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SUMMARY

Neurons have differential and fluctuating energy needs across distinct cellular compartments, shaped by
brain electrochemical activity associated with cognition. /n vitro studies show that mitochondria transport
from soma to axons is key to maintaining neuronal energy homeostasis. Nevertheless, whether the spatial
distribution of neuronal mitochondria is dynamically adjusted in vivo in an experience-dependent manner re-
mains unknown. In Drosophila, associative long-term memory (LTM) formation is initiated by an early and
persistent upregulation of mitochondrial pyruvate flux in the axonal compartment of neurons in the mush-
room body (MB). Through behavior experiments, super-resolution analysis of mitochondria morphology in
the neuronal soma and in vivo mitochondrial fluorescence recovery after photobleaching (FRAP) measure-
ments in the axons, we show that LTM induction, contrary to shorter-lived memories, is sustained by the de-
parture of some mitochondria from MB neuronal soma and increased mitochondrial dynamics in the axonal
compartment. Accordingly, impairing mitochondrial dynamics abolished the increased pyruvate consump-
tion, specifically after spaced training and in the MB axonal compartment, thereby preventing LTM formation.
Our results thus promote reorganization of the mitochondrial network in neurons as an integral step in elab-

orating high-order cognitive processes.

INTRODUCTION

Mitochondria perform central functions in neuronal physiology,
such as ATP production via oxidative phosphorylation, Ca%*
buffering, redox regulation, and synthesis of neurotransmitter
precursors.’~ In addition, mitochondria form a highly dynamic
network of organelles that continuously move, fuse, and divide.”
This morphological plasticity allows for adjusting mitochondrial
functions to the specific needs of the different cellular compart-
ments.® This is of particular importance in neurons, which are
highly polarized cells composed of three different structural
and functional domains: the cell body or soma, the dendrites,
and the axon. In neuronal soma and dendrites, mitochondria
form an extensively connected and dynamic network, whereas
they are mostly found in a singular state in the axon.® Although
the soma is the main site of mitochondria biogenesis, other
areas, such as the axonal presynaptic terminals or postsynaptic
dendrites, are in high demand of mitochondria activity for energy
supply and Ca2* buffering.>'® Numerous in vitro studies show
that maintaining energy homeostasis throughout the neuron re-
quires efficient delivery of mitochondria from the soma to distal
areas such as the axonal terminals.®"'" This involves both long-
range transport of mitochondria along the axon, which is driven
by microtubule-based dynein and kinesin motors, and local
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mitochondria movement and anchoring at the presynaptic site
or in the dendritic spine, driven by actin-based myosin motors. '°
Although there is extensive literature describing how mitochon-
drial dynamics and, in particular, mitochondria motility are
critical for synaptic plasticity in vitro,’>™'" it has never been
confirmed in vivo that mitochondria motility across neuronal
compartments is required to meet the acute increases in energy
demand imposed by challenging brain tasks such as memory
formation. Nevertheless, there is a strong need to better incorpo-
rate the role of mitochondrial transport in an integrated descrip-
tion of major brain functions, since the disruption of mitochondria
axonal transport has been linked to several neurodegenerative
conditions. '

The main actors of mitochondrial dynamics, and in particular
of long-range axonal transport, are conserved across species.?”
Thus, identification of the molecular adapters Milton and Miro,
which couple microtubule-based motor proteins to mitochon-
dria, came from genetic screens for synaptic insufficiency in
Drosophila melanogaster.”*° Milton interacts directly with
either the kinesin heavy chain (Khc) or the dynactin-dynein
complex, which respectively convey mitochondria anterogradely
or retrogradely®>**?528 (Figure 1A). In addition, Milton is local-
ized to the mitochondria via its binding to Miro, a mitochondrial
Rho GTPase protein attached to the outer mitochondrial
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membrane.”>?%*° At the behavioral level, Drosophila display
elaborate olfactory associative memory processes involving
defined and well-described neuronal networks belonging to a
specific brain structure, the mushroom body (MB).>'~** We pre-
viously demonstrated that formation of associative aversive
long-term memory (LTM) requires the upregulation, following
learning, of mitochondrial metabolism in MB neurons, occurring
at least in the axonal compartment.®* However, the cellular
mechanisms supporting this upregulation of mitochondrial
metabolism upon LTM establishment are currently unknown.

Here, we used a combination of behavioral experiments
involving genetic knockdown (KD) in adult flies, characterization
of mitochondrial morphology in MB soma with unprecedented
detail using super-resolution 3D-stimulated emission depletion
(3D-STED) microscopy, in vivo measurements of axonal mito-
chondrial dynamics in MB neurons, and in vivo imaging of pyru-
vate metabolism in different compartments of MB neurons. We
found that Miro and Milton are required specifically for LTM but
not for shorter-lasting associative memory. We revealed that
LTM training induces a partial depletion of small mitochondria
in the soma compartment of MB neurons, while in the axonal
compartment, it triggers an increase in mitochondrial dynamics,
and we showed that both processes are dependent on Miro and
Milton. Finally, we demonstrated that upregulation of mitochon-
drial metabolism upon LTM formation is dependent on Miro and
Milton in the axonal compartment of MB neurons but not in the
other compartments such as the dendrites and the soma. Over-
all, we show that mitochondria motility is required to meet the
increase in metabolic demand in the axonal compartment
imposed by LTM formation.

RESULTS

Miro-Milton-dependent mitochondrial dynamics are
specifically required for LTM

Drosophila can form associative aversive olfactory memory as a
result of the association between an odorant and electric
shocks, which is stored in Kenyon cells (KCs), the intrinsic neu-
rons of the MB.*%°%3% Stimulation of the olfactory pathway by
a pure odorant sparsely activates a small fraction of the whole
KC population.®” After experiencing a single cycle of condition-
ing—the sequential presentation of two odorants, one of which
is paired with electric shocks —flies form a memory that decays

Current Biology

within hours.*®*° After a spaced training—5 repeated cycles
of conditioning, spaced by 15-min rest intervals—flies form a
robust memory that can persist for several days.**“° At the cir-
cuit level, starting around 14 h after spaced training, it arguably
mobilizes the parallel retrieval of two components that are sepa-
rately encoded within MB networks.*' However, memory after
spaced training (hereafter LTM) was fully abolished by MB KD
of the mitochondrial pyruvate transporter MPC1,%? and forming
LTM imposes an acute metabolic challenge on MB neurons.>*
By contrast, when flies are exposed to a massed training (i.e.,
5 repetitions of training cycle without any rest intervals), the
memory formed lasts for around 24 h®® but is independent
from mitochondria pyruvate metabolism.>**? To investigate the
role of transport of mitochondria in response to energy demand
upon LTM formation, we downregulated in adult MB neurons
Milton and Miro, the adapters mediating microtubule-based
mitochondria transport, but not the microtubule-based motor
proteins, to avoid targeting the axonal transport of organelles
in general. To restrict the expression of Milton RNAIi to adult
MB neurons, we used the VT30559-Gal4 driver in combination
with a ubiquitously expressed thermosensitive Gal4 inhibitor,
Gal80 (tub-Gal80'),** so that GAL4 transcriptional activity could
be induced by placing flies at 30°C for 3 days. Following spaced
training, LTM was impaired by downregulating Milton expression
in adult MB neurons, whereas after a single-cycle training, mem-
ory tested at 3 h (3-h memory) was normal, as well as 24-h mem-
ory after massed training (Figure 1B) (male and female flies were
used indiscriminately in all behavior experiments). LTM was
normal in a control experiment where flies were not subjected
to heat activation and thus deprived of RNAi expression (Fig-
ure 1B). Finally, shock reactivity and olfactory acuity controls
were normal in induced flies (Table 1). To test whether Milton
KD specifically affects late-forming memory after spaced
training,”’ we investigated the time course of memory decay.
3 h after spaced training, memory was not affected by Milton
KD, whereas 8 h after training, memory performance started to
decrease as compared with genotypic controls, without reach-
ing significance (Figure S1A). 16 h after spaced training, Milton
KD in adult MB neurons resulted in a significant memory defect
(Figure S1A), as observed 24 h after training (classical LTM mea-
surement, Figure 1B). These results show that Milton is required
specifically for late-forming memory after spaced training. Using
a second non-overlapping Milton RNAI, we confirmed that Milton

Figure 1. Miro-Milton-dependent mitochondrial dynamics in MB are required specifically for LTM

(A) Schema of mitochondria transport in a typical MB Drosophila neuron. The soma is the main place of mitochondria biogenesis and contains large mitochondria.
To travel from the soma to the sites in high demand of mitochondria such as the presynaptic terminals, small mitochondria are transported along microtubules.
Transport of mitochondria requires the adapter proteins Miro and Milton to anchor mitochondria on the motor proteins khc or dynein.

(B) Milton knockdown (KD) in adult MB neurons impaired memory after spaced training (n = 18, F» 51 = 16.30, p < 0.0001), but not after one-cycle training (n = 10,
F27=0.32, p = 0.73) or massed training (n = 16, F, 45 = 1.55, p = 0.22). Without induction of Milton RNAIi, memory after spaced training was normal (1 =18, Fo 51 =
0.06, p = 0.94).

(C) Similar results were obtained using a second non-overlapping RNAi against Milton: memory defect after spaced training (n = 20, F, 57 = 3.78, p = 0.029), but not
after one-cycle training (n =9, F5 24 = 0.36, p = 0.70) or massed training (n = 18, F5 54 = 0.81, p = 0.44) or without RNAi induction (n = 16, F, 45 = 1.54, p = 0.22).
(D) Miro KD in adult MB neurons impaired memory after spaced training (n = 16, F» 45 = 7.39, p = 0.0017), but not after one-cycle training (n = 9, F2 24 = 0.15,
p = 0.87) or massed training (n = 14, F, 39 = 0.006, p = 0.99). Without induction of Miro RNAi, memory after spaced training was normal (n = 15, F5 4o =1.00, p =
0.37).

(E) Similar results were obtained using a second non-overlapping RNAi against Miro: memory defect after spaced training (n = 15, F, 4o = 4.43, p = 0.018), but not
after one-cycle training (1 =9, F2 24 = 0.067, p = 0.94) or massed training (n = 17, F5 45 = 0.43, p = 0.65) or without RNAi induction (n = 16, F5 45 = 0.024, p = 0.98).
Bar plots: mean + SEM with dots as individual values, one-way ANOVA with post hoc testing by the Newman-Keuls pairwise comparisons test. p value of the
pairwise comparison test: * p < 0.05, *** p < 0.0001, ns, not significant, p > 0.05. See Table 1 for sensory acuity controls and see also Figure S1.

1906 Current Biology 34, 1904-1917, May 6, 2024



Current Biology

¢? CellPress

OPEN ACCESS

Table 1. Sensory acuity controls

Naive odor avoidance

Shock avoidance Octanol Methylcyclohexanol
Genotypes Mean + SEM Statistics Mean + SEM Statistics Mean + SEM Statistics
tubGal80's;VT30559/+ 53.3+5.3 Fa.30 = 4.5, 60.8 + 4.2 Faus=1.1 65.4 + 4.6 Fo45=0.88
tubGal80'; VT30559>, UAS-Milton ~ 60.9 5.2 p=0017"n=14  @gg1+49 p=0.33 742+ 43 p=0.42
RNAi HMC02365
UAS-Milton RNAi HMC02365/+ 742+ 4.4 58.6 + 4.9 n=16 67.4+5.8 n=16
tubGal80'*;VT30559/+ 58.9+7.6 F2.30 = 0.57, 55.8 + 4.4 Fass=0.68  49.3+5.1 Fa.s = 0.83
tubGal80';VT30559>, 52.3+5.2 p=0.57,n=14 52.6 + 4.9 p =0.51 57.9 5.0 p=0.44
UAS-Milton RNAi JF03022
UAS-Milton RNAi JF03022/+ 50.0 5.1 471165 n=12 50.8 + 5.0 n=16
tubGal80'S;VT30559/+ 54.0 + 6.6 F2a3=0.18, 54.3 + 4.8 Fo2s=0.80  48.9+73 Fo07=0.11
tubGal80';VT30559>, UAS-Miro 58.0 + 6.9 p=0.83,n=12 46.4 + 4.6 p =0.46 50.8 + 6.3 p =0.89
RNAi JF02775
UAS-Miro RNAi JF02775/+ 59.3+55 54.6 + 6.3 n=9-10 46.8 + 3.7 n=10
tubGal80'*;VT30559/+ 449135 F2.45 = 0.96, 63.8 + 4.8 Fous=024  57.7+37 F.45 = 0.20
tubGal80's; VT30559>, 48.4£2.9 p=039,n=16 63.6 + 3.8 p=0.79 539 +4.2 p=0.82
UAS-Miro RNAi VSH330334
UAS-Miro RNAi VSH330334/+ 418+3.6 60.3 +3.5 n=16 56.8 + 5.2 n=16

aNewman-Keuls post hoc comparison between genotype of interest and controls are not significant: tubGal80'; VT30559>UAS-Milton RNAI
HMCO02365 vs. tubGal80's; VT30559/+: ns. tubGal80'; VT30559>UAS-Milton RNAI HMC02365 vs. UAS-Milton RNAi HMC02365/+: ns. tubGal8o's;

VT30559/+ vs. UAS-Milton RNAi HMCO02365/+: *.

KD specifically impairs memory after spaced training (Figure 1C;
Table S1). These two Milton RNAI lines have been used previ-
ously to efficiently knock down Milton, both at the molecular level
and the functional level.**~*® Nevertheless using a dsRed ad-
dressed to the mitochondria matrix (mt-dsRed) as a mitochon-
dria marker,*” we observed that after 3 days induction, expres-
sion of the Milton RNAi HMCO02365 leads to a drastic decrease
in mitochondria content in the MB axons of naive flies compared
with naive control flies expressing only mt-dsRed (Figures S1B
and S1C), as previously described in the wing neurons,*®
whereas 3 days induction of the Milton RNAi JF03022 did not
affect the overall distribution of mitochondria as compared
with control flies (Figures S1B and S1D). This difference could
be due to distinct RNAI efficiencies. The fact that both RNAis
induced LTM deficits independently of their effect on the basal
mitochondria axonal content suggests that LTM impairment is
linked to disruption of training-induced regulations of mitochon-
drial dynamics rather than defects in basal mitochondrial axonal
content. The specific requirement of Milton for LTM prompted us
toinvestigate if it was more particularly required in o/ neurons of
the MB, the subpopulation of MB neurons in which LTM is en-
coded.*>*®4° We restricted Milton RNAi expression to the a/p
neurons and observed a strong LTM defect after spaced training,
whereas LTM was normal when RNAi was not induced (Fig-
ure S1E). By contrast, when Milton expression was reduced in
either of the two other subpopulations of MB neurons, i.e., the
o//B neurons or the y neurons,® LTM was normal (Figures S1F
and S1G, respectively). Altogether, these data reveal that Milton
is required in MB o/p neurons specifically for the establishment
of LTM.

Next, we investigated if the specific LTM defect was also
observed when targeting the other mitochondrial motor adaptor

protein, Miro. Indeed, LTM was impaired when Miro was
knocked down in adult MB neurons by an RNAi previously
used to efficiently downregulate Miro at the functional level,*>*°
whereas 3-h memory after single-cycle training and 24-h mem-
ory after massed training were normal (Figure 1D). When RNAI
expression was not induced, LTM was not impaired (Figure 1D).
Shock reactivity and olfactory acuity controls were normal in
induced flies (Table 1). These behavior experiments were repli-
cated using a second non-overlapping Miro RNAi (Figure 1E; Ta-
ble 1). At the molecular level, both Miro RNAI lines efficiently
reduced Miro mRNA level (Figures STH and S1l). In addition,
similar to Milton RNAi JF03022, the expression of either Miro
RNAI in adult MB after 3 days of induction did not affect the over-
all distribution of mitochondria across MB compartments in
naive flies (Figures S1J and S1K). Then, as for Milton, we demon-
strated that Miro is required in MB o/B neurons specifically for
LTM (Figures S1L-S1N). However, in addition to its main function
in mitochondria transport, Miro has also been shown to regulate
mitochondria fission®’ via interaction with Vimar.>> Thus, to deci-
pher which functions of Miro are required for LTM, we investi-
gated whether Vimar was required for LTM. KD of Vimar in adult
MB neurons did not affect either LTM or 3-h memory after single-
cycle training (Figures S10-S1Q). Altogether, these results
demonstrate that in adult MB neurons, both Miro and Milton
are necessary for LTM, whereas they are not required to estab-
lish other aversive associative olfactory memories.

Upon LTM formation, partial depletion of small
mitochondria occurs in MB neuronal soma

We have shown that both Miro and Milton are required
specifically for LTM, suggesting that microtubule-mediated
mitochondria transport is involved in LTM formation. However,
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Figure 2. Upon LTM formation, partial depletion of small mitochondria occurs in MB neuronal soma
(A) Schema of MB anatomy (frontal projection view).
(B) Sagittal view of the MB soma region of flies expressing mitochondrial dsRed in MB neurons using confocal microscopy (white dashed line: calyx).

(legend continued on next page)
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the Milton-Miro complex mediates bidirectional transport of
mitochondria: the anterograde transport from the soma toward
the axons in response to energy demand, and the retrograde
one for the removal of damaged mitochondria from axons®® (Fig-
ure 1A). As opposed to other in vivo models of mitochondria traf-
ficking such as the fly wing axon in which mitochondria move-
ments are in a 2D plan,>*° the axons of MB neurons are
tightly packed, resulting in a 3D structure known as the lobes
(Figures 2A and 2B), where tracking single mitochondria has
not been achieved. Mitochondria are highly dynamic organelles,
and their morphology is related to their mobility. The mitochon-
dria of axons are mostly present as bean-shaped organelles, a
morphological state known to be more mobile than the large,
tubular mitochondria that are mainly present in neuronal
soma.'??557:%8 Thys, to gain insight into ongoing mitochondrial
dynamics, we aimed to characterize mitochondria morphology
in MB neurons after training. We hypothesized that if spaced
training elicits mitochondria trafficking in MB neurons from the
soma to the axonal compartment, this would result in the partial
depletion of small mitochondria in the soma region. We used 3D-
STED super-resolution microscopy to obtain a sufficient spatial
resolution for a fine description of the distribution of mitochon-
dria morphology in MB neurons. These are unipolar neurons,
with their soma in the posterior part of the brain. Neurites first
arborize into a mostly dendritic compartment, forming the calyx.
These neurites are then bundled into an axonal fascicle, the
peduncle, that traverses the brain posteriorly to anteriorly. In
the anterior part of the brain, axons ramify into vertical and hor-
izontal lobes®' (see also Figures 2A and 2B and Video S1). We
imaged the MB in the fixed brains of female flies expressing
the mt-dsRed”*’ in adult MB neurons (same Drosophila line as
in Figure S1B). The fiber density and resulting mitochondria con-
centration were too high in the lobes for single mitochondria to
be resolved, even with this super-resolution technique
(Figures 2B and 2C; Videos S1 and S2). However, in the soma
compartment, we succeeded in separately characterizing the
3D morphology of individual mitochondria (Figure 2D; Video
S3). We characterized mitochondria volume distribution and
defined four categories of mitochondria based on their volume,
ranging from the smallest (category 1) to the largest (category
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4) mitochondria. For each brain, we calculated a density of mito-
chondria for each category (see STAR Methods for details). As
our prior work revealed that regulations of energy metabolism
involving mitochondria are detectable in the first 2 h after spaced
training,>* we performed the analysis on brains fixed 1 h after
training. We did not observe any significant difference in the
global mitochondria density between paired and unpaired flies
(Figure S2A). However, in flies subjected to spaced associative
training, small mitochondria were partially depleted from the
soma of MB neurons as compared with experimental control
flies, i.e., flies subjected to unpaired non-associative training
(Figure 2E; Video S4). The intermediate categories of mitochon-
dria were not significantly affected by associative spaced
training, whereas the density of the largest mitochondria was
increased (Figure 2E). The increase in the density of the largest
mitochondria upon associative training is also reflected by the in-
crease in the total volume of mitochondria upon associative
training (Figure S2B). Thus, after spaced training, at a time period
when mitochondrial metabolism is upregulated in the axonal
compartment of MB neurons, the MB neuronal soma is partially
depleted of small mitochondria, and the density of the largest
mitochondria is increased. Interestingly, when we performed
the same analysis in the dendritic compartment, i.e., the calyx,
the densities of the two smallest mitochondria categories were
not modified by associative training, whereas the densities of
the largest categories were increased (Figures S2C and S2D).
These results suggest that the partial depletion of small mito-
chondria in the soma does not originate from a permanent trans-
fer to the neighboring dendritic compartment.

To assess if any of these changes (either the partial depletion
of small mitochondria from the MB neuronal soma or the in-
crease in the large ones) are specific to spaced associative
training, we performed the same analysis after single-cycle
training. Single-cycle associative training did not induce any sig-
nificant change in the total density of mitochondria in the soma of
MB neurons (Figure S2E). However, it is notable that the total
density of mitochondria in the soma after spaced training (Fig-
ure S2A) is decreased as compared with the total density of mito-
chondria after one-cycle training (Figure S2E), suggesting that
repeated presentations of odor or reinforcement may globally

(C) View of one entire MB soma region of one brain hemisphere acquired using 3D-STED microscopy.

(D) For each region of interest (ROI) (green box, one per brain), mitochondria were detected and their volume determined. The distribution of mitochondria volume
for each ROI of all unpaired control flies used in this work is shown in the graph, where each dot represents the volume of one single identified mitochondrion. The
means of the quartile limits from of all spaced unpaired control flies were used to define the 4 categories of mitochondria. A representative ROl sample is shown
with a color code corresponding to the 4 mitochondria volume categories (category 1: red, 2: purple, 3: blue, 4: green). We calculated the density of mitochondria
for each category using the volume of the minimal envelope containing all of the detected mitochondria in the ROI (right panel: in yellow: the minimal envelope was
determined using a custom-written Fiji macro®®).

(E) 1 h after spaced training, in flies subjected to spaced associative training, small mitochondria were depleted from MB neuronal soma as compared with control
flies subjected to unpaired training (smallest mitochondria category, 1: n = 16-17, t3; = 2.35, p = 0.025). The intermediate categories (2 and 3) were not
significantly affected by associative spaced training (2: n = 16-17, t3; = 0.39, p = 0.70; 3: n = 16-17, t31 = 1.79, p = 0.084), whereas the density of the largest
mitochondria was increased (largest mitochondria category, 4: n = 16-17, t3; = 2.62, p = 0.013).

(F) 1 h after one-cycle training, no effect was observed on the smallest mitochondria category (1: n = 16, t3 = 0.29, p = 0.77), whereas for the other categories, the
changes are similar to the ones observed after spaced training (no effect on categories, 2: n =16, t30=0.63, p = 0.53 and 3: n = 16, t3p = 0.94, p = 0.35; increase for
the category, 4: n = 16, t3o = 2.47, p = 0.020).

(G) When Miro is knocked down in adult MB, the partial depletion of small mitochondria upon spaced training is no longer observed (smallest mitochondria
category, 1: n = 15, tog = 1.27, p = 0.21), whereas for the other mitochondria categories the changes are similar to the ones observed after spaced training in
genotypic control flies (no effect on categories, 2: n = 15, t,g = 0.25, p = 0.80; 3: n = 15, t,g = 0.76, p = 0.45; and increase for the category, 4:n=15,t,3=2.18,p =
0.038). Bar plots in (E)-(G): mean + SEM with dots as individual values, unpaired two-tailed t test: * p < 0.05, ns, not significant, p > 0.05. The indicated “n” is the
number of animals that were assayed in each condition. Scale bars: 20 um in (B), 5 pm in (C), and 2.5 um in (D)—(G).

See also Videos S1, S2, S8, S4, S5, and S6, Figure S2, and Table S1.
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decrease mitochondria density in the soma regardless of the as-
sociation between odor and electric shocks. 1 h after single-cy-
cle training, small mitochondria density in flies subjected to
associative training was similar to experimental control flies
(Figure 2F; Video S5). By contrast, the effect of associative sin-
gle-cycle training on the density of the other categories of mito-
chondria was the same as of spaced training (Figures 2F and
S2F). Altogether, these results show that the partial depletion
of small mitochondria from MB neuronal soma occurs specif-
ically upon LTM formation. By contrast, the density of the largest
mitochondria increased after both protocols. This suggests that
fusion events in the soma could occur for aversive memory for-
mation in general. To test this, we targeted OPA1, which medi-
ates the fusion of mitochondria internal membrane.®® OPA1 KD
in adult MB neurons impaired 24-h memory after spaced training
as well as 3-h memory after one-cycle training, whereas memory
was normal when RNAi was not induced (Figures S2H-S2K).
Thus, although fusion events likely occur in the soma of MB neu-
rons upon aversive associative training, they are not specifically
required for LTM formation.

The observed reduction in the density of small mitochondria in
MB neuronal soma after spaced training can result from three
different phenomena, which are not mutually exclusive: mitoph-
agy, mitochondria fusion events, and/or mitochondria transport
out of MB neuronal soma to the axons (Figure S2G). Pink1 and
Parkin are two well-known actors of mitophagy,®® but KD of
either Pink1®" or Parkin in adult MB neurons had no effect on
LTM (Figures S2L-S2N). These results show that mitophagy is
not required for LTM, thus indicating that mitophagy is not
responsible for the decreased density of small mitochondria in
MB soma that occurs during LTM formation. An alternative
explanation could be the occurrence of mitochondria fusion, in
which case the decrease in small mitochondria soma content
would be linked to the increase in the density of the large ones.
Several lines of evidence, however, argue against this scenario.
First, our data obtained after single-cycle training (Figure 2F)
indicate that mitochondria fusion already occurs, but indepen-
dently of any reduction in the density of small mitochondria in
MB neuronal soma, suggesting that after repeated cycles, the
two observed phenomena are independent. Second, if the
increased density of large mitochondria was linked to the fusion
of the smallest ones, the mitochondria total volume should not
be increased upon LTM formation, contrary to what we observed
(Figure S2B). Altogether, these results suggest that the partial
depletion of small mitochondria from MB neuronal soma, which
occurs specifically after spaced training, is likely to be the result
of their transport out of MB neuronal soma, and consequently,
impairment of mitochondria motility should hamper this effect.
Expression of Miro RNAI in adult MB did not globally affect mito-
chondria volume as compared with genotypic control flies (Fig-
ure S20), suggesting that Miro KD in adult MB does not induce
mitochondria clustering in MB neuronal soma. As in control flies
(Figure S2A), associative spaced training did not change mito-
chondria total density in flies expressing Miro RNAi in adult MB
(Figure S2P). However, in flies expressing Miro RNAI in adult
MB, we failed to observe a decrease in the density of small mito-
chondria in MB neuronal soma after associative spaced training
(Figure 2G; Video S6). By contrast, Miro KD in MB adult neurons
did not change the effect of spaced training on the density of the
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others categories of mitochondria (Figures 2G and S2Q). Alto-
gether, these results show that spaced training elicits a partial
depletion of small mitochondria from MB neuronal soma that re-
lies on Miro-dependent mitochondrial dynamics.

Miro-Milton-dependent mitochondrial dynamics in

axons is increased upon LTM formation

In order to directly investigate mitochondrial dynamics in the
axonal compartment of MB, we performed in vivo fluorescence
recovery after photobleaching (FRAP) of dsRed addressed to
the mitochondria matrix*’ (the same construct as in Figures 2
and S1), an approach previously used to monitor mitochondria
motility in cells in vitro.°> Thus, even if MB axons are tightly
bundled and the axons are highly enriched in mitochondria, we
expect to be able to estimate mitochondrial dynamics without
needing to resolve single mitochondria. The dsRed FRAP kinetic
was monitored in the tip of the o lobe (a distal end of axons of o/
KCs) in naive flies expressing either a cytosolic dsRed®® or the
mitochondrial dsRed.”” As for all in vivo imaging experiments
performed in our laboratory independently of the type of mea-
surement and fluorescent probe,®**>®* we used female flies
(see STAR Methods for details). The recovery of fluorescence
of the free cytosolic dsRed reached a plateau of about 70% of
the initial fluorescence, whereas when the dsRed is trapped in-
side the mitochondria, the fluorescence recovery index was
much slower, and 60 min after bleaching, the fluorescence re-
covery remained low (less than 4% of the initial fluorescence)
(Figure 3A). The slow rate of fluorescence recovery of mitochon-
drial dsRed compared with free cytosolic dsRed is consistent
with previous in vitro studies®® and the high density of mitochon-
dria observed in the axonal compartment of MB, which may limit
movement (Figure 2B). We then investigated mitochondria FRAP
in the MB axonal compartment upon LTM formation. When flies
expressing the mitochondrial dsRed in adult MB were subjected
to spaced associative training, the slope of the fluorescence re-
covery index in the tip of the a lobe was increased compared
with experimental control flies (Figure 3B). In flies expressing
the mitochondrial dsRed together with Miro RNAI in adult MB,
spaced associative training failed to increase mitochondria
FRAP in the tip of the o lobe compared with experimental control
flies (Figure 3C). We replicated these results in a Milton KD con-
dition (Figure S3). Altogether, these results uncover increased
mitochondrial dynamics in the o lobe of MB dependent on
Miro-Milton complex upon LTM formation. Together with the
Miro-dependent partial depletion of small mitochondria of MB
soma occurring specifically upon LTM formation (Figure 2), these
results suggest that small mitochondria might be transported
along the microtubules from the soma toward the axonal
compartment via the Milton-Miro complex.

Miro and Milton are required for axonal upregulation of
mitochondrial metabolism upon LTM formation

We next sought to determine why acute activation of mitochon-
drial dynamics is critical for LTM formation after spaced training.
Our previous work showed that single-cycle and spaced training
induce distinct spatiotemporal patterns of mitochondrial meta-
bolic activation within MB neurons. Following single-cycle
training, increased pyruvate consumption by mitochondria was
reported across multiple sites of MB neurons, i.e., both in the
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Figure 3. Miro-dependent mitochondrial dynamics in axon are increased upon LTM formation

(A) Representative images of FRAP experiments performed on flies expressing in the MB neurons either cytosolic dsRed (on the left) or mitochondrial dsRed (on
the right). A first acquisition (pre-bleaching) was performed before photobleaching one of the . lobes (at the tip, the white circle represents the photobleaching
region), while the other lobe was used as a landmark. The acquisition made 10 s post-bleaching allows to control for the efficacy of the bleaching (post-bleaching
t0). The 30-min post-bleaching acquisition is shown to illustrate the partial recovery of fluorescence. In flies expressing a cytosolic dsRed in adult MB, the
fluorescence recovery index reaches around 70% of the initial fluorescence within 30 min. To quantify the recovery of fluorescence, a slope measurement was
made within the time interval when the fluorescence recovery index is linear as a function of time. Thus, for the cytosolic dsRed that can freely diffuse in the
cytoplasm, the kinetic of the fluorescence recovery index is relatively fast, and the time window for slope measurement is set to the first 10 min (slope mea-
surement [10 min]: one-sample t test, n = 5, t, = 22.2, p < 0.0001). By contrast, for the mt-dsRed, which is spatially constrained into the mitochondria matrix and
therefore reflects mitochondria motility, the kinetic of the fluorescence recovery index is slow and does not reach a plateau, so the time window for slope
measurement is set to the first 40 min post-bleaching (slope measurement [40 min]: one-sample t test, n = 5, t4, = 7.06, p = 0.002).

(B) Left: FRAP experiments on flies expressing a mitochondrial dsRed in the adult MB neurons subjected to spaced training (unpaired on the left and paired on the
right). Right: kinetic of the fluorescence recovery index: the recovery of mt-dsRed florescence, an index of mitochondria motility, is faster in the o lobe of
flies subjected to associative spaced training compared with control flies subjected to non-associative training (unpaired condition) (slope measurement [40 min],
n=8ty,=3.78, p=0.002).

(C) Left: FRAP experiments on flies expressing a mitochondrial dsRed together with Miro RNAI in the adult MB neurons subjected to spaced training (unpaired on
the left and paired on the right). Right: kinetic of the fluorescence recovery index: Miro KD in adult MB neurons impaired the spaced training-induced increase in
the mitochondria motility index (slope measurement [40 min], n = 8 t14 = 1.48, p = 0.160). Bar plots: mean + SEM with dots as individual values; (A) one-sample
t test; (B and C) unpaired two-tailed t test. *“p < 0.01; ****p < 0.0001 ns, not significant, p > 0.05. Scale bars: 20 um.

See also Figure S3.
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soma compartment and in the axonal compartment.*” After
spaced training, a specific dopamine-induced signaling cascade
further reinforces this metabolic regulation, specifically at the
level of MB axons. This signaling involves activation of the pyru-
vate dehydrogenase complex and is a limiting step in the initia-
tion of LTM formation.®* We hypothesized that Miro-Milton-
dependent mitochondrial dynamics are specifically required
after spaced training for the sustained increase in pyruvate
consumption in the axonal compartment. We thus investigated
which (if any) of these mitochondrial metabolic changes are
sensitive to alterations in mitochondrial dynamics. We used
in vivo pyruvate imaging experiments to monitor the pyruvate
consumption by mitochondria in MB neurons within 1.5 h after
training, as previously carried out.>**? Briefly, we expressed
the pyruvate fluorescence resonance energy transfer (FRET)
sensor Pyronic in MB neurons (Figure 4A), and pyruvate flux to
the mitochondria was measured using the slope of pyruvate
accumulation in the cytosol following the interruption of mito-
chondrial respiration by application of sodium azide, a blocker
of mitochondrial complex IV** (see STAR Methods for details).
In MB vertical lobes, we observed after one-cycle training an in-
crease in pyruvate flux to the mitochondria of flies trained with
paired training in comparison with flies subjected to non-asso-
ciative training (Figure 4B), as expected from our previous
report,*? and it was insensitive to Miro KD (Figure 4B). Notably,
the slope of pyruvate accumulation in the unpaired group was
similar between flies expressing or not Miro RNAI in adult MB.
Thus, despite 3 days of RNAI induction in which axonal mito-
chondrial transport has been impaired, mitochondria that are still
present in the MB axonal compartment (as seen in Figure S1K)
are functional since their ability to metabolize pyruvate is
preserved.

We then investigated mitochondria pyruvate consumption
after spaced training in the axonal, calyx, and soma compart-
ments. As previously shown,** mitochondrial pyruvate flux in
the vertical lobes was increased in flies trained with spaced
associative training as compared with unpaired flies (Figure 4C).
A similar effect was also observed in the horizontal lobes, the
other axonal compartment of MB neurons (Figure 4D), as well
as in the soma and the dendritic (i.e., calyx) compartments of
MB neurons (Figures 4E and 4F, respectively). However, when
Miro was knocked down in adult MB neurons, spaced training
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failed to elicit a higher pyruvate flux in MB axonal compartments
(Figures 4C and 4D), whereas it was still observed in the other
non-axonal compartments (Figures 4E and 4F). We obtained
similar compartmentalized effects in a Milton KD condition
(Figures 4G and 4H). Combined, these results show that Miro-
Milton-mediated mitochondrial dynamics specifically sustain
the increase in mitochondrial pyruvate flux in the MB lobes after
spaced training likely by increasing mitochondria number via
mitochondria transport. As the occurrence of this axonal
upregulation of pyruvate flux to the mitochondria gates LTM for-
mation,** our findings altogether reveal a critical role of mito-
chondrial dynamics in the initiation of LTM consolidation.

DISCUSSION

In this study, we showed in vivo that in adult MB neurons, Milton-
Miro-dependent mitochondrial dynamics are required for LTM
but not for shorter-lasting associative memory. Super-resolution
microscopy allowed us to observe that specifically upon LTM
formation, a Miro-dependent partial depletion of small mitochon-
dria from the soma occurs, suggesting that the anterograde
Miro-mediated transport of mitochondria rather than their retro-
grade transport is crucial for supporting LTM formation. Using
in vivo FRAP experiments in MB neurons, we observed that
spaced training triggers an increase in axonal mitochondria
motility, and this effect requires Miro and Milton. Furthermore,
using in vivo pyruvate imaging in the axonal, soma, and calyx
compartments of MB neurons, we revealed that only upon
LTM formation, the upregulation of mitochondrial metabolism
is dependent on Milton/Miro-based mitochondria dynamics,
specifically in the axonal compartment. Altogether, our data
show that to sustain LTM formation, activation of mitochondrial
dynamics and transport is critical to satisfy the specific demands
of the axonal compartment linked to mitochondria functions,
such as energy need.

Memories formed after spaced training or single-cycle training
(i.e., LTM and 3-h memory, respectively) both rely on pyruvate
mitochondrial oxidation.**** How can we therefore explain the
differential dependency on mitochondrial axonal transport be-
tween these two types of aversive memories? The upregulation
of mitochondrial pyruvate metabolism in response to increased
energy demand can be achieved by two non-exclusive,

Figure 4. Miro and Milton are required for axonal upregulation of mitochondrial metabolism upon LTM formation

(A) The pyruvate sensor Pyronic was expressed in adult MB neurons and visualized in the mTFP and Venus channels. The pyruvate FRET signal was quantified in
the different cellular compartments of MB neurons: the axonal compartments: the vertical lobes (v-I); the horizontal lobes (h-I); the soma (s); and the calyx (Ca).
Scale bars: 20 um.

(B) One-cycle training elicited a faster pyruvate accumulation in MB neuron axons after sodium azide application compared with non-associative unpaired
training (left: n = 11-12, to4 = 3.64, p = 0.0015). When Miro was knocked down in adult MB neurons, this effect was preserved (right: n = 8, t14 = 2.50, p = 0.026).
(C and D) Spaced training elicited a faster pyruvate accumulation in the axonal compartment, both in the vertical and the horizontal lobes after sodium azide
application (C, vertical lobes, left: n = 9-11, t1g = 5.07, p < 0.0001; D, horizontal lobes, left: n = 7, t1, = 2.39, p = 0.034). This effect was impaired in both axonal
compartments by Miro KD in adult MB neurons (C, vertical lobes, right: n = 8-10, t1¢ = 0.33, p = 0.74; D, horizontal lobes, right: n = 8, t;, = 0.8511, p = 0.409).
(E and F) The increased mitochondrial pyruvate flux elicited by spaced training in either the soma (E, n = 9-11, t;5 =2.27, p = 0.036) or the calyx (F, n = 7-9, t14 =
2.75, p = 0.016) was not affected by Miro KD in adult MB neurons (E: soma n = 8-10, t1¢ = 3.70, p = 0.002, F: calyx n = 5-8, t;; = 4.32, p = 0.001).

(G and H) The increased mitochondrial pyruvate flux elicited by spaced training in the soma (G, n =9, t1¢ = 2.13, p = 0.048) was not affected by Milton KD in adult
MB neurons (G, n = 12, to, = 2.53, p = 0.019), whereas in the axonal comportment (H, n = 6-7, t1; = 2.40, p = 0.035), this effect was impaired by Milton KD (H,
n = 6-8, t1o = 0.53, p = 0.606). It should be noted that the reduced pyruvate flux to the mitochondria in the unpaired Milton KD flies compared with unpaired
genotypic controls is likely due to the strong decrease in mitochondria axonal content in these flies (Figure S1C), whereas in the soma where mitochondria content
is not decreased, the pyruvate flux to the mitochondria is similar to the genotypic controls. Bar plots: mean + SEM with dots as individual values, unpaired two-
tailed t test. “p < 0.05; **p < 0.01; ***p < 0.0001, ns, not significant, p > 0.05. (B-H) Dashed red line: time of sodium azide application (5 mM).
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alternative mechanisms: the local increase in mitochondria num-
ber and the upregulation of the Krebs cycle and respiratory chain
activities via a signaling pathway activated upon neuronal activa-
tion, such as the local increase in Ca®* as revealed in vitro in hip-
pocampal neurons.®*°” Our results show that the upregulation
of mitochondrial metabolism elicited by single-cycle training
is not dependent on Miro-based mitochondrial dynamics, sug-
gesting that increasing the rate of oxidative phosphorylation
via enzymatic regulation is sufficient to upregulate pyruvate
flux to sustain 3-h memory formation. However, to sustain LTM
formation, the arrival of additional mitochondria in the axonal
compartment is critical to mediate the upregulation of mitochon-
drial metabolism. Whereas we previously monitored this meta-
bolism upregulation in only one of the axonal compartments,*
the vertical lobes, here we revealed that it also occurs in the
medial lobes and that in both axonal compartments it is depen-
dent on mitochondria axonal trafficking. Intriguingly, a two-
component model for LTM was recently proposed in which the
efferent pathways include output from both vertical and medial
lobes,*' and whether such a model is consistent with our finding
would need further investigation. We can also speculate about
the time limits of this process. The duration of this increase in
mitochondria trafficking was not addressed in this study. How-
ever, we recently demonstrated that after spaced training, the
upregulation of mitochondria pyruvate metabolism lasts for at
least 6 h post-training in the vertical lobe, whereas upon sin-
gle-cycle training, it lasts less than 2 h post-training.®® Thus, it
is possible that the mitochondria transport to the axonal
compartment that we reveal here as critical to LTM formation
is increased for several hours after training. Altogether, the
data suggest that the long-lasting increased demand in energy
and/or byproducts of pyruvate mitochondrial metabolism cannot
be fulfilled by enzymatic upregulation of mitochondria respira-
tory capacity alone, but that it requires a specific mechanism
to trigger mitochondrial trafficking toward the axons.

A limitation of our study is that all of the changes triggered by
spaced training are observed at the MB neuronal population
level, whereas the odors used in the classical olfactory memory
paradigm activate a sparse population of MB neurons, and the
associative memory is encoded only in a small subset of neu-
rons.®®’% Currently, we cannot exclude either of the following
two possibilities: (1) that the observed changes are restricted
to odor-responsive cells; and (2) that learning, and in particular
LTM formation, induces a global metabolic shift in all (or a large
part of) KC independently of their odor responsiveness.

Our data reveal that mitochondria functions are regulated in a
compartment-specific manner, both at the basal state and upon
memory formation. At the basal state, we observed that in vivo
pyruvate mitochondrial consumption is lower in the soma as
compared with the axons and the calyx (Figure 4, see flies sub-
jected to a non-associative protocol, i.e., unpaired spaced
training), possibly due to less oxidative phosphorylation activity
and/or fewer mitochondria. This second alternative is supported
both by the literature on mammalian neurons®°"-°® and by our
observation in Drosophila using classical confocal microscopy,
showing a higher density of mitochondria in the lobes and the
calyx area as compared with the soma region (Figure 2B).
Biochemical studies on synaptic and “non-synaptic” mitochon-
dria,”" as well as more recent proteomics studies,’® in both
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cases on mammalian neurons, suggest that heterogeneity in
mitochondrial metabolism across compartments may also exist.
In addition to this specific metabolic signature of somatic mito-
chondria at the basal state, we found in MB soma that both sin-
gle-cycle and spaced associative training elicit changes in mito-
chondria at the morphological level with an increase in density of
the largest mitochondria (Figure 2) and at the functional level with
an increase in pyruvate mitochondrial consumption independent
of the Miro-Milton complex (Rabah et al.*?; Figures 4E and 4G).
This suggests that this local metabolic regulation relies on the
accumulation of larger mitochondria in the same compartment,
as it is also the case in the calyx. Thus, Miro/Milton involvement
allows separating, at the mechanistic level, metabolic regula-
tions triggered by spaced training occurring in the soma and
the calyx from those occurring in the axons.

Pioneering genetic studies in Drosophila were essential in
identifying the Miro/Milton complex and its function in mitochon-
dria transport in axons.?>?>?® However, most of these studies
were conducted in larvae and at the neuromuscular junction,
due to the lethality of the Milton and Miro mutants. Whereas
global deletion of Miro1 in mammals is perinatally lethal,'® the
conditional loss of Miro1, depending on the neuronal type, re-
sults in partial depletion of mitochondria either in axons or in
the dendritic arborization, with functional consequences ranging
from altered network activity and reduction of anxiety-like
behavior to dendritic degeneration and cell death.?>?" Here,
we use an RNA. strategy to downregulate Miro or Milton in adult
MB neurons to avoid drastic depletion of mitochondria axonal
content leading to neurodegeneration. As KDs induced by
RNAi are always partial and the strength of one specific RNAI
cannot be predicted, differences in axonal basal distribution of
mitochondrial were observed between RNAI lines targeting
Miro or Milton. They were detectable both at the anatomical level
(Figures S1 and S3) and the functional level (basal mitochondria
pyruvate flux in Figure 4). However, regardless of the RNAI line
used to downregulate Miro or Milton in adult MB, we observed
that the Miro-Milton complex is required specifically for estab-
lishing associative LTM. Importantly, our data point to the trans-
port of mitochondria to the axonal compartment as being the pri-
mary cause of LTM impairment, showing that the memory defect
is not related to neurodegeneration caused by accumulation of
damaged mitochondria in the axonal terminal. Therefore, our
work establishes that altering the machinery of mitochondria
axonal transport results in memory impairment, independently
of the neurodegeneration phenomena described using a cell-
specific loss-of-function model. Although an increasing number
of studies suggest that mitochondria trafficking in neurons is
impaired in neurodegenerative diseases such as Alzheimer’s
disease,”®’"* our work provides a framework to understand the
link between mitochondria transport and the early symptoms
of memory impairment in neurodegenerative diseases.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Atto647N FluoTag®-X4 anti-RFP NanoTag Cat#N0404-Atto647-NL
Chemicals, Peptides, and Recombinant Proteins

4-methylcyclohexanol (98%) Sigma-Aldrich Cati# 218405
3-octanol (99%) Sigma-Aldrich Cat# 153095
Paraffin oil VWR Cat#24679
D-Trehalose dihydrate Sigma-Aldrich Cat#T9531
Sucrose Sigma-Aldrich Cat#S9378
NaCl Sigma-Aldrich Cat#S9625
KClI Sigma-Aldrich Cat#P3911
CaCl, Sigma-Aldrich Cat#C3881
MgCl, Sigma-Aldrich Cat#M9272
Hepes-hemisodium salt Sigma-Aldrich Cat#H7637
Sodium Azide Sigma-Aldrich Cat#71289
Prolong Mounting Medium Lifetechnology Cat#P36930
BSA Sigma-Aldrich Cat#A9085
Critical commercial assays

RNeasy Plant Mini Kit QIAGEN Cat. #74904
RNA MinElute Cleanup Kit QIAGEN Cat. #74204

SuperScript Ill First-Strand Kit

Thermofisher Invitrogen

Cat. #18080-051

SYBR Green | Master mix Roche Cat. # 04729692001
Experimental Models: Organisms/Strains

VT30559-Gal4 VDRC VDRC 206077
tub-Galgo' BDSC BDSC 7019
c739-Gal4 BDSC BDSC 7362
VT30604-Gal4 VDRC VDRC 200228
VT49483-Gal4 VDRC VDRC 206419
tub-Gal80'® BDSC BDSC 7019
tub-Gal80's; VT30559-Gal4 Plagais et al.** N/A
tub-Gal80's; c739-Gal4 Turrel et al.” N/A
tub-Gal80's; VT30604-Gal4 Turel et al.”® N/A
tub-Gal80's; VT49483-Gal4 Turel et al.”® N/A
UAS-mt-dsRed BDSC BDSC 93056
UAS-Miro RNAi JF02775 BDSC BDSC 27695
UAS-Milton RNAi JFO3022 BDSC BDSC 28385
UAS-Milton RNAi HMC02365 BDSC BDSC 44477
UAS-OPA1 HMS00349 BDSC BDSC 32358
UAS-Vimar HMS02397 BDSC BDSC 41996
UAS-Vimar HMS0745 BDSC BDSC 32951
UAS-Pink1 HMS01707 BDSC BDSC 38262
UAS-Miro RNAi VSH330334 VDRC VDRC v330334
UAS-OPA1 VSH330266 VDRC VDRC v330266
UAS-Parkin KK107919 VDRC VDRC 104363
tub-GALB8O0'S; VT30559-Gal4, UAS-Pyronic Plagais et al.** N/A

Mb-dsRed Riemensperger et al.®® N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mb-dsRed; VT30559-Gal4 This paper N/A
UAS-mt-dsRed, UAS-Miro RNAi JF02775 This paper N/A
UAS-mt-dsRed, UAS-Milton RNAi HMC02365 This paper N/A
UAS-mt-dsRed, UAS-Miro RNAi VSH330334 This paper N/A
UAS-mt-dsRed, UAS-Milton RNAi JF03022 This paper N/A
Oligonucleotides

Primers for Miro (JF02775 RNAI): This paper N/A
Forward: AAAAGCACCTCATTCTGCGT

Primers for Miro (JF02775 RNAI): This paper N/A
Reverse: AGTCGTAGACTAGGCAGGCA

Primers for Miro (VSH330334 RNAI): This paper N/A
Forward: GCCCACCAGCATAGTTGACTT

Primers for Miro (VSH330334 RNAI): This paper N/A
Reverse: CGTGCGCCTTGTTAATTTCGG

Primers for Vimar (HMS00745 and HMS02397 RNAI): This paper N/A
Forward: TGGCAGAGTGCTTTCTGGG

Primers for Vimar (HMS00745 and HMS02397 RNAI): This paper N/A
Reverse: ACTTGGTGATCTCCGCAATGC

Primers for OPA1 (VSH330266 and HMS00349 RNAI): This paper N/A
Forward: CGAGAAAAGCTGTTGTCTACTCC

Primers for OPA1 (VSH330266 and HMS00349 RNAI): This paper N/A
Reverse: GATGGCTGGTGATGCCACA

Primers for Parkin (KK107919 RNAI): Sun et al.?’ N/A
Forward: AGCGATGCCACGACAATAGAGC

Primers for Parkin (KK107919 RNAI): Sun et al.?’ N/A
Reverse: GCGAAGGTTCCTCCTCCTCCAA

Primers for a-Tub84B: Turrel et al.” N/A
Forward: TTGTCGCGTGTGAAACACTTC

Primers for a-Tub84B: Turrel et al.” N/A

Reverse: CTGGACACCAGCCTGACCAAC

Software and Algorithms

GraphPad Prism 5

Matlab V2013

Fiji

lcy

Macro Minimal envelope

GraphPad Software Inc. Press,
San Diego CA, 2007

The Mathworks Inc., Natick, MA
NIH

de Chaumont et al.”®

This paper

http://www.graphpad.com/
RRID:SCR_002798

https://fr.mathworks.com/
RRID:SCR_001622

https://imagej.net/Fiji

RRID:SCR_002285
https://icy.bioimageanalysis.org
RRID:SCR_010587
https://doi.org/10.5281/ZENODO.7118602

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pierre-

Yves Plagais (pierre-yves.placais@espci.fr).

Materials availability

Materials generated in this study are available from the lead contact without restriction.

Data and code availability

To determine the volume of the minimal envelope containing all of the mitochondria in each analyzed ROI, a custom macro was de-
signed in Fiji, available on Zenodo at Minimal Enveloppe Estimation | Zenodo.*® All data needed to evaluate the conclusions are
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present in the manuscript and/or the supplemental information. Data reported in this paper will be shared by the lead contact upon
request. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

D. melanogaster flies were raised on standard food medium containing yeast, cornmeal and agar, on a 12 h:12 h light-dark cycle at
18°C with 60% humidity. Both male and female flies were used for behavior experiments. Female flies were used for imaging exper-
iments due to their larger size. All fly stocks used are listed in the key resources table. Flies from the Vienna Drosophila Resource
Center (VDRC) collection were outcrossed for 5 generations to a reference strain carrying the w'''® mutation in an otherwise Canton
Special (Canton S) genetic background. Since TRiP RNAI transgenes are labeled with a y* marker, flies from the TRiP RNAI collection
were outcrossed to a y'w87°2% strain in an otherwise Canton S background. The Canton S strain was used as the wild type strain. The
VT30559-Gal4 line was used for transgene expression in MB neurons, the c739-Gal4 line for expression in o/f neurons, the VT30604-
Gal4 for expression in o'/’ neurons and the VT49483-Gal4 for expression in y neurons. To restrict UAS/GAL4-mediated expression
to the adult stage, we used the TARGET system with the tubulin-Gal80'® (tub-Gal80') line as described in ref. Musso et al.”” The tub-
Gal80'; VT30559-Gal4 inducible driver line was constructed in the laboratory and described in ref. Placais et al.>* as well as the tub-
Gal80'"; c739-Gal4 line, tub-Gal80"™; VT30604-Gal4 line and the tub-Gal80'; VT30559-Gal4 line described in ref. Turrel et al.”” Gal4
activity was released by transferring 0- to 2-day-old adult flies to 30°C for 3 d. The tub-GAL80"; VT30559-GAL4, UAS-Pyronic line
was previously generated in our research group and described in ref. Plagais et al.,** while the UAS-mt-dsRed, UAS-Miro RNAI
JF02775 line, the UAS-mt-dsRed, UAS-Miro RNAi VSH330334 line, the UAS-mt-dsRed, UAS-Milton RNAi HMC02365 line and the
UAS-mt-dsRed, UAS-Milton RNAi JF03022 line were generated for this study.

METHOD DETAILS

Olfactory conditioning and memory test

The behavioral experiments, including sample sizes, were conducted similarly to previous studies from our research group.®*"® For
all experiments, training and testing were performed at 25°C and 80% humidity. For olfactory conditioning protocols, groups of 20-40
flies were subjected to either a single cycle (1x training), five associative cycles spaced by 15-min inter-trial intervals (5x spaced
training) or five consecutive associative cycles (5x massed training). Non-associative control protocols (unpaired protocols) were
also used for imaging and immunohistochemistry experiments. Conditioning was performed using previously described barrel-
type machines that allow the parallel training of up to 6 groups. Throughout the conditioning protocol, each barrel was plugged
into a constant air flow at 2 L.min-1. For a single cycle of associative training, flies were first exposed to an odorant (the CS+) for
1 min while 12 pulses of 60 V electric shocks (1 pulse every 5s, pulse duration 1.2s) were delivered; flies were then exposed 45 s later
to a second odorant without shocks (the CS-) for 1 min. The odorants 3-octanol and 4-methylcyclohexanol, diluted in paraffin oil to a
final concentration of 2.79-10™" g.L”", were alternately used as conditioned stimuli. During unpaired conditionings, the odor and
shock stimuli were delivered separately in time, with shocks starting 3 min before the first odorant. Flies were kept on standard me-
dium between conditioning and the memory test, either at 25°C for flies tested 3 h after training or at 18°C for flies tested 24 h after
training. The memory test was performed in a T-maze apparatus, typically 3 h after single-cycle training or 24 h after spaced training
(except for Figure S1A) or massed training. Each arm of the T-maze was connected to a bottle containing 3-octanol and
4-methylcyclohexanol, and diluted in paraffin oil to a final concentration identical to the one used for conditioning. Flies were given
1 min to choose between either arm of the T-maze, after which they were trapped, collected, and counted. A performance score was
calculated as the number of flies avoiding the conditioned odor minus the number of flies preferring the conditioned odor, divided by
the total number of flies. A single performance index value is the average of two scores obtained from two groups of genotypically
identical flies conditioned in two reciprocal experiments, using either odorant (3-octanol or 4-methylcyclohexanol) as the CS+. The
indicated ‘n’ is the number of independent performance index values for each genotype.

The shock response tests were performed at 25°C by placing flies in two connected compartments; electric shocks were admin-
istered in only one of the compartments. Flies were given 1 min to move freely in these compartments, after which they were trapped,
collected, and counted. The compartment in which the electric shocks were delivered was alternated between two consecutive
groups. Shock avoidance was calculated as for the memory test. Since the delivery of electric shocks can modify olfactory acuity,
our olfactory avoidance tests were performed on flies that had first been presented another odor paired with electric shocks. Innate
odor avoidance was measured in a T-maze similar to those used for memory tests, in which one arm of the T-maze was connected to
a bottle with odor diluted in paraffin oil and the other arm was connected to a bottle with paraffin oil only. Naive flies were given the
choice between the two arms during 1 min. The odor-interlaced side was alternated for successively tested groups. Odor concen-
trations used in this assay were the same as for the memory assays. At these concentrations, both odorants are innately repulsive.

Confocal imaging of mitochondria in naive flies

To assess the effect of the Miro or Milton RNAI lines on overall mitochondria distribution in the MB of naive flies, tub-GAL80';
VT30559-GAL4 flies were crossed with flies bearing UAS-mt-dsRed with or without the UAS-RNAI, and raised at 18°C. To achieve
the induction of RNAI expression and mt-dsRed, F1 adult flies were kept at 30.5°C for 3 d before dissection. Whole adult flies were
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fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in PBST (PBS containing 0.6% Triton X-100) at 4°C overnight. Next,
brains were dissected in PBS solution and directly mounted using ProLong Gold Antifade Mountant (Invitrogen). Acquisitions were
made the following day with a Nikon A1R confocal microscope with a 20x objective.

Immunostaining for STED microscopy

For immunostaining experiments, flies were raised at 18°C. To achieve the induction of RNAi expression and mt-dsRed, adult flies
were kept at 30.5°C for 3 d before conditioning with either 5x spaced training or one-cycle training. One hour after the end of the
training period, whole adult flies were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in PBST (PBS containing
0.6% Triton X-100) at 4°C overnight. Next, brains were dissected in PBS solution and fixed again for 1 h at room temperature
(RT) in 4% paraformaldehyde in PBST followed by three 20-min rinses in PBST, with blocking for 2 h at RT with 2% BSA (Sigma-
Aldrich cat#A9085) in PBST. Samples were incubated with the primary antibody Atto647N FluoTag®-X4 anti-RFP (NanoTag
cat#N0404-Atto647N-L) at 1:100 in the blocking buffer at 4°C overnight. The next day, brains were rinsed twice for 20 min in
PBST and once for 20 min in PBS. Samples were then mounted in ProLong Gold Antifade Mountant (Invitrogen) using precision cover
glasses with thickness No. 1.5H (Marienfeld Superior).

Image acquisition and analysis of immunostaining

Single-color 3D-STED imaging was performed using a Leica TCS SP8 STED 3X microscope (excitation at 633 nm, STED depletion
laser at 775 nm (pulsed), with 60% in x and y dimensions and 50% in z dimension) with a 93x motCorr glycerol immersion objective
(NA=1.3). Images of one MB soma region per brain were obtained with a voxel size of 41.68 nm (x) x 41.68 nm (y) x 72.48 nm (z). For
soma analysis, one ROI per brain containing only soma was delimited from the full image (120 um x 120 pum x 8 um) using a constant
square box of 21 um x 21 um x 8 um. The raw ROls were then analyzed using Icy Software and the HK-mean plugin followed by the
connected-component (ROI extraction mode, removal of the border objects) plugin to detect mitochondria and their volumes.”®"®
Each ROl typically contained around 250-300 mitochondria. The same parameters (i.e. the Gaussian pre-filter and the intensity clas-
ses) were used for all ROls analyzed in the study. These parameters were first determined on a set of ROIs from brain samples by a
researcher blind for the genotype and the behavioral training. The volume of the minimal envelope containing all of the detected mito-
chondria in each ROl was determined using a custom-written ImagedJ macro.*® Briefly, we proceeded with the binarization of single
fluorescent images of the z-stack series obtained from the Icy analysis. Binarized fluorescent objects were then connected using
XOR and Convex Hull mathematical operators. Surface and volume estimates were performed using the 3D object option available
in Fiji.

The full z-stacks that we acquired were centered on the soma region, but they included a portion of the calyx embedded within
neuronal somas, which we used to analyze mitochondria content in the dendritic compartment, albeit with a reduced ROI due to
the reduced z-thickness of the recorded calyx area. The ROI surface was increased and adjusted to the shape of the calyx
(@ round ROI of 31 um diameter and 2.3 um thickness was used). The same brains were used for soma and calyx analyses.
The raw ROIls were then analyzed using the same process and parameters as for soma ROI. Due to the smaller ROI size,
and to avoid discarding too many objects located at the borders, we chose not to remove the border objects (in all directions)
in the connected-component analysis, which may result in misestimating the absolute mitochondria total density and volume of
the largest mitochondria (which are more likely to be cropped). Because of these limitations, comparisons between mitochondria
density in the soma and the calyx should be avoided, and we only compared data within the calyx between different conditioning
protocols.

Based on the distribution of mitochondria volume in the control group (5x spaced unpaired, tub-Gal80*>UAS-mt-dsRed), we
defined 4 categories of mitochondria, from the smallest volume to the largest, using the mean of the 25" and 75™ percentiles and
the medians of mitochondria volumes in each ROI from one fly brain (Figure 2D). The limit of each category is defined as follows:
for category 1 (the smallest), the upper limit is the mean of the 25™ percentiles; for category 2, the lower limit is the mean of the
25t percentiles and the upper limit is the mean of the medians; for category 3, the lower limit is the mean of the medians and the
upper limit is the mean of the 75" percentiles; and for category 4 (the largest), the lower limit is the mean of the 75" percentiles.
The same volume limits were used to define the categories in all experimental conditions. Then, to allow comparisons between
the samples, for each ROI from one fly brain, we normalized the number of mitochondria in each category by the volume of the min-
imal envelope containing all of the detected mitochondria, in order to obtain a density of mitochondria for each category (Figure 2D;
Video S3 and ref. Bun®® for the Fiji custom-written macro).

Confocal imaging of the entire MB shown in Figure 2B was conducted on one sample used for 3D-STED imaging, and was per-
formed on the same Leica TCS SP8 microscope used for 3D-STED imaging. Images of an entire MB were obtained with a voxel
size of 120 nm (x) x 120 nm (y) x 330 nm (2).

In vivo imaging

For imaging experiments, flies were raised at 23°C to increase the expression level of genetically encoded sensors. To achieve the
induction of RNAIi expression, adult flies were kept at 30.5°C for 3 days before conditioning. As in all previous imaging work from our
laboratory, all in vivo imaging was performed on female flies, which are preferred since their larger size facilitates surgery. A single fly
was picked and prepared for imaging as previously described.** Briefly, the head capsule was opened and the brain was exposed by
gently removing the superior tracheae. For the duration of the preparation, the head capsule was bathed in an artificial hemolymph

Current Biology 34, 1904-1917.e1-e6, May 6, 2024 e4




¢ CellPress Current Biology

OPEN ACCESS

solution composed of NaCl 130 mM (Sigma cat. # S9625), KCI 5 mM (Sigma cat. # P3911), MgCl, 2 mM (Sigma cat. # M9272), CaCl,
2 mM (Sigma cat. # C3881), D-trehalose 5 mM (Sigma T cat. # 9531), sucrose 30 mM (Sigma cat. # S9378), and HEPES hemisodium
salt 5 mM (Sigma cat. # H7637). At the end of surgery, any remaining solution was absorbed and a fresh 90-uL droplet of this solution
was applied on top of the brain.

Pyruvate imaging

Pyruvate imaging experiments were performed using the tub-GAL80'; VT30559-GAL4, UAS-Pyronic line generated in ref. Plagais
et al.>* along with the appropriate RNAI line. Data were collected indiscriminately from 30 min to 1.5 h after 5x spaced training or
1x training.

Two-photon imaging was performed using a Leica TCS-SP5 upright microscope equipped with a 25x, 0.95 NA water immersion
objective. Two-photon excitation was achieved using a Mai Tai DeepSee laser tuned to 825 nm. The frame rate was set to 2 images
per second. Pyruvate consumption measurements were performed according to a previously well-characterized protocol.>* After
1 min of baseline acquisition, 10 pL of a 50 mM sodium azide solution (Sigma cat. #71289; prepared in the same artificial hemolymph
solution) were injected into the 90-uL droplet bathing the fly’s brain, bringing sodium azide to a final concentration of 5 mM. To
analyze the pyruvate imaging experiments, ROl were delimited by hand around each visible MB neuronal compartment of interest
(ie either the vertical lobe, the soma, the calyx, or the horizontal lobe) and the average intensity of the mTFP and Venus channels
over each ROI was calculated over time after background subtraction. The Pyronic sensor was designed so that FRET from
mTFP to Venus decreases when the pyruvate concentration increases. To obtain a signal that positively correlates with pyruvate
concentration, the inverse FRET ratio was computed as mTFP intensity divided by Venus intensity. This ratio was normalized by a
baseline value calculated over the 30 s preceding drug injection. The slope was calculated between 10 and 70% of the plateau.
We previously demonstrated that the slope of pyruvate accumulation in the cytosol is an accurate way to measure pyruvate flux
to the mitochondria, as cytosolic pyruvate accumulation was directly related to the level of mitochondrial pyruvate oxidation by
the Pyruvate Dehydrogenase complex®* The indicated ‘n’ is the number of animals that were assayed in each condition and an in-
dependent set of experiments were done for each neuronal compartment.

FRAP experiment

FRAP experiments were performed using the F1 from either MB-dsRed, VT30559-Gal4 line crossed with CS, or the tub-Gal80';
VT30559-Gal4 line crossed with the UAS-mt-dsRed with or without the UAS-RNAI. Data recording started 30 min after 5x spaced
training.

FRAP experiments were performed using a Leica TCS-SP5 upright microscope equipped with a 25x, 0.95 NA water immersion
objective. Excitation was achieved using an argon laser (514 nm) pre-set at 80% of its maximal power. After one z-stack of baseline
acquisition (e.g. the z-stack beginning above the vertical lobes, down to the junction area with the horizontal lobes, with a z-step of
1.48 pum), we switched to the FRAP module of the LAS-AF software, which allows bleaching on a selected confocal plane corre-
sponding to the tip of the a lobe. This bleaching was only performed on one hemisphere. The following parameters were used for
the bleaching time series: pre-bleach acquisition (laser line: 514 nm, intensity: 3%, frequency: 1 frame per 10 s, 3 frames), bleaching
(laser line: 514 nm, intensity: 100%, frequency: 1 frame per 0.648 s, 20 frames), post-bleaching acquisition (laser line: 514 nm, inten-
sity: 3%, frequency: 1 frame per 10 s, 5 frames). Then, when switching back to classical acquisition mode, the recovery of fluores-
cence was recorded during 60 min by acquiring z-stacks at a frequency of 1 frame/5 min (except for the cytoplasmic dsRed
recording, for which the frequency of acquisition was increased to 1 frame/2.5 min). To analyze the FRAP experiments, ROI (one
per brain) were delimited by hand corresponding to the bleached region (the tip of the vertical lobe), and the average dsRed fluores-
cence intensity (Fy) was calculated over time after background subtraction. To control for any z-deviation that could occur during the
60-min long recording, a non-bleached region from the other hemisphere was used as a landmark. The Fluorescence Recovery Index
corresponds to F-Fo/Finitiai, in Which Fy is the fluorescence over time, Fy is the fluorescence immediately after bleaching (i.e. the mean
of the fluorescence measured on the 5 frames collected within 1 min after bleaching), and F;,4 is the fluorescence before bleaching
(i.e. the mean of the fluorescence from the first acquisition and the 3 pre-bleaching frames). To quantify the recovery of fluorescence,
a slope measurement was made within the time interval when the fluorescence recovery index is linear as a function of time. This time
interval was therefore set depending on the genotype: for a fast kinetic of Fluorescence Recovery Index (such as for cytosolic dsRed)
10-min post-bleaching was used, whereas for mitochondrial dsRed: tub-Gal80'; VT30559>UAS-mt-dsRed, UAS-Milton RNAI
HMCO02365 flies had a time interval of 20 min after bleaching, while tub-Gal80'; VT30559>UAS-mt-dsRed, UAS-Miro RNAI
JF02775 flies and tub-Gal80'S; VT30559>UAS-mt-dsRed flies had an interval of 40 min. The indicated ‘n’ is the number of animals
that were assayed in each condition.

qPCR validation of RNAi lines

To assess the efficiency of each RNAI line used in this study (except for Milton JF03022 and Milton HMC02365, which were previously
assessed in ref. lijima-Ando et al.,* Liu et al.,”® and Vagnoni et al.*%), female flies carrying the elav-Gal4 pan-neuronal driver were
crossed with the specified UAS-RNAi males, or with CS males for controls. Whenever the cross with the constitutive elav-Gal4 driver
was lethal for the progeny, female flies carrying the inducible tub-Gal80'; elav-Gal4 pan-neuronal driver were used. Fly progeny were
raised at 25°C throughout their development except when the inducible driver was used. These latter crosses were raised at 18°C
and the adult progeny were induced for 3 days at 30°C. RNA extraction, DNAse | treatment and cDNA synthesis were performed as
previously in ref. Silva et al.°* using the RNeasy Plant Mini Kit (Qiagen), RNA MiniElute Cleanup Kit (Qiagen), DNAse | treatment
(BioLabs), oligo(dT)20 primers and the SuperScript lll First-Strand kit (Thermo Fisher Invitrogen). Amplification was performed using
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a LightCycler 480 (Roche) and the SYBR Green | Master mix (Roche). Specific primers used for each gene cDNA and the reference
a-Tub84B (Tub, CG1913) cDNA are listed in the key resources table (in the case of Miro, due to the RNAi sequence, different pairs of
primers had to be designed for the same cDNA)

A-3’ (ref. Sun et al.");

The level of the target cDNA was compared against the level of the a-Tub84B reference cDNA. Each reaction was performed
in triplicate. The specificity and size of amplification products were assessed by melting curve analyses. Expression relative to
the reference was presented as the foldchange compared to the calibrator (relative quantification RQ = 2722t where Ct is the cycle
threshold).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the definitions and exact value of n, deviations, and P values are reported in the figures and corre-
sponding legends. Data are expressed as the mean + SEM with dots as individual values corresponding to either: two reciprocal
groups of 20-40 flies analyzed in behavioral assay; the response of a single recorded fly for pyruvate imaging and FRAP experiments;
or the mitochondria density of one fly brain in STED experiments. Statistical analysis was performed using GraphPad Prism 8.0. Com-
parisons between two groups were performed by unpaired two-sided Student’s t-test, with results given as the value tx of the t-dis-
tribution, where x is the number of degrees of freedom (for pyruvate imaging, FRAP and STED experiments as well as for gPCR
experiments in Figures 2E, 2F, 2G, 3B, 3C, 4B-4H, S1H, S1l, S2A-S2F, S2I, S2K, S2N-S2Q, and S3). Comparisons among three
genotypic groups were performed by one-way ANOVA with post hoc testing using the Newman-Keuls pairwise comparisons test
between the experimental group and its controls (significance is indicated when P < 0.05; all behavior experiments and some
gPCR experiments in Figures 1B-1E S1A, S1E-S1G, S1L-S1Q, S2H, S2J, S2L, and S2M and Tables 1 and S1). ANOVA results
are given as the value of the Fisher distribution F(x,y), where x is the number of degrees of freedom numerator and y is the total num-
ber of degrees of freedom denominator. Asterisks in each figure refer to the least significant post hoc comparison between the
genotype of interest and the genotypic controls. The nomenclature used corresponds to *P < 0.05, **P < 0.01, P < 0.001,
****P < 0.0001 and ns: not significant, PP>0.05. Figures were created using Affinity Designer.
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