2g).
This memory drop corresponded to a specific ARM disruption
(Supplementary Fig. 2b). NP0047-GAL4/+; +/UAS-TrpA1 flies main-
tained at the permissive temperature after training showed normal
memory performance (Supplementary Fig. 2¢c). Taken together, our
data suggest that the activity of three specific pairs of dopaminergic
neurons, namely V1, MV1 and MPI neurons, or a subset of these
neurons, tunes ARM consolidation.

MV1 and MP1 neurons display slow calcium oscillations

To functionally characterize these three dopaminergic neurons, we
then made in vivo recordings of their activity using the fluorescent
calcium reporter GCaMP3 (ref. 26). First, we recorded naive unstimu-
lated flies. We observed that MP1 and MV neurons powered large
spontaneous calcium variations in their mushroom body innervations
compared with control neuropils (Fig. 3a,b). This is not a general
property of dopaminergic neurons, as projections from V1 neurons
on mushroom body vertical lobes showed only noisy fluctuations,
the amplitude of which did not differ from those of control neuropils
(Fig. 3a,b). All three types of neurons had contralateral projections on
symmetrical areas'® (Fig. 2a). Thus, signals collected from processes
targeting left and right mushroom bodies were highly synchronized
in MP1 and in MV1 neurons (Fig. 3a). Despite having similar con-
tralateral projections, V1 neurons showed signals with little bilateral
correlation (Fig. 3a), which further suggests that the fluctuations
observed in V1 were noise and that V1 had no spontaneous activity
that was detectable at this level of sensitivity.

MP1 and MV1 neurons send out processes in close vicinity to
the junction area of mushroom body lobes. When the orientation
and the quality of the preparation allowed us to clearly distin-
guish them, we checked that both MV1 and MP1 neurons shared
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Figure 2 Three pairs of dopaminergic

neurons recapitulate the ARM-regulating
properties of Th-GAL4 neurons. (a) Schematic
drawing of mushroom body-connected
dopaminergic processes. Th-GAL4 (green)
labels all cells in the PPL1 and PPL2ab
clusters and 11-12 cells in the PAM cluster.
NPOO47-GAL4 (orange) labels three cells in
the PPL1 cluster. (b—e) The expression pattern
of NPO0O47-GAL4 in brain regions including
the mushroom bodies (MB, frontal view, dorsal
up, b) highlighted mushroom body projections
from V1, MV1 and MP1 neurons (arrows, b),
three tyrosine hydrdoxylase—immunoreactive
cells in PPL1 cluster (arrowheads, c). Bright
symmetrical dorsal projections are additional
MP1 processes (arrowheads, b). Th-GAL80
abolished expression in these three
dopaminergic neurons (d,e). Scale bars
represent 20 um. See Supplementary

Movies 1-4 for expression patterns in the
entire brain. (f,g) Blockade (f) or activation
(g) of NPOO47-GAL4 neurons recapitulated
enhancement (F, ¢z, = 3.61, P=0.01, n> 13,
f) and impairment (Fy35=4.60, P=0.004,
n=>6, g) of memory performance, respectively,
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the ability to sustain spontaneous calcium activity. Simultaneous
dual-plane recordings revealed synchrony between the two types
of neurons (Fig. 3¢). As no feature proved distinguishable between
signals from MV1 and MP1 neurons (Supplementary Fig. 3), and
as most in vivo recordings allowed only partial discrimination
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between projections from each of the two neurons, we hereafter
report our data as MV1 and MP1 imaging.

In naive flies, MV1 and MP1 neurons sometimes produced nonperio-
dic signals, which were characterized by a monotonically decreasing
power spectrum with prominent low-frequency content (Fig. 3d).
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However, we found that spontaneous calcium
variations in MV1 and MP1 neurons could
sometimes be shaped into rhythmic oscilla-
tory patterns, as evidenced by a peak in the
power spectra of the signals of individual
flies (Fig. 3e and Supplementary Movie 5).

Figure 3 Spontaneous sustained activity in MV1
and MP1 neurons of naive flies. (a) Transverse
sections of brains showing GCaMP3 fluorescence
driven by NPO0O47 at three different depths
showing mushroom body projections of MP1 (top),
MV1 (middle) and V1 (bottom) neurons (white
regions of interest) and control neuropils (green).
Scale bars represent 20 um. Time courses of
signals are shown below, along with correlation

re;ueonzcy” 04 plots between hemispheres. (b) Amplitude of
R'gh‘ i.WMM‘ L‘JJJM.‘;AM\ -20 40 spontaneous activity in dopaminergic neurons
Con"o_: - 20 Left 20% and control structures (n =12 flies). (c) Three
neurept 25 20% 555 examples of simultaneous recordings of MV1
- c MVA and MP1 (red) and MP1 (black) neurons showing marked
° %A 150 jeurons synchrony. (d,e) Four illustrative examples of
< =0. z PR
d §'£ 100 8-097 spontaneous activity in MV1 and MP1 neurons,
g= 50 including one example with no defined frequency
20% S 0 (d) and three occurrences of rhythmic oscillatory
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Among such oscillatory signals, frequencies were broadly distri-
buted, ranging over one order of magnitude, from 0.03 to 0.3 Hz.
Because of this wide variety of behavior, and although a majority of
naive animals displayed sparse (4 of 13 flies) or robustly persistent
(6 of 13) oscillatory phases, no peaked feature emerged from the
power spectrum averaged across all naive animals, which decreased
monotonically from 0 to 0.5 Hz (Fig. 3f).

MV1 and MP1 oscillations correlate with ARM processing

We next investigated whether sustained activity of dopaminergic
neurons was physiologically associated with ARM processing. After
one cycle of associative training, a large majority of flies displayed
rhythmic oscillations in MV1 and MP1 neurons (Fig. 4a). Indeed,
a significantly higher number of flies that underwent single-cycle
training displayed persistent oscillations compared with flies that
underwent an unpaired conditioning (9 of 11 flies versus 4 of 11,
P =0.036, two-tailed Fisher’s exact test). Consistently, significant dif-
ferences in the ensemble power spectra after both protocols were a
result of the low-frequency content (Fig. 4b), which, in naive flies,
mostly came from nonrhythmic cases (Fig. 3d). Single-cycle-trained
flies thus showed a peaked power spectrum (Fig. 4b) that was still
quite broad because of frequency dispersion (central frequency f, =
0.13 Hz, quality factor Q = 0.72). As a consequence, the frequency
and the quality factor of MV1 and MP1 activity were globally higher
in single-cycle-trained flies than in unpaired-conditioned flies
(Fig. 4¢c,d) during the assayed period, which extended over more
than 1 h after conditioning. Noticeably, the amplitudes of MV1 and
MP1 activity followed identical time courses in single-cycle-trained
flies and unpaired-conditioned flies (Fig. 4e), which suggests that
single-cycle training induces essentially qualitative changes through
an increased tendency of MV1 and MP1 neurons to oscillate. As in
naive flies, no above-noise activity could be measured in V1 neurons
after single-cycle training (Supplementary Fig. 4).

Figure 4 Oscillations in MV1 and MP1 a
neurons are correlated with ARM regulation.

(a) llustrative examples of recordings from MV1

and MP1 neurons 30-45 min after one cycle

of associative conditioning. (b) Average power

spectra across all tested animals obtained after
single-cycle, unpaired and massed training.
Significant differences between single-cycle and
unpaired spectra on the whole frequency range

1x-trained flies
MV1 and MP1 neurons
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As shown above (Fig. 1b), ARM levels were increased by block-
ing dopaminergic neurons activity during the time period in which
preferential oscillatory behavior of MV1 and MP1 neurons occurs. We
therefore hypothesized that MV1 and MP1 oscillations mediate ARM
inhibition. Given that ARM is decreased by a short overactivation of
NP0047-GAL4 neurons in heat-stimulated NP0047-GAL4/+; +/UAS-
TrpAl flies (Fig. 2g), we asked whether MV1 and MP1 oscillations
were enhanced in these flies. Unfortunately, UAS-GCaMP3, UAS-
TrpAl/+; NP0047-GAL4/+ flies had a 3-h memory defect at permis-
sive temperature that was absent in UAS-GCaMP3/+; NP0047-GAL4/+
flies (Supplementary Fig. 5a) and in UAS-TrpA1/+; NP0047-GAL4/+
flies (Supplementary Fig. 1e). In addition, simultaneous expression
of GCaMP3 and TrpAl in NP0047-GAL4 neurons abolished the
sustained activity of MV1 and MP1 neurons in naive flies (n = 10;
Supplementary Fig. 5b). However, a brief stimulation of MV1 and
MP1 neurons by TrpA1I activation (see Online Methods) gave rise to
a period of sustained activity that persisted for at least 45 min and
could be oscillatory (Supplementary Fig. 5b,c). This did not occur in
heat-stimulated UAS-GCaMP3; NP0047-GAL4/+ control flies that did
not carry UAS-TrpA1 (Supplementary Fig. 5d). These results suggest
that MV 1 and MP1 oscillations inhibit ARM, even though they should
be considered cautiously because MV1 and MP1 neurons’ physiology
is altered in UAS-GCaMP3, UAS-TrpAl/+; NP0047-GAL4/+ flies.

If MV1 and MP1 oscillations are detrimental to ARM consolida-
tion, we expect that massed training that promotes high levels of
day-lasting ARM? will negatively affect those oscillations. In massed-
trained flies (Fig. 4f), MV1 and MP1 neurons were seldom oscillatory
(4 of 11 flies) and showed otherwise irregular non-oscillating activity
(4 of 11 flies) or were completely quiet (3 of 11 flies). Thus, the pro-
portion of massed-trained flies showing oscillatory activity in MV1
and MP1 neurons was decreased compared with single-cycle-trained
flies (4 of 11 massed-trained flies versus 9 of 11 single-cycle-trained
flies, P = 0.036, two-tailed Fisher’s exact test), which resulted in a
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two-way ANOVA), but not amplitude (F1’153 =0.45, P=0.50, two-way ANOVA). (f) Illlustrative examples of recordings from MV1 and MP1 neurons
30-45 min after massed training. (g) Average amplitude of signals recorded from MV1 and MP1 neurons and control structures after single-cycle,
unpaired and massed training. Signals from dopaminergic neurons were lower after massed than after single-cycle or unpaired protocols

(F, 32= =11.93, P=0.0002). # symbols denote a significant difference between MV1 and MP1 and the control for a given protocol (*P < 0.05,
##P<0.01). n=11 flies for each condition. Average data are presented as mean + s.e.m. *P< 0.05, **P< 0.01, ***P< 0.001.
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monotonically decreasing power spectrum for massed-trained flies
(Fig. 4b) and a marked drop of the average frequency and quality
factor compared with single-cycle-trained flies (Fig. 4d,e). Moreover,
massed training also induced a decrease of the amplitude of MV1
and MP1 activity (Fig. 4c). This amplitude, however, remained above
those of control neuropils (Fig. 4g), consistently with the fact that
full blockade of NP0047-GAL4 dopaminergic neurons output after
massed conditioning could further increase 24-h ARM (Fig. 2f). As
for single-cycle training, no detectable activity appeared in V1 neu-
rons after massed training (Supplementary Fig. 4).

Thus, although one cycle of conditioning favored oscillatory behav-
ior of MV1 and MP1 neurons, juxtaposing four additional cycles right
after the first one, which allows persistent ARM consolidation, sup-
pressed the effect. Altogether, our data suggest that MV1 and MP1
oscillations are negatively correlated with ARM consolidation.

We next asked whether the radish (rsh) gene, which encodes a pro-
tein that is required for ARM consolidation and is expressed in the
mushroom bodies?>?’, is somehow linked to the pathway controlled
by MV1 and MP1 oscillations. In rsh mutant flies, MV1 and MP1
oscillations were normal in terms of frequency distribution, average
spectrum (Supplementary Fig. 6a) and amplitude (Supplementary
Fig. 6b). Consistent with this, blocking dopaminergic neurons of
either rsh/+ females or rsh/Y males after single-cycle training still
resulted in increased memory performance (Supplementary Fig. 6¢).
These results suggest that rsh and MV1 and MP1 neurons affect ARM
consolidation through independent pathways.

ARM is absent when LTM is formed

As previously mentioned, two forms of consolidated memories exist
in Drosophila, ARM and protein synthesis—-dependent LTM. It is well
established that ARM forms after massed training, whereas LTM only
forms after multiple cycles of conditioning spaced by an ITI of typi-
cally 15 min (ref. 3) We previously proposed that ARM and LTM are
exclusive memory phases, meaning that ARM is inhibited after spaced
training®. This last point is, however, debated, as it is often stated that
ARM is normally present after spaced training®®. Here we provide
three additional lines of evidence to further demonstrate that ARM
is inhibited when LTM is formed.

First, arguments against the exclusive memories model are fre-
quently based on the fact that most flies with abnormal LTM show,
after spaced conditioning, a significant residual memory that could
correspond to ARM>°. Using cycloheximide (CXM), an inhibitor of
protein synthesis, to probe the formation of LTM, we analyzed the
quality of residual memory of two loss-of-function mutants, crammer
(cer)?® and tequila (teq)®’, that specifically affect LTM. We first checked
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that both cer and teq fed with CXM had a normal memory perform-
ance after massed conditioning (Fig. 5a), confirming that both CXM
treatment and the concerned mutations do not affect ARM. After
spaced conditioning, cer and teq memory was strongly decreased by
CXM treatment (Fig. 5a). Thus, the residual memory observed in cer
and teq LTM mutants corresponds to partial LTM, and not to normal
ARM, confirming that ARM is inhibited when LTM is formed*.

Second, it was recently shown that feeding flies with pL-p-chloro-
phenylalanine (pCPA), an inhibitor of serotonin synthesis, specifi-
cally impairs ARM 3 h after single-cycle training as well as 24 h after
massed training?. We confirmed that pCPA treatment impaired the
memory of wild-type flies after massed training (Fig. 5b). Notably,
the 24-h memory of wild-type flies fed with pCPA was normal after
spaced training (Fig. 5b), strongly suggesting that ARM is absent
after spaced training.

Third, to inhibit ARM, we briefly activated Th-GAL4 neurons after
each conditioning cycle of the spaced and massed protocols using
TrpAl. We performed a massed training with a short 5-min I'TI, a dura-
tion that is insufficient to properly achieve LTM formation®!, but leaves
enough time to briefly overactivate Th-GAL4 neurons between each
cycle. As expected from the single-cycle training experiment (Fig. 1e,f),
the 24-h memory of Th-GAL/+; +/UAS-TrpAl flies was strongly
decreased after massed training (Fig. 5¢). We performed a control
experiment to check that Th-GAL4/+; +/UAS-TrpA1 flies learned nor-
mally after a single cycle of training preceded by thermal activation
(Supplementary Fig. 7a), ensuring that the measured defect after
massed conditioning was actually a result of ARM impairment after
conditioning and not of a putative interference of the procedure with
learning itself. Activation of Th-GAL4 neurons right after each cycle
of a spaced protocol did not alter 24 h memory (Fig. 5d). Overall,
these data indicate that ARM is either blocked or erased by spaced
training, which therefore only induces LTM formation.

Spaced training promotes MV1 and MP1 neurons oscillations
We next asked whether ARM-inhibiting MV1 and MP1 neurons are
involved in the complete ARM blockade caused by spaced training.
Indeed, a significantly higher number of spaced-trained flies showed
long-lasting oscillations in MV1 and MP1 neurons than in flies that
underwent a control spaced unpaired conditioning (10 of 11 space-
trained flies versus 3 of 11 unpaired flies, P = 0.004, two-tailed Fisher’s
exact test). Spaced-trained flies consistently displayed persistent oscil-
lations in a restricted frequency range around 0.1 Hz (Fig. 6a), which
resulted in a well-defined peak in the average spectrum (f,, = 0.11 Hz,
Q = 1.11; Fig. 6b). In comparison, unpaired flies produced a non-
oscillatory monotonous ensemble spectrum (Fig. 6b).

d

0O +/UAS-TrpA1

041 —— O 7h-GAL4+

O Th-GAL4/+

B Th-GAL4/+; +/UAS-TrpAT g3 B Th-GAL4/+; +/UAS-TrpA1
(5]
51Tl T 2 c 15 1Tl T
c2 >0. s o

o3 ‘ x5 ‘ 502 o3 ‘ x5 |

< 5 <25

o 25 go. =

20 /J_ 20
0 —
5x massed, 0 . 24 5x spaced, 0 . 24

24 h Time (h) 24 h Time (h)

Figure 5 ARM is absent after spaced conditioning. (a) Effect of CXM on specific LTM mutants cer and teq. Memory scores in different groups were
similar 24 h after massed conditioning (5 4, = 0.657, P=0.66, n = 8). Conversely, there were significant differences between groups 24 h after
spaced conditioning (F5,119 =10.22, P<0.0001, n> 18). CS, Canton Special. (b) ARM-affecting pCPA treatment resulted in a defect of 24-h
memory after massed training (P = 0.024, n = 12), but not after spaced training (P= 0.36, n=15). (c,d) 24-h memory was significantly affected after
brief overactivation of Th-GAL4 neurons after each cycle of a massed training (F2,35 =9.03, P=0.0006, n= 12, c), but not after spaced training
(F2,38 =1.71, P=0.19, n= 12, d). Data are presented as mean = s.e.m. *P < 0.05, **P < 0.01; NS indicates not significant, P> 0.05.
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Figure 6 Spaced training consistently promotes oscillatory behavior in MV1 and MP1 neurons.
(a) lllustrative recordings from MV1 and MP1 neurons obtained 30-60 min after spaced
conditioning. (b) Average power spectrum across all tested flies obtained after spaced conditioning

was significantly different from that produced by a spaced unpaired protocol

from O to 0.3 Hz: F} 3767, =19.3, P=1.2 x 1075, two-way ANOVA, n = 11 flies for each condition).
(c—e) Time courses of the frequency (c), quality factor (d) and amplitude (e) of activity in MV1

and MP1 neurons after spaced training and spaced unpaired protocol. Global comparison of time
courses proved significantly different for all three parameters (frequency, F; ;75 = 35.23,

P < 0.0001; quality factor, F; ;75 =16.94, P=0.0001; amplitude, F; ;;5=17.91, P<0.0001;
two-way ANOVA). Average data are presented as mean +s.e.m. *P< 0. 05, **P< 0.01.
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after conditioning (Supplementary Fig. 4).

x e ngg:g Thus, the ARM-inhibiting spaced protocol
x unpaired strongly drives MV1 and MP1 neurons into

an ARM-opposing oscillatory behavior.

ARM-regulating neurons gate LTM formation
We then sought to understand the physio-
logical rationale of ARM inhibition by MV1
and MP1 oscillating neurons after spaced
training. We blocked Th-GAL4 neurons from
the end of a spaced protocol throughout the
consolidation phase. This treatment did
not affect LTM (Fig. 7a). Given that spaced
training lasts 1.5 h and that the training-
evoked promotion of MV1 and MP1 oscil-
lations started to occur after the first cycle
of training (Fig. 4), we reasoned that the
major part of physiologically relevant events
could occur during the spaced training itself
rather than during the consolidation phase.
Thus, after checking that Th-GAL4/UAS-shi"
flies could appropriately form LTM when
spaced trained at the permissive temperature
(Fig. 7b), and that blocking Th-GAL4 neurons
for 8 min before single-cycle training did not

30 60 90

Frequency (Hz) Time after conditioning (min)
—e— Spaced —— Spaced —e— Spaced —«— Spaced
o K KX unpaired i
0.12 * 30
*
0.10 25

% unpaired

30 60 90

(comparison

Comparison of the time courses of the frequency and quality factor
up to 1.5 h after conditioning revealed that activity patterns of MV1
and MP1 neurons in spaced-trained flies were faster (Fig. 6¢) and
more regularly cadenced (Fig. 6d) than in unpaired flies. During the
first hour after training, the magnitude of differences, and thus the
discrimination between trained and unpaired flies, were even more
strongly marked than during the same time period after only one cycle
of training (Figs. 4c,d and 6¢,d). In addition, spaced-training induced
a quantitative effect on the amplitude of MV1 and MP1 activity, which
was higher in trained flies than in unpaired flies (Fig. 6e). Similar to
other protocols, spaced training did not affect V1 neurons activity

impair learning (Supplementary Fig. 7b), we
designed a protocol to block neuronal activity during the first 8 min
of each 15-min ITT of a spaced training (Fig. 7c). Despite multiple
temperature shifts during the spaced training (Fig. 7¢), control flies
formed LTM (Fig. 7d), but blocking Th-GAL4 neurons during ITIs
and early consolidation prevented LTM formation, leaving only CXM-
insensitive ARM (Fig. 7d).

To determine whether this effect was a result of ARM-controlling
neurons, we conducted the same series of experiments with
NP0047-GAL4/UAS-shi* flies. We first determined that LTM for-
mation was normal when these flies were trained at the permis-
sive temperature (Fig. 7b) and that learning during single-cycle
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d . . ft d training during th lidati hase did not 8 03 O NP0047-GAL4/+ (CXM)
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were able to appropriately form LTM (P = 0.022, n = 11), as were NPOO47-GAL4/UAS-shits
8). (c) Protocol used to block neurons during the first 8 min of each

flies (P=0.0032, n=

5x spaced, 24 h
blocking during ITIs

O NP0047-GAL4/Th-GALSO,
UAS-shi®® (CXM)

15-min ITI of a spaced training and during the first hour of the consolidation phase. (d) Blocking

Th-Gal4 neurons according to the protocol shown in ¢ precluded LTM formation (+/UAS-shifs, P=0.021; Th-GAL4/+, P=0.016; Th-GAL4/UAS-shi's,
P=0.54; n> 12 for all groups). (e) As with Th-Gal4 neurons, LTM formation was abolished when NPO047-GAL4 neurons were blocked during the ITl and
the first hour after conditioning. This was because of the three pairs of NPO0O47-GAL4 dopaminergic neurons, as the ability to form LTM was recovered in
combination with Th-GAL80 (+/UAS-shi®s, P=0.0014; NPOO47-GAL4/+, P= 0.014; NPO0O47-GAL4/UAS-shis, P=0.86; NPO047-GAL4/Th-GAL8O, UAS-shi®s,
P=0.038; n>11 for all groups). Data are presented as mean +s.e.m. *P< 0.05, **P< 0.01, ***P < 0.001; NS indicates not significant, P> 0.05.
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training was normal after blockade of NP0047-GAL4 neurons
(Supplementary Fig. 7c). As with Th-GAL4 neurons, blocking
ARM-opposing NP0047-GAL4 neurons during the ITIs of a spaced
training abolished CXM sensitivity of 24-h memory, whereas LTM
was intact in genotypic controls (Fig. 7e). This LTM loss was actually
attributable to the three pairs of ARM-regulating dopaminergic neu-
rons, as the presence of Th-GAL80 rescued LTM formation (Fig. 7e).
In conclusion, those data indicate that in the absence of ARM inhibi-
tion, LTM cannot form and that NP0047-GAL4 dopaminergic neu-
rons gate LTM formation during the ITI of spaced conditioning.

DISCUSSION

We addressed the role of dopaminergic neurons in aversive memory
consolidation and found that dopaminergic neurons are specifically
involved in the regulation of the anesthesia-resistant component of
olfactory memory. More specifically, we found that as few as three
pairs of mushroom body-projecting dopaminergic neurons from the
PPLI cluster, V1, MV1 and MP1, inhibit ARM formation after aversive
olfactory learning of normal flies. In vivo calcium imaging experiments
in unstimulated flies revealed that MV1 and MP1, but not V1, neurons
displayed a highly synchronized sustained activity that was sometimes
shaped into rhythmic oscillations. In trained flies, the strength of MV'1
and MP1 oscillations was tightly correlated with ARM processing.

In terms of neural circuitry, the inputs of MV1 and MP1 neurons
are unknown, raising the question of whether they are isolated self-
oscillators or are part of a larger oscillating circuit. The fact that MV1
and MP1 oscillations are in phase, both in the same hemisphere and
across hemispheres, favors the second hypothesis.

The molecular pathways by which dopaminergic neurons activity
could regulate ARM remain elusive. We found that ARM regulation
by dopaminergic neurons do not rely on the products of the rsh gene.
Activation of protein kinase A has been shown to inhibit ARM in
the mushroom body*2. Dopamine release from the MV1 and MP1
neurons could trigger cAAMP production and increased protein kinase
A activity in the mushroom body3334, thereby inhibiting ARM.

In the framework of memory phases, we previously proposed that
ARM and LTM are exclusive consolidated memories?, a model that
has been debated®. Our results support the idea that ARM is inhibited
after spaced conditioning, when LTM is formed. Why is ARM inhib-
ited when LTM is formed? When the three pairs of ARM-inhibiting
dopaminergic neurons were blocked between the multiple cycles of
a spaced training, LTM formation was voided. Consistent with these
results, in vivo calcium imaging showed that a single cycle and, more
strongly, a spaced training fostered MV1 and MP1 oscillatory activity,
whereas a massed training inhibited MV1 and MP1 oscillations.

These results consistently point to a plausible model of consolidated
memory phases in Drosophila, in which oscillations of dopaminergic
neurons gate the formation of LTM by tuning the ARM pathway
(Supplementary Fig. 8). In this model, two parallel mutually inhibiting
pathways can lead to the formation of day-lasting ARM or LTM. After a
single cycle or massed conditioning, the ARM pathway is activated and pre-
vents LTM formation. During the rest intervals of the spaced conditioning
MV1and MP1 oscillations are enhanced and the ARM pathway is there-
fore inhibited and LTM can form in relevant mushroom body neurons.

Although we have identified ARM-regulating neurons, the mecha-
nisms by which ARM, or physiological events leading to it, prevents
LTM formation remain to be elucidated. The spacing effect, that is,
the fact that stronger memory is formed when multiple trainings are
spaced over time compared with the same number of trainings without
spacing, is widely established in the animal kingdom?3>. Notably, the
gating of LTM formation occurred during the ITIs of spaced training

in our experiments. Recently, it has been shown that the duration of
the ITI required to form LTM in Drosophila is regulated by the cork-
screw gene through waves of Ras/mitogen-activated protein kinase
activity>. It will be interesting to investigate a putative interaction
between mitogen-activated protein kinase waves and MV1 and MP1
oscillatory activity, and to determine whether stimulating oscillations
during the ITI facilitates LTM formation, for example, with shorter
ITIs or with fewer conditioning cycles.

We identified dopaminergic neurons whose activity inhibits ARM
and therefore, as in mammals, positively affects LTM formation?,
That regulation of memory consolidation seems to involve precisely
cadenced oscillations in MV1 and MP1 neurons is of particular con-
ceptual interest. Indeed, it was recently suggested that a subset of
hypothalamic dopaminergic neurons in rats, robustly oscillating at
0.05 Hz, may be responsible for lactation inhibition3®. Thus, inhibition
through rhythmic oscillations appears to be a widespread functional
feature of dopaminergic networks. In addition, a slow oscillatory fir-
ing mode, in the 0.5-1.5-Hz frequency range, has been identified in
the dopaminergic neurons in the ventral tegmental area of rats®”. This
oscillatory firing pattern would underlie subsecond synchronization
between ventral tegmental area and prefrontal cortex®®, an area of
major importance in learning and memory3’. Thus, and although
such an assumption remains quite speculative, LTM regulation by
dopaminergic neurons in mammals might involve mechanisms
similar to those described here in Drosophila.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Stocks. Drosophila melanogaster, wild-type Canton Special and mutant flies were
reared at 18 °C with 60% humidity in a 12-h light-dark cycle and on a standard
medium, except for NP0047-GAL4 x UAS-GCaMP3 crosses, which were raised
at 25 °C for imaging experiments. Th-GAL4, NP0047-GAL4, Th-GAL80, UAS-
TrpAl, UAS-shi® and UAS-GCaMP3 flies were outcrossed for five generations to
a w18 strain carrying a Canton Special genetic background.

Behavioral experiments. Conditioning and test of memory performance and of
olfactory acuity were performed as described previously*>4!. Three types of train-
ing protocols were used in this study: single cycle, massed training (one training
cycle repeated five times without intervals between each cycle) and spaced train-
ing (one training cycle repeated five times with a 15-min ITI between each cycle).
In one experiment (Fig. 5¢), a short 5-min ITI occurred during massed training
to allow for brief thermal activation between each cycle. During an unpaired cycle
of conditioning, flies were delivered the same amount of shocks 3 min before they
were sequentially exposed to the two odorants.

When not indicated otherwise, conditioning and testing were performed at
25 °C. Time courses of the temperature shifts employed during experiments
involving thermosensitive tools are shown alongside each graph of memory per-
formance, and periods of neurotransmission blockade by shi® are highlighted
in red. For blockade during consolidation, flies where placed at the restrictive
temperature (31 °C) immediately after conditioning in pre-heated vials. When
the temperature of the test was different from that of the consolidation phase, flies
were transferred to the testing temperature 30 min before the test.

For experiments involving blockade during the ITIs of spaced conditioning,
barrels with flies were plugged on a 31 °C non-odorized airflow for 8 min at the
end of each cycle, then moved back to 25 °C air flow for the remaining 7 min
of the ITI. At the end of the training protocol, trained flies were collected and
transferred for 1 h at 31 °C in pre-heated vials. For overactivation experiments
with TrpAl, flies were transferred in pre-heated vials at 31 °C for 1 min imme-
diately after training.

Cold anesthesia was performed 2 h after training and achieved by a 2-min cold
shock at 0 °C in pre-chilled tubes?.

CXM was used to examine the formation of protein synthesis—dependent
LTM?3 and pCPA was used to examine the formation of ARM. The vehicle solu-
tion for drug feeding was mineral water (Evian) supplemented with 5% sucrose.
The protocol for CXM treatment was derived from that described in ref. 42. After
1 d on fresh medium, flies were transferred into 15-ml Falcon tubes containing a
Whatman filter paper (1 x 2.5 cm?) soaked with 125 pl of 35 mM CXM solution
(94% purity, Sigma, C7698) in vehicle or with vehicle alone (control) for 15-18 h
at 25 °C. For pCPA treatment, 1-d-old flies were transferred for 3 d at 18 °C
in bottles containing a square of Whatman filter paper (3.5 x 3.5 cm?) soaked
with 1 mL of a 10 mg ml~! solution of pCPA (Sigma, C6506) in vehicle, or with
1 ml of vehicle alone. This treatment lasted 3 d, during which bottles were
renewed after 1.5 d. For both CXM and pCPA treatments, drug feeding only
occurred before conditioning. After massed or spaced conditioning, flies were
kept in regular bottles with fresh medium for 24 h.

Immunohistochemistry. NP0047-GAL4 flies were crossed with UAS-
mCD8::GFP or UAS-mCD8::GFP; Th-GAL80; UAS-mCDS8::GFP flies. The
brains of female progeny were prepared 5-10 d after hatching at 25 °C by a
standard immunolabeling procedure using antibodies to tyrosine hydroxylase
(mouse, 1:200, Immunostar) and GFP (rabbit, 1:1,000, Invitrogen) and imaged
with confocal microscopy (Olympus FV1000). Nomenclature of brain regions
follows ref. 43.

In vivo calcium imaging. Fly surgery and technical details of data acquisition
were essentially performed as previously described*!. Measurements were per-
formed on 1-2-d-old female w!!!8/w!!18; UAS-GCaMP3/+; NP0047-GAL4/+
flies, except for imaging experiments on the radish (rsh) mutant, in which wlllsy:
UAS-GCaMP3/+; NP0047-GAL4/+ and rsh/Y; UAS-GCaMP3/+; NP0047-GAL4/+
males were compared. For experiments on naive flies, flies were taken directly
from crosses vials. For experiments on conditioned flies, a group of flies trained
with octanol as negatively reinforced odorant, was collected immediately after
the end of conditioning protocol in a food-containing vial and left for about

5 min. A fly was caught without anesthesia, then glued and operated essentially as
previously described for in vivo imaging*!. To eliminate motion artifacts that are
detrimental to measurement of unprovoked fluorescence changes, the proboscis
was glued to the thorax, and at the end of surgery the brain was covered with a
15-ul drop of Drosophila Ringer’s solution*! supplemented with 1% agarose. The
recording chamber was then placed beneath the water-immersion 20x objective
(NA =1, Leica) of a TCS-SP5 laser-scanning confocal microscope (Leica), fluo-
rescence thus being collected from transverse sections of the brain observed from
the top. Laser power (488 nm) was adjusted to obtain similar levels of emission
throughout experiments. We observed no systematic bias of the laser power for a
specific type of conditioned flies. The average delivered light power, as measured
below the objective, was 50 uW with an s.d. of 8 WW. Imaging experiments were
performed at 20 °C. On a sample of experiments, we measured that the average
temperature change of the liquid bathing the brain between the beginning and the
end of experiment was 0.3 °C, with a maximum of 1.3 °C. Measurements before
and after a single 7-min recording did not yield noticeable temperature change
either (-0.09+0.14 °C, n = 13).

For single-plane acquisitions, the frame rate was 1 frame every 413 ms.
Whenever it was possible to confidently discriminate MV1 from MP1 neurons,
simultaneous recordings of activity in both neurons were performed by dual-
plane acquisition in two planes at least 20 pm distant from one another (Fig. 3c).
We performed 6-7-min recordings with typically 3-4-min intervals, repeated
for variable duration, typically 1 h, and sometimes up to 2 h. At the end of the
experiment, spontaneous or brush tickling-evoked leg or abdomen movement
was checked to ensure that the fly was still alive.

For imaging of thermal activation of MV1 and MP1 neurons (Supplementary
Fig. 5), w!118/w!l18; UAS-GCaMP3, UAS-TrpA1/+; NP0047-GAL4/+ flies raised at
18 °C were prepared in the same way, but the agarose step was omitted because of
thermal sensitivity of TrpA 1. Two acquisitions were made, after which the imag-
ing cell holding the fly was placed inside a 60 °C incubator until the temperature
inside the cell reached 30 °C (3 to 3.5 min). The liquid bathing the brain was
then immediately replaced with a fresh one at 20 °C, and the fly was put back
under the microscope.

Image analysis was performed offline with a custom-written Matlab program.
Light intensity was averaged over a region of interest delimited by hand and
surrounding the projections of dopaminergic neurons on the mushroom bod-
ies in the observed plane. Neuropils chosen as controls depended on the plane
where the acquisition was performed; in planes in which MV1 and MP1 neurons
were visible, control neuropils were labeled structures from the ellipsoid body.
For acquisitions at the V1 neurons” depth, control neuropils were processes on
the central region of the brain of unidentified origin, but not corresponding to
dopaminergic neurons, as their labeling was not suppressed by Th-GAL80. From
a given region of interest, the resulting time trace was normalized to a percent
change of fluorescence (100 (F - F) / F), using a baseline value of the fluores-
cence F that was estimated as the mean fluorescence over the whole acquisition.
To remove long-term drift, a baseline resulting from the moving average over a
100-s time window was then subtracted from the signal. Thus, in subsequent
frequency analyses, all frequency axes are presented starting at 0.01 Hz. Given
that signals are noisy, their amplitudes were estimated as the difference between
the means of the 30% upper and lower quantiles of data points. We checked that
two other methods of calculation, one similar, but excluding the 5% upper and
lower quantiles, as outliers and one using the r.m.s. value of the signal as a value
of amplitude, yielded similar results (data not shown).

For each signal, the power spectrum was computed and smoothed over a fre-
quency window of 0.02 Hz. Rhythmic spontaneous activity in the time domain
resulted in a peak in the power spectrum that had a finite width, as oscillations
are intrinsically noisy. A fit of a Lorentzian curve to the power spectrum was per-
formed to yield an estimate of the central frequency of the peak, f;;, and the width of
the peak at half its maximal value, Af. f; defined the characteristic frequency of
the oscillation and frequency fluctuations around f;, and hence the regularity
of the oscillation, could be quantified by the quality factor Q = f/Af (ref. 44).
A quality factor greater than 0.5 indicates that the zero frequency is excluded
from the peak: this value was thus taken as a threshold to define a signal as
rhythmically oscillating. When the fitting procedure converged to a value below
0.5, it was thus irrelevant to define oscillating parameters, and f, and Q were both
assigned zero values.
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Only one hemisphere per fly was considered for calculation of averages. When
both hemispheres were visible, which was generally the case, the brighter one
was selected.

Some flies showed sparse oscillatory sequences lasting for only one or two
recordings, whereas others were robustly oscillating throughout most or all of
the experiment. As the flies were not all imaged for the same duration, we set the
following criterion: flies were considered to be robustly oscillating if more than
half of the recordings in MV1 and MP1 neurons were oscillatory.

For time course analyses of amplitude, frequency and quality factor, recordings
were pooled according to their starting time after the end of the conditioning
protocol (trained flies) or the start of the dissection (naive flies), in time intervals
0f 500 s. To plot average amplitude histograms, we calculated a mean amplitude
value for MV1 and MP1 neurons, V1 neurons, and control neuropil for each fly,
and then averaged the mean values across all flies from the same condition.

Average power spectra across all animals from the same condition were obtained
from signals in the 40-55-min range after the end of conditioning (or the dissec-
tion start for naive flies) and were additionally smoothed over a 0.03-Hz frequency
window. Peaked average spectra (Figs. 4b and 6b) were characterized by their mean
frequency f and a quality factor Q calculated from f; and the width at half-height.

Statistical analyses. All average data are presented as mean *s.e.m. To compare
two series of data, we used two-tailed unpaired  tests, except in Supplementary
Figure 5b,c, where paired f tests were applied to compare activity in single
flies before and after thermal activation. To compare more than two groups,

we used one-way ANOVA followed by pairwise planned comparisons between
relevant groups with a Student-Newman-Keuls test. Comparisons of parallel
time series, or of average spectra, between different conditions employed two-
way balanced ANOVA.

ANOVA results are given as the value of the Fisher distribution F,  obtained
from the data, where x is the degrees of freedom for groups and y is the total
degrees of freedom of the distribution. Statistical comparison of the proportion
of robustly oscillating flies in two groups was made with a two-sided Fisher’s
exact test*>. The P value presented is the one defined in the ‘minimum likelihood’
approach, as defined in this reference.
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