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Mitochondrial Ca2+ efflux controls neuronal 
metabolism and long-term memory  
across species
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From insects to mammals, essential brain functions, such as forming 
long-term memories (LTMs), increase metabolic activity in stimulated 
neurons to meet the energetic demand associated with brain activation. 
However, while impairing neuronal metabolism limits brain performance, 
whether expanding the metabolic capacity of neurons boosts brain function 
remains poorly understood. Here, we show that LTM formation of flies and 
mice can be enhanced by increasing mitochondrial metabolism in central 
memory circuits. By knocking down the mitochondrial Ca2+ exporter Letm1, 
we favour Ca2+ retention in the mitochondrial matrix of neurons due to 
reduction of mitochondrial H+/Ca2+ exchange. The resulting increase in 
mitochondrial Ca2+ over-activates mitochondrial metabolism in neurons 
of central memory circuits, leading to improved LTM storage in training 
paradigms in which wild-type counterparts of both species fail to remember. 
Our findings unveil an evolutionarily conserved mechanism that controls 
mitochondrial metabolism in neurons and indicate its involvement in 
shaping higher brain functions, such as LTM.

The energetic cost of brain functioning imposes substantial energetic 
demands to organisms. Transmission of information between neurons 
generates acute and local energy costs at synaptic sites, which amount 
to ~75% of the brain’s total energy expenditure1. Organismal metabolic 
states in which the brain experiences limited energy supply, such as 
hypoxia or hypoglycaemia, constrain the information processing capa-
bility of synapses and impair brain function2,3. As such, neurons must 
ensure that energy levels are preserved, even during energy-demanding 

neuronal computations associated with complex brain functions. Mito-
chondria are known to generate more than 90% of neuronal energy 
in the form of ATP via oxidative phosphorylation (OXPHOS)4 and are 
strategically located along the complex neuronal morphology to be in 
the ideal position to locally provide ATP on demand5–13. When neural 
circuits are activated, fuels are provided on demand to activated brain 
regions14,15. This activation is accompanied by transient increases in 
neuronal metabolic rates, which enables neurons to use these fuels 
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Results
Letm1 controls mitochondrial Ca2+ efflux rates in firing neurons
While NCLX contributes to mitochondrial Ca2+ extrusion in firing 
axons49–51, NCLX inactivation leads to pronounced increases in resting 
mitochondrial Ca2+ levels50,52,53, which causes neurodegeneration both 
in vitro and in vivo in rodent hippocampal neurons52,54. To circumvent 
this, we explored the contribution of Letm1 to the control of mitochon-
drial Ca2+ extrusion during activity (Fig. 1a). We first used primary dis-
sociated rat hippocampal neurons, cultured within a layer of astrocytes 
(Methods and Extended Data Fig. 1a,b), as they allow high-resolution 
quantitative measurements of neuronal mitochondrial physiology dur-
ing activity6,10,40,49,55. Resting free Ca2+ levels in neuronal mitochondria 
are higher than in the cytosol, yet remain in the hundreds of nanomolar 
range10,56–58, enabling sensors originally developed for cytosolic Ca2+ 
to report robust mitochondrial responses10,13. We thus co-expressed a 
mitochondria-targeted GCaMP6 sensor (Mito4x-GCaMP6f10) with a short 
hairpin RNA (shRNA) that depleted Letm1 levels by ∼70% (Methods and 
Extended Data Fig. 1c,d) and compared axonal mitochondrial Ca2+ fluxes 
in wild-type and Letm1 KD neurons using physiological firing paradigms 
of hippocampal neurons in vivo, such as firing at 20 Hz for 1 s59 (Fig. 1b). 
We found that impairing Letm1 expression caused a ~3-fold reduction 
in the rate of mitochondrial Ca2+ extrusion (Fig. 1b,c), indicating that 
Letm1 is involved in controlling activity-driven mitochondrial Ca2+ 
efflux in axonal mitochondria. We observed similar results when neu-
rons were stimulated at a higher frequency (Extended Data Fig. 1e,f), 
suggesting that Letm1 is active in conditions with variable levels of Ca2+ 
entry. Repeating both these experiments in imaging media with 1.2 mM 
glucose, a physiological concentration found in the hippocampus60,61, 
yielded indistinguishable outcomes (Extended Data Fig. 1g,h), indi-
cating that elevated glucose in the imaging media does not alter 
Letm1-mediated mitochondrial Ca2+ extrusion dynamics. As a con-
trol, we confirmed that Letm1 KD neurons did not present alterations 
in activity-driven mitochondrial Ca2+ uptake capacity (Fig. 1d and 
Extended Data Fig. 1e–h).

Letm1 KD neurons did not present alterations in resting mito-
chondrial Ca2+ levels, estimated using two different methods (Fig. 1e, 
Extended Data Fig. 1i,j and Methods). Quantitative estimates revealed 
that mitochondrial Ca2+ levels rose to ~425 nM during 20-Hz stimu-
lation and to ~530 nM at 100 Hz in both control and Letm1 KD neu-
rons (Extended Data Fig. 1K), indicating that neuronal activity elicits 
moderate increases in mitochondrial Ca2+. Axonal responses to field 
stimulation were measured in the presence of the postsynaptic block-
ers 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and d,l-2-amino-
5-phospho-novaleric acid (AP5) to study presynaptic function without 
the concurrent incoming excitation from stimulating surrounding 
unlabelled neurons10,49,62. Re-expression of a shRNA-resistant variant of 
wild-type Letm1 in Letm1 KD neurons rescued mitochondrial Ca2+ efflux 
rates to a large extent, supporting that Letm1 controls activity-driven 
Ca2+ efflux (Fig. 1f). Letm1 presents a Ca2+-binding EF-hand domain 
oriented towards the mitochondrial matrix, which may drive its 
activation63,64 (Fig. 1a). We generated a shRNA-resistant variant of Letm1 
in which the key conserved coordinating aspartates of the EF-hand 
motif were mutated to alanines (p.Asp676Ala and p.Asp680Ala, 
ΔEF-hand), reducing its Ca2+-binding capacity65. Co-expression of 
this mutant with Mito4x-GCaMP6f and Letm1 shRNA failed to rescue 
the slower Ca2+ efflux rates caused by the Letm1 KD (Fig. 1f), suggesting 
that the EF-hand domain of Letm1 is required for its export function. 
To confirm that overexpressed Letm1 localized to mitochondria, we 
fused it to mRFP1 and transfected it together with Mito4x-GCaMP6f, 
which confirmed that Letm1–mRFP1 localized correctly to axonal 
mitochondria (Extended Data Fig. 1l). Taken together, these results 
indicate that Letm1 acts as a mitochondrial Ca2+ exporter in neurons.

We examined any possible effect on cytosolic Ca2+ dynamics 
in axons by Letm1 KD using a cytosolic Ca2+ sensor, cytoGaMP8f66 
(Extended Data Fig. 1m,n). We did not observe any differences in the 

and counterbalance energy usage associated with neurotransmis-
sion. Dynamic adjustments of neuronal mitochondrial metabolism are 
thus essential to enable a wide variety of brain computations, ranging 
from the formation of LTMs to the control of social behaviours in flies 
and mammals16–19. LTM formation, in particular, is well known to be 
an energetically demanding process20–22. A large body of research in  
Drosophila melanogaster has demonstrated that adaptations in neu-
ronal metabolism enable the formation and maintenance of LTM, and 
that impaired mitochondrial function can hinder this process19,23. These 
results support the widely accepted idea in which energy is seen as an 
enabler of function, but not as a driving factor. This standpoint implies 
that once the energy needs of neural circuits are met, brain function 
should proceed optimally and additional energy will not necessarily 
enhance behavioural efficiency.

At the cellular level, axonal mitochondria sense neuronal activity 
and produce ATP on demand to preserve the metabolic integrity of 
presynaptic function24–26. During neurotransmission, Ca2+ invades 
presynaptic sites27,28, increasing axonal mitochondrial Ca2+29–33. While 
during high-frequency stimulation this buffering process may impact 
vesicle cycling31,32, in physiological conditions mitochondrial Ca2+ 
uptake serves as a feed-forward mechanism that transiently increases 
axonal mitochondrial metabolism to indirectly favour ATP produc-
tion and compensate for energy usage10,34. A similar coordination 
between neuronal activity, mitochondrial Ca2+ uptake and increases 
in metabolism also occurs in somatodendritic compartments12,35, 
although depending on the experimental conditions, matrix Ca2+ 
increases have been shown not to be required for somatoden-
dritic metabolic upregulation36–38. While cell-type-specific and 
compartment-specific differences likely exist, non-pathological Ca2+ 
increases in the axonal mitochondrial matrix are thought to speed 
up tricarboxylic acid (TCA) cycle rates in a reversible manner5,14,39,40 
because Ca2+ transiently binds to several TCA cycle dehydrogenases 
to increase their enzymatic activity41,42. When neurons cease to fire, 
however, mitochondrial Ca2+ must be actively extruded from the 
matrix10,29–32, a process that should in theory decelerate mitochon-
drial metabolism back to baseline rates. The inability to do so would 
effectively increase the time Ca2+ stays in the mitochondrial matrix, 
over-activating mitochondrial metabolism beyond what would be 
necessary to counterbalance activity-driven ATP consumption, thus 
theoretically leading to ATP accumulation. However, while such 
perturbation could be ideal to boost metabolism in firing neurons, 
the molecular control of mitochondrial Ca2+ efflux remains poorly 
understood, limiting our understanding of how this process may 
serve as a control point in the adjustment of synaptic bioenergetics 
and the metabolic states of brain circuits and behaviour.

Two non-exclusive mitochondrial systems can potentially extrude 
Ca2+ from the matrix in cells: NCLX, a Na+/Ca2+/Li+ exchanger43,44, and 
Letm1 (Leucine zipper and EF-hand containing transmembrane 
protein 1), an H+/Ca2+ exchanger45–48. Here, we identify Letm1 as an 
activity-dependent mitochondrial Ca2+ extruder that controls efflux 
rates in neuronal mitochondria. We found that increased matrix 
Ca2+ retention over-activated mitochondrial metabolism in rodent 
primary neurons in vitro and in mushroom body (MB) neurons of  
D. melanogaster in vivo. This upregulated metabolic state relied on 
Ca2+ activation of mitochondrial metabolism, as the knockdown (KD) 
of Ca2+-activated pyruvate dehydrogenase phosphatase 1 (PDP1) abol-
ished metabolic acceleration in both systems. Given that LTM is an 
energetically demanding brain function, we knocked down Letm1 
in specific memory circuits of flies and rodents and found that both 
species presented robust long-term olfactory memories in conditions 
in which wild-type counterparts failed to remember. Together, our 
results reveal the importance of mitochondrial Ca2+ efflux in shaping 
neuronal metabolism and suggest that targeted metabolic modula-
tions in neural circuits can considerably enhance specific memories 
across species.
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amplitude of cytosolic Ca2+ responses (Extended Data Fig. 1n) or in its 
extrusion rates (Extended Data Fig. 1o). These results indicate that 
manipulating the slow dynamics of mitochondrial Ca2+ efflux, which 
occurs over tens of seconds, does not affect the rapid dynamics of 
cytosolic Ca2+ during firing, which takes place within a few seconds. 

Additionally, no differences were observed in resting cytosolic Ca2+ 
levels using established quantitative methods62 (Extended Data Fig. 1p). 
As Letm1 exchanges Ca2+ for H+, we examined whether removing it 
from axonal mitochondria could impact neuronal and mitochondrial 
pH physiology. Using optical pH sensors for the mitochondrial matrix 
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Fig. 1 | Letm1 regulates mitochondrial Ca2+ export in neuronal mitochondria. 
a, Letm1 is a protein located on the inner mitochondrial membrane where it 
transports one Ca2+ in exchange for two H+. It contains a Ca2+-binding EF-hand 
domain facing the mitochondrial matrix. OMM, outer mitochondrial membrane; 
IMM, inner mitochondrial membrane; MCU, mitochondrial Ca2+ uniporter.  
b, Axonal mitochondrial Ca2+ responses to stimulation (20 action potentials 
(APs), 20 Hz) in control and Letm1 KD neurons. The figure shows traces 
corresponding to the mean ± s.e.m. of Mito4x-GCaMP6f in axons. c, Rate 
of mitochondrial Ca2+ decay measured as half-time decay (t1/2) in axonal 
mitochondria following stimulation in control and Letm1 KD neurons. 
Statistical significance was assessed using a two-tailed Mann–Whitney U-test 
(****P < 0.0001; n = 27 for control neurons, n = 21 for Letm1 KD neurons; U = 72). 
d, Peak Mito4x-GCaMP6f responses (ΔF/F0) after stimulation. Non-significance 
(NS) was determined using a two-tailed Mann–Whitney U-test (P = 0.578; 
n = 27 for control neurons, n = 21 for Letm1 KD neurons; U = 256). e, Baseline 
mitochondrial Ca2+ concentration (nM) in control and Letm1 KD neurons. Non-
significance was determined using a two-tailed unpaired t-test (NS, P = 0.6023, 
n = 16 control neurons, n = 11 Letm1 KD neurons, t25 = 0.5279). f, Half-time decay 

in axonal mitochondria following stimulation in control, Letm1 KD neurons, 
Letm1 KD neurons expressing rat Letm1 wild-type protein and Letm1 KD neurons 
expressing rat Letm1 protein with the EF-hand domain mutated. P values were 
determined by a Kruskal–Wallis test followed by Dunn’s multiple-comparisons 
test against the control group (****P < 0.0001; n = 19 for control, n = 13 for Letm1 
KD, n = 7 for wild-type (WT) Letm1 rescue and n = 8 for EF-hand mutant Letm1. 
Post hoc P values; control versus Letm1 KD, P = 0.0001; control versus Letm1 
KD + Letm1 rescue, P = 0.3126; Letm1 KD + Letm1ΔEF-hand rescue, P = 0.0022).  
g, Dendritic mitochondrial Ca2+ responses to a single glutamate uncaging pulse in 
a single spine in control neurons and Letm1 KD neurons. Traces correspond to the 
mean ± s.e.m. of Mito4x-GCaMP6f. h, Half-time decay in dendritic mitochondrial 
Ca2+ following stimulation in control and Letm1 KD neurons. P value was 
determined using a two-tailed Mann–Whitney U-test (***P < 0.0001, n = 63 
dendrites for control, n = 47 dendrites for Letm1 KD, U = 809). i, Fold change in 
half-time decay in Letm1 KD neurons in axonal and dendritic compartments. 
P value was determined using a two-tailed unpaired t-test (****P < 0.0001, with 
n = 33 for axons and n = 47 for dendrites, t78 = 4.959). Data are represented as the 
mean ± s.e.m. See Extended Data Figs. 1 and 2.
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(Mito4x-pHluorin10) and the cytosol (Cyto-pHluorin25), we first con-
firmed that resting axonal mitochondrial or cytosolic pH were not 
affected by Letm1 KD (Methods and Extended Data Fig. 2a–d). Next, 
we measured activity-driven mitochondrial and cytosolic pH dynamics 
and found them to be indistinguishable between wild-type and Letm1 
KD neurons (Extended Data Fig. 2e). These results suggest that mito-
chondrial pH is not strongly affected by Letm1 KD. Collectively, these 
results show that Letm1 primarily acts as a mitochondrial Ca2+ exporter 
during neuronal activity without significantly impacting other aspects 
of presynaptic Ca2+ signalling.

Axonal and dendritic mitochondria present marked differences 
in their structure, function and regulation67,68. We next examined 
whether Letm1 was also involved in controlling mitochondrial Ca2+ 
efflux in dendritic mitochondria. During neurotransmission, dendritic 
mitochondria uptake Ca2+ to later release it back to the cytosol when 
transmission is over55. To study this process, we used two-photon 
glutamate uncaging to stimulate single spines once and quantified 
cytosolic and mitochondrial Ca2+ dynamics simultaneously in dendritic 
shafts of neurons in the presence or absence of Letm1 shRNA expres-
sion. We observed a ~70% reduction in dendritic mitochondrial Ca2+ 
efflux in Letm1 KD neurons compared to wild-type neurons (Fig. 1g,h). 
This effect, while present, appeared to be less pronounced than that 
observed in axons (Fig. 1i), although given the differences in biology 
and stimulation protocols between the two compartments it is dif-
ficult to draw conclusions about whether the rates of exclusion are 
actually different between axons and dendrites. We show normalized 
mitochondrial Ca2+ responses in dendrites to facilitate visualization of 
the Letm1-mediated slowdown effect (Fig. 1g,h), but the amplitude of 
dendritic mitochondrial Ca2+ uptake was reduced in Letm1 KD neurons 
(Extended Data Fig. 2f) despite cytosolic Ca2+ responses remaining 
unchanged (Extended Data Fig. 2g,h). Under these stimulation para-
digms, the total amount of Ca2+ ions within the matrix of dendritic mito-
chondria measured as the area under the curve reported no difference, 
in contrast to axonal mitochondrial responses (Extended Data Fig. 2i). 
Given the established role of axonal mitochondrial Ca2+ handling in 
governing presynaptic energy levels10,35,69, we next focused on examin-
ing the importance of mitochondrial Ca2+ extrusion in controlling the 
metabolism of the presynapse.

Increased Ca2+ retention times in axonal mitochondria 
over-activate synapse metabolism
Mitochondrial Ca2+ uptake in firing axons transiently activates mito-
chondrial metabolism to produce ATP and sustain synaptic function 
locally4,26,27. We hypothesized that such transitory acceleration of 
mitochondrial metabolism should conclude when Ca2+ is exported 
back to the cytosol. Therefore, using ATP as a readout, we next studied 
the role of Letm1 in regulating presynaptic metabolism. We removed 
Letm1 sparsely in cultures of otherwise wild-type neurons, and allowed 
spontaneous activity to take place for 10 days. This paradigm challenges 
Letm1 KD neurons to produce and consume ATP repeatedly in response 
to spontaneous activity with average firing rates similar to hippocampal 
firing paradigms in vivo70,71, revealing the possible cumulative effect 
of unbalanced production and consumption over time under physi-
ological firing conditions. We measured presynaptic ATP levels in Letm1 
KD neurons in these conditions using either Syn-ATP25 or ATeam72,73, 
and found that Letm1 KD resulted in significant ATP accumulation 
in presynapses (Fig. 2a–c and Extended Data Fig. 3a–c). Calibrating 
Syn-ATP data reported that Letm1 KD neurons presented on average 
2.64 mM ATP compared to 1.32 mM obtained from controls (Fig. 2a,b).

The most widely recognized effect of Ca2+ on mitochondrial 
metabolism is through its catalytic action on certain enzymes of the 
TCA cycle74–76. This regulatory effect includes the pyruvate dehydro-
genase complex (PDHc), which converts pyruvate to acetyl-CoA at the 
entry point of the TCA cycle. PDHc is regulated by PDP, a Ca2+-activated 
enzyme that enhances PDHc activity through dephosphorylation77–80. 

PDHc will remain activated until pyruvate dehydrogenase kinase 
re-phosphorylates PDHc to inactivate it, stopping the transient acti-
vation initiated by PDP. Although two isoforms of PDP exist, PDP1 
and PDP2, neurons predominantly express the Ca2+-sensitive isoform 
PDP1 (refs. 81,82). We thus reasoned that Letm1-mediated regulation 
of synaptic metabolism should require Ca2+ activation of mitochon-
drial PDP1. Using a single vector to knock down both Letm1 and PDP1 
(Extended Data Fig. 3d–f), we measured presynaptic ATP and found that 
KD of PDP1 abolished Letm1-mediated accumulation of ATP (Fig. 2a,b 
and Extended Data Fig. 3b), suggesting that Letm1 controls mitochon-
drial metabolism at least in part by modulating Ca2+-mediated activa-
tion of the conversion of pyruvate to acetyl-CoA.

We reasoned that, given that electrical activity drives both ATP 
consumption and production, eliminating action potential firing 
using tetrodotoxin (TTX) should block any imbalance between the 
two processes and thus abolish the increased ATP levels in Letm1 KD 
neurons. We applied TTX for several days and observed ATP levels in 
Letm1 KD neurons were rescued to wild-type levels, indicating that 
Letm1-mediated control of synapse metabolism is activity driven 
(Fig. 2b and Extended Data Fig. 3c). To explore this further, we quanti-
fied ATP dynamics during activity in synapses of Letm1 KD neurons. 
We coupled electrophysiological stimulation to ATP imaging and 
quantified presynaptic ATP dynamics over time, removing glucose 
but providing lactate and pyruvate as mitochondrial fuels to reduce 
glycolytic contributions to these measurements10,83. Using a 10-Hz 
stimulation for 1 min as done before10,24,25,33,34,84, we found that while 
wild-type neurons preserved constant overall ATP levels over time10,24,25 
(Extended Data Fig. 3g; black trace), Letm1 KD neurons presented an 
overshoot in ATP levels after stimulation (Extended Data Fig. 3g; pink 
trace), indicating that Letm1 KD caused a mismatch between consump-
tion and production (Extended Data Fig. 3h). We confirmed that Letm1 
KD did not alter the overall total abundance of ETC proteins, nor did 
it affect the expression of key presynaptic or postsynaptic markers 
(Extended Data Fig. 3i,j). Circularity of axonal mitochondria was indis-
tinguishable between control and Letm1 KD neurons, indicating pre-
served overall shape (Extended Data Fig. 3k). A modest (~15%) increase 
in both mitochondrial size (Extended Data Fig. 3l) and mitochondrial 
number (Extended Data Fig. 3m) was observed, consistent with previ-
ous reports in non-neuronal cells85–88. Lastly, we quantified synapse 
number and size and found that Letm1 KD neurons displayed a higher 
synapse density along axons, while the estimated size of individual syn-
apses was reduced (Extended Data Fig. 3n,o). These phenotypes were 
rescued when PDP1 was knocked down in Letm1 KD neurons, suggesting 
they arise from Ca2+ regulation of mitochondrial metabolism. Despite 
these structural differences, Letm1 KD synapses appeared equally 
functional, shown by measuring synaptic vesicle exocytosis during 
activity using the optical reporter vGlut-pH62,89 (Extended Data Fig. 3p). 
As a control, we estimated synaptic vesicle pH, which was identical 
in both conditions (Extended Data Fig. 3q). Together, these findings 
indicate that Letm1 modulates mitochondrial and synaptic structure 
and number, without significantly altering synaptic vesicle cycling.

We next built a computational model to better develop a theoreti-
cal framework that could help to represent and explore the theoretical 
space of possible behaviours of the multiple complex mitochondrial 
metabolic processes occurring during neuronal activity and the 
expected consequences of modulating some of them through the 
transient presence of Ca2+ as a boosting factor. Starting with a previous 
model of the mitochondrial TCA cycle and ATP production90, we added 
a fixed Ca2+ dependency for the corresponding enzymes of the TCA 
cycle91,92 (PDP1-PDHc, isocitrate dehydrogenase, alpha-ketoglutarate 
dehydrogenase) and ATP synthase (complex V92; Extended Data Fig. 4a). 
We included in the model a basal energy cost at rest, a fixed energy cost 
per spike (Extended Data Fig. 4b,c) and a fixed increase in mitochon-
drial Ca2+ per firing event (Extended Data Fig. 4d). The rates of Ca2+ 
efflux after spiking were modelled to follow a single exponential decay 
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(control (t1/2) = 7 s, Letm1 KD (t1/2) = 20 s) based on experimental data 
(Fig. 1b,c). Using this model, we first simulated ATP dynamics during 
1 min at 10 Hz, which showed increased ATP production capacity follow-
ing neuronal activity in Letm1 KD (Extended Data Fig. 4e), in agreement 
with experimental data (Extended Data Fig. 3g). We next modelled 
the expected changes in ATP levels at different firing frequencies in 
both control and Letm1 KD neurons, exploring theoretical scenarios 
under which mitochondrial Ca2+ dynamics could modulate ATP levels. 
Although these simulations do not recapitulate the full complexity of 
biological systems, they provide insight into theoretical constraints 
that shape mitochondrial metabolism during activity. Our simula-
tions showed that after a sufficient amount of time, different firing 
paradigms lead to ATP accumulation in Letm1 KD neurons (Fig. 2d,e), 
as observed experimentally during physiological firing in culture 

(Fig. 2a–c), suggesting that accumulation of ATP in Letm1 KD neurons 
is proportional to the history of activity experienced by the neuron. We 
next tested the theoretical role of PDP1 as an initiator of this metabolic 
acceleration by removing it from Letm1 KD neurons. In the absence of 
PDP1, Letm1 KD-mediated ATP accumulation was abolished (Fig. 2d,e), 
consistent with our experimental measurements (Fig. 2a–c). Together, 
these modelling and experimental results suggest that slowing down 
mitochondrial Ca2+ extrusion rates in neurons firing at physiological 
rates can be sufficient to increase their metabolism.

Mitochondrial metabolism generates ATP using pyruvate as the 
main carbon source. Increased presynaptic metabolism in Letm1 KD 
neurons, thus, should require corresponding increases in pyruvate 
import fluxes into mitochondria. Cytosol-to-mitochondria pyruvate 
flux can be measured using genetically encoded sensors for cytosolic 
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Fig. 2 | Prolonged retention of mitochondrial Ca2+ in Letm1 KD increases 
activity-dependent mitochondrial ATP production in rodent hippocampal 
neurons. a, Representative images of ATP levels (green) measured at 
presynapses (red) with Syn-ATP in control, Letm1 KD and dual Letm1 KD + PDP1 
KD neurons. Pseudocolour calibration bar indicates range of luminescence. 
Scale bars, 10 μm. b, Resting synaptic ATP levels in control, Letm1 KD and dual 
Letm1 KD + PDP1 KD neurons, together with control and Letm1 KD neurons with 
chronic TTX treatment. Left, P values were determined using a Kruskal–Wallis 
test (*P = 0.0142; n = 21 for control, n = 27 for Letm1 KD, n = 7 for Letm1/PDP1 
KD, n = 8 for control + TTX, and n = 9 for Letm1 KD + TTX, H = 12.46, followed by 
Dunn’s multiple-comparisons test. Post hoc P values: control versus Letm1 KD, 
**P = 0.0058; control versus Letm1/PDP1 KD, NS, P > 0.9999; Letm1 KD versus 
Letm1/PDP1 KD, *P = 0.0370. Right, P value was determined using an unpaired 
two-tailed t-test. Control + TTX versus Letm1 KD + TTX, NS, t15 = 0.0026, n = 8, 
n = 9, P > 0.9980. c, Resting presynaptic ATP levels measured with the FRET ATP 
sensor ATeam 1.03. P value was determined using a two-tailed Mann–Whitney 
U-test (*P = 0.0357; n = 33 for control, n = 25 for Letm1 KD, U = 279). Experiments 

shown in a–c were done in 1.25 mM lactate and 1.25 mM pyruvate with no glucose. 
d, Model output 1: Computational simulation of 10,000 s of the evolution of 
ATP dynamics in control, Letm1 KD and dual Letm1 KD + PDP1 KD neurons with 
neuronal activity of ~2 Hz. y-axis units are arbitrary. e, Model output 2: fold 
change in ATP levels at the end of the 10,000-s simulation for control, Letm1 
KD and dual Letm1 KD + PDP1 KD neurons firing with different mean firing rates 
(0 Hz, 1 Hz, 2 Hz, 5 Hz and 10 Hz). f, Representative traces of cytosolic pyruvate 
accumulation upon inhibition of mitochondrial metabolism with sodium azide 
in rat hippocampal neurons for control and Letm1 KD conditions. Pyruvate is 
measured using the FRET sensor Pyronic. g, Rate of pyruvate accumulation in 
control and Letm1 KD neurons. P value was determined using a two-tailed  
Mann–Whitney U-test (**P = 0.0021, n = 19 for control, n = 18 for Letm1 KD, U = 72). 
h, Model output 3: pyruvate consumption during 10,000 s for control, Letm1 
KD and dual Letm1 KD + PDP1 KD neurons firing with different mean firing rates 
(0 Hz, 1 Hz, 2 Hz, 5 Hz and 10 Hz). Consumption is calculated as the change in 
pyruvate levels from start to end. Data are represented as the mean ± s.e.m. See 
also Extended Data Figs. 3 and 4. a.u., arbitrary units.
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pyruvate, such as the FRET sensor Pyronic93, in the presence of agents 
that acutely block mitochondrial pyruvate consumption. This para-
digm generates cytosolic pyruvate accumulation at a pace that indi-
rectly reflects pyruvate uptake into mitochondria19,93,94. We expressed 
Pyronic in wild-type and Letm1 KD primary neurons, blocked pyruvate 
import using sodium azide (a potent inhibitor of mitochondrial com-
plex IV that stalls pyruvate import) and quantified pyruvate accumu-
lation rates, showing that Letm1 KD neurons presented a significantly 
faster increase in the Pyronic ratio (Fig. 2f,g). We next simulated pyru-
vate consumption at different frequencies, which suggested that 
Letm1 KD neurons should present increased pyruvate consumption 
as a consequence of their increased metabolism (Fig. 2h). Together, 
these pyruvate flux measurements and simulations, although indirect, 
provide additional data suggesting that Letm1 KD neurons present 
increased metabolic rates.

Letm1 controls mitochondrial Ca2+ and neuronal  
metabolism in vivo
We next sought to establish in vivo the role of Letm1 in controlling 
neuronal metabolism in neurons and assess its putative impact on 
brain function and behaviour. Given that Letm1 is conserved across 
eukaryotes48 and is expressed in the fly brain, including MB neurons95, 
we first asked whether its function was conserved between rodents 
and flies. We expressed Mito4x-GCaMP6f in rat hippocampal neurons, 
knocked down endogenous Letm1 and re-expressed shRNA-resistant 
full-length Drosophila Letm1. We found that Drosophila Letm1 effec-
tively rescued the impairment in mitochondrial Ca2+ efflux observed in 
rodent Letm1 KD neurons (Fig. 3a), suggesting functional equivalence 
between Drosophila Letm1 and its rat homologue.

Memory formation following classical Pavlovian aversive olfactory 
conditioning in D. melanogaster96–98 has emerged as a key example of 
a cognitive function that is modulated by neuronal metabolism19,23,99. 
Given that LTM formation upregulates mitochondrial metabolism of 
MB neurons after associative training19,23,99, we next asked whether 
reducing Letm1 levels in α/β neurons could lead to increased mito-
chondrial Ca2+ retention and further enhance their metabolic state 
after training, thereby reshaping the dynamics of memory formation at 
the behavioural level. Following the paired delivery of an odour and an 
electric shock, flies form an avoidance memory that is encoded in neu-
rons of the MB, a major integrative centre of insect brains that is con-
sidered functionally analogous to the mammalian hippocampus100,101.  

In wild-type flies, a single pairing of odour and shock (1×) forms a 
memory lasting only a few hours96. However, it is only when repeated 
sessions of odour and shock are presented spaced in time that LTM of 
the aversive olfactory stimulus is formed96. Olfactory conditioning acti-
vates mitochondrial metabolism in a specific group of neurons called 
α/β neurons19,102,103. However, this metabolic activation is complexly 
connected with how long the memory lasts. A short 1× training session 
causes a quick rise in pyruvate flux to mitochondria23 that is tempo-
rary and no longer detectable 3 h after conditioning99. The 5× spaced 
training, in contrast, leads to an extended period of increased mito-
chondrial pyruvate flux observable up to 8 h after conditioning99. This 
long-lasting upregulation of pyruvate usage in MB neurons reflects an 
early acceleration of mitochondrial metabolism that enables LTM19,99.

To explore the role of Letm1 in neuronal metabolism in vivo, we first 
studied how reducing Letm1 expression in MB neurons impacts mito-
chondrial Ca2+ retention after 1× training (1× paired training) or after an 
unpaired protocol in which the electric shock is temporally dissociated 
from the odour (1× unpaired training; Extended Data Fig. 5a and Meth-
ods). Previous work in Drosophila neurons showed that using Ca2+ sen-
sors with low-micromolar affinity facilitates measuring mitochondrial 
Ca2+ dynamics104 despite this not being the case in cultured mammalian 
neurons13. To robustly measure mitochondrial Ca2+ in vivo in flies, we 
generated a low-affinity (LA) variant of GCaMP6s (LA-GCaMP6s) by 
introducing the single point mutation p.AspD362Ile that previously 
resulted in a low-micromolar-affinity shift for GCaMP3 (ref. 62). We 
measured the biophysical properties of LA-GCaMP6s in purified pro-
tein at room temperature and 37 °C and found that it presented an EC50 
of ~6 μM in both cases while preserving the dynamic range of GCaMP6s 
(Supplementary Table 2 and Extended Data Fig. 5b,c). Mitochondrial 
expression of this variant (Mito4x-LA-GCaMP6s) enabled detecting 
activity-driven mitochondrial Ca2+ responses in axons of cultured 
neurons and the slower mitochondrial Ca2+ extrusion of Letm1 KD 
neurons (Extended Data Fig. 5d,e). We generated flies that co-expressed 
Mito4x-LA-GCaMP6s and the fluorescent protein mCarmine in α/β 
MB neurons under the control of the same GAL4 driver (Fig. 3b), 
and quantified mitochondrial Ca2+ levels in the α-lobes by measur-
ing the fluorescence ratio of these two indicators. Training-induced 
changes in mitochondria Ca2+ levels were determined by compar-
ing flies submitted to paired or unpaired protocols. In control flies, 
no learning-induced calcium elevation was detected either imme-
diately or 3 h after conditioning (Fig. 3c and Extended Data Fig. 5f).  

Fig. 3 | Letm1 KD increases MB metabolism and improves LTM in flies.  
a, Mitochondrial Ca2+ efflux (t1/2) in rat axonal mitochondria following stimulation 
(20 APs 20 Hz) in control, Letm1 KD neurons and Letm1 KD neurons expressing 
Drosophila Letm1. This experiment was performed in the same batch as Fig. 1f. 
P values were determined using a Kruskal–Wallis test (***P < 0.0003; n = 19 for 
control, n = 13 for Letm1 KD and n = 5 for Letm1 KD + fly Letm1, followed by  
Dunn’s multiple-comparisons test versus control. P values: Letm1 KD versus 
control, ***P = 0.0002; Letm1 KD + fly Letm1 versus control, NS, P > 0.9999).  
b, Mitochondrial Ca2+ levels were recorded in the vertical α-lobes of the MB of 
flies (tub-Gal80ts, c739-Gal4; UAS-mCarmine > UAS-Mito4x-LA-GCaMP6s) using 
two-photon microscopy as shown in the figure (white circle). These lobes consist 
of axonal projections of the MB neurons. Scale bar, 20 μm. c, Mitochondrial 
Ca2+ levels shown as the ratio of Mito4x-LA-GCaMP6s to mCarmine in control 
and Letm1 KD flies, measured 0.5–1.5 h after exposure to either 1× paired or 
unpaired protocol. P value for control flies was determined using an unpaired 
t-test (NS, P = 0.06; n = 16, 17, t31 = 1.955). P value for Letm1 KD flies was determined 
using an unpaired t-test (**P = 0.005; n = 16, 16; t30 = 3.038). Each group is shown 
normalized to the corresponding unpaired condition. d, Rates of cytosolic 
pyruvate accumulation after mitochondrial metabolism is blocked using sodium 
azide (black arrow) in control and Letm1 KD flies subjected to either 1× paired or 
unpaired protocol. Traces correspond to the mean ± s.e.m. of changes in CFP/
YFP ratio (ΔR) normalized to the initial signal (R0) of Pyronic (ΔR/R0). e, Rate 
of pyruvate accumulation in MB neurons of control (tub-Gal80ts,c739;UAS-
pyronic/+) and Letm1 KD flies (tub-Gal80ts,c739;UAS-pyronic > Letm1 RNAi 

no. 1) undergoing 1× paired or unpaired protocols. P value for control flies was 
determined using a two-tailed Mann–Whitney U-test (NS, P = 0.2973; n = 9,9; 
U = 28). P value for Letm1 KD flies was determined using a two-tailed Mann–
Whitney U-test (**P = 0.0048; n = 11,10; U = 16). f,g, Letm1 RNAi flies were used 
to test memory. Genotypes include control 1 (dark grey, tub-Gal80ts,c739/+), 
control 2 (light grey, +/Letm1 RNAi no. 1) and Letm1 KD (tub-Gal80ts,c739>Letm1 
RNAi no. 1). f, MTM tested 3 h after 1× conditioning in control and Letm1 KD flies. 
Group differences were assessed with a one-way analysis of variance (ANOVA; 
n = 12 per group). ANOVA: F(2,33) = 0.6233, P = 0.5424. g, LTM tested 24 h after 1× 
conditioning in control and Letm1 KD flies was increased in Letm1 RNAi flies (one-
way ANOVA F(2,51) = 4.338, P = 0.0182, n = 18, 18, 18, Tukey’s post-test control 
1 versus Letm1 KD, *P = 0.0387; control 2 versus Letm1 KD, *P = 0.0338, control 
1 versus control 2, NS, P = 0.9983). h, LTM tested 24 h after 1× conditioning in 
control, Letm1 KD, PDP KD and Letm1;PDP dual KD flies. Increase in LTM by Letm1 
KD (RNAi line no. 2, GD2208) was not observed if PDP RNAi is co-expressed. 
Genotypes include from left to right: tub-Gal80ts,c739/+; +/Letm1 RNAi no. 2, 
PDP RNAi; tub-Gal80ts,c739/Letm1 RNAi no. 2; tub-Gal80ts,c739/PDP RNAi and; 
tub-Gal80ts,c739/Letm1 RNAi no. 2, PDP RNAi. Group differences were assessed 
with a one-way ANOVA (n = 12 per group). ANOVA: F(4,55) = 5.141, P = 0.0014. 
Tukey’s post-test: tub-Gal80ts,c739/Letm1 RNAi no. 2 versus tub-Gal80ts,c739/+ 
*P = 0.0113; versus +/Letm1 RNAi no. 2, PDP RNAi **P = 0.0017; versus tub-
Gal80ts,c739/PDP RNAi **P = 0.0059, versus tub-Gal80ts,c739/Letm1 RNAi 
no. 2, PDP RNAi *P = 0.0459. Data are represented as the mean ± s.e.m. See also 
Extended Data Figs. 5 and 6.
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However, Letm1 KD resulted in an increase in mitochondrial Ca2+ 
levels just after training (Fig. 3c). This effect was transient, as mito-
chondrial Ca2+ levels returned to baseline by 3 h after training 
(Extended Data Fig. 5f). These results show that Letm1 KD enhances 
mitochondrial Ca2+ retention in MB neurons immediately after asso-
ciative training, in agreement with data in cultured neurons showing 
increased mitochondrial Ca2+ retention after neuronal activity.

To study whether transient changes in mitochondrial Ca2+ result 
in longer-lasting changes in metabolism in vivo, we next expressed 
Pyronic in α/β neurons of the adult Drosophila MB. Using two-photon 
microscopy, we first measured mitochondrial pyruvate usage 
in vivo in α/β neurons of control adult flies after 1× training or after 
an unpaired protocol, as previous work indicated that differences 
in experience-driven pyruvate accumulation reflected changes in 
mitochondrial metabolism specifically19. Similarly to rodent neurons 
in vitro (Fig. 2f,g), we quantified pyruvate accumulation rates in vivo 
following blocking mitochondrial pyruvate import, as a readout of 
cytosol-to-mitochondria pyruvate flux19 (Fig. 3d). We confirmed that 

3 h after 1× training, mitochondrial pyruvate flux was not accelerated in 
α/β neurons of wild-type flies (Fig. 3d), as previously reported99. How-
ever, we found that Letm1 KD flies that were exposed to 1× paired con-
ditioning presented a clear upregulation in cytosol-to-mitochondria 
pyruvate flux by ~75% when compared to Letm1 RNAi flies that received 
an unpaired protocol (Fig. 3d,e). These results suggest that reducing 
Letm1 expression in MB neurons increases neuronal metabolism in vivo 
after associative training.

Letm1 controls fly LTM through Ca2+-mediated upregulation of 
mitochondrial metabolism
A lack of sustained metabolic increases in MB neurons after associa-
tive olfactory training precludes the success of LTM formation19,99. 
This concept presents two major predictions with respect to Letm1 
function: (1) Letm1 KD flies, which already present a marked increase 
in MB metabolism after 1× training (Fig. 3d,e), should be capable of 
forming LTM in these conditions; and (2) the absence of Letm1 should 
not modulate other shorter-lived types of memories that do not 
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require long-lasting adaptations in metabolism, such as middle-term 
memory (MTM)19,99. To examine this hypothesis, we first measured 
MTM 3 h after 1× training and found no significant behavioural dif-
ferences between wild-type and Letm1 KD flies, as expected (Fig. 3f). 
We validated this result using a second non-overlapping Letm1 RNAi 
fly line (Extended Data Fig. 6a). Using each of the Letm1 KD fly lines, 
we next examined LTM 24 h after 1× conditioning and found robust 
LTM formation exclusively when the expression of Letm1 was reduced 
(Fig. 3g and Extended Data Fig. 6b), indicating Letm1 has a functional 
role in modulating LTM. Using both RNAi lines, we confirmed that no 
increase in memory was observed when Letm1 RNAi was not induced 
(Extended Data Fig. 6c) and that expression of either of the two Letm1 
RNAi constructs did not alter the flies’ innate avoidance responses to 
odour or electric shock (Extended Data Fig. 6d,e). When subjected to 
classical 5× space training protocols, Letm1 KD flies formed normal 
LTM as compared to genotypic controls (Extended Data Fig. 6f). Lastly, 
using quantitative PCR, we validated that both RNAi were able to reduce 
the expression of Letm1 in adult MB neurons (Extended Data Fig. 6g). 
Altogether, these results show that reducing the expression of Letm1 
in adult MB α/β neurons facilitates associative LTM in conditions in 
which wild-type flies do not form LTM.

Since Letm1 KD controls both mitochondrial Ca2+ retention and 
neuronal metabolism, we examined whether the facilitation in LTM 
induced by Letm1 KD is driven by Ca2+-mediated upregulation of metab-
olism by PDP. To test this idea, we investigated 24-h memory formed 
after 1× training in flies expressing both PDP and Letm1 RNAi in MB neu-
rons using a previously validated PDP RNAi19. Consistent with previous 
results, Letm1 RNAi flies presented robust memory performance 24 h 

after 1× conditioning, whereas the dual Letm1;PDP RNAi flies presented 
low memory scores indistinguishable from genotypic controls or PDP 
RNAi flies (Fig. 3h), showing that the absence of PDP hinders Letm1 
KD-mediated LTM facilitation. These results indicate that disrupting 
the ability of mitochondria to modulate metabolism in response to Ca²⁺ 
eliminates the capacity of Letm1 to modulate LTM, thus suggesting that 
Letm1 KD allows LTM formation after 1× conditioning by regulating 
mitochondrial Ca2+ homeostasis.

Letm1 modulates LTM across species
Given that the function of Letm1 as a mitochondrial Ca2+ exporter is con-
served between flies and rodents (Fig. 3a), we next investigated whether 
Letm1 deficiency could control associative olfactory LTM in mice. To 
examine this hypothesis, we leveraged the miR-30 system105,106 to design 
viral constructs that express both mRFP1 and control or Letm1-specific 
shRNA sequences under the same promoter exclusively in excitatory 
principal neurons (Extended Data Fig. 7a). As the hippocampus acts as 
a major integrative centre of sensory information in rodents100,101, we 
bilaterally injected adeno-associated viruses (AAVs) carrying these con-
structs into the dorsal hippocampus of mice (Fig. 4a,b). We confirmed 
by western blot analysis of dissected hippocampi that this approach 
reduced Letm1 levels by ~80% (Fig. 4c). Notably, this genetic dele-
tion did not impact locomotor activity as no significant differences 
were observed between Letm1 KD mice and controls (Extended Data  
Fig. 7b–e). However, lacking Letm1 for weeks should favour mito-
chondrial Ca2+ retention during the naturally occurring firing events 
in the hippocampus in vivo, favouring the over-activation of PDP1  
and the dephosphorylation of PDHc in this population of neurons. 
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Fig. 4 | Letm1 KD modulates metabolism and improves LTM formation in 
rodents. a,b, Visualization of the hippocampal brain region injected with the 
corresponding viral constructs, showing mRFP1 fluorescence in red and DAPI 
in blue. Scale bars, 500 μm. c, Left, representative western blot showing levels 
of Letm1 and β-actin proteins in lysates from dissected hippocampi of control 
and Letm1 KD mice. Right, quantification of Letm1 expression relative to 
controls. P value was determined using a two-tailed Wilcoxon signed-rank test 
(**P = 0.0078; n = 8; W = −36). d, Left, representative western blot showing levels 
of phosphorylated PDH (pPDH-S293) and total PDH in lysates from dissected 
hippocampi of control and Letm1 KD mice. Right, quantification of pPDH-S293 

intensity relative to total PDH. P value was determined using a two-tailed 
Wilcoxon signed-rank test (**P = 0.0078; n = 8; W = 36). e, Schema showing the 
aversive olfactory conditioning paradigm in mice for MTM and LTM. f, MTM in 
control and Letm1 KD mice shows no difference between conditions. P value for 
MTM was determined using a two-tailed Mann–Whitney test (NS, P = 0.9395; 
n = 8 for control and n = 8 for Letm1 KD; U = 31). g, LTM in control and Letm1 KD 
mice shows that memory is only preserved in mice expressing Letm1 KD in the 
hippocampus. P value for LTM was determined using a two-tailed Mann–Whitney 
test (*P = 0.0303; n = 8 for control and n = 8 for Letm1 KD; U = 11.5). Data are 
represented as the mean ± s.e.m. See also Extended Data Fig. 7.

http://www.nature.com/natmetab


Nature Metabolism | Volume 8 | February 2026 | 467–488 475

Article https://doi.org/10.1038/s42255-026-01451-w

Thus, we measured the phosphorylation state of PDH from dissected 
hippocampi of Letm1 KD mice and confirmed a strong reduction in 
PDH phosphorylation (Fig. 4d), indicating that Letm1 modulates the 
metabolic state of hippocampal neurons in vivo.

Following paired delivery of odour and aversive stimulus, the 
hippocampus is required for the consolidation of olfactory aversive 
memories107–109. We thus implemented an olfactory aversive condi-
tioning protocol, outlined in Fig. 4e (also see Methods), to evaluate 
whether neuronal Letm1 can modulate olfactory LTM formation in 
rodents. After 2 days of habituation to water deprivation conditions, 
stereotaxically injected mice were exposed to two distinct pairing 
sessions: on day 3, mice were exposed to an odorized water bottle 
(CS+) paired with an injection of the unpleasant chemical lithium 
chloride (LiCl), which causes gastric malaise in rodents and generates 
aversion. On day 4, mice were exposed to a different odorized water 
bottle (CS−) coupled with a neutral saline (NaCl) injection. Lastly, 
on day 5 and day 15, two-choice tests were performed to assess the 
olfactory memory performance of both control and Letm1 KD mice 
at middle-term or long-term stages. We first measured MTM in mice 
1 day after conditioning, and found that both wild-type and Letm1 KD 
mice presented robust MTM (Fig. 4f and Extended Data Fig. 7f). This 
result is consistent with findings in flies, which also exhibit similar 
levels of MTM following conditioning (Fig. 3f). However, when we 
evaluated LTM after 10 days, we found that memories were preserved 
exclusively in Letm1 KD mice (Fig. 4g and Extended Data Fig. 7g), 
indicating a functional role of Letm1 in regulating mouse olfactory 
LTM. We found no differences between control and Letm1 KD mice 
either in water consumption capacity (Extended Data Fig. 7h) or 
in the effectiveness of each odour as CS+ (Extended Data Fig. 7i,j). 
These results indicate that the loss of function of Letm1 in the mouse 
hippocampus increases neuronal mitochondrial metabolism and 
facilitates associative LTM. Collectively, our results observed across 
species suggest an evolutionarily conserved role for Letm1 in shap-
ing experience-induced adjustments in neuronal metabolism within 
integrative associative memory centres, thereby controlling the 
formation of long-term olfactory memories.

Discussion
Expensive energy usage in neurons must be limited to avoid unneces-
sary overconsumption of fuels in the brain that could otherwise be 
useful for survival. During neuronal activity, synapses synthesize the 
exact levels of energy that are consumed during each firing event, 
without underproducing or overproducing ATP. While the work of 
several laboratories has identified how mitochondrial metabolism is 
upregulated on demand in activated neurons to preserve the metabolic 
integrity of synapses8,10,29,35,83,110,111, the importance and the molecular 
identity of mechanisms slowing down mitochondrial metabolism after 
firing have remained elusive.

In this study, we found that the efficiency of mitochondrial Ca2+ 
extrusion is actively tuned during neuronal activity to control mito-
chondrial metabolism and the metabolic state of neurons. Our obser-
vations indicate that Letm1, together with NCLX49,51, is essential in 
controlling this process. Our results suggest that Letm1 and NCLX may 
have differing modes of action, as indicated by two lines of evidence. 
First, ablating Letm1 does not alter resting mitochondrial Ca2+ levels, 
while impairing NCLX function increases mitochondrial Ca2+ at rest50,53, 
suggesting NCLX also controls constitutive Ca2+ efflux. This result likely  
reflects the higher affinity for Ca2+ of NCLX compared to Letm1  
(refs. 47,112,113) and its mode of activation. While NCLX continuously 
exports Ca2+ through the thermodynamically favourable Na+ gradient 
and the membrane-potential exchange cycle53, the EF-hand domains 
in Letm1 enable its activation selectively during mitochondrial Ca2+ 
increases, such as those seen during neurotransmission, suggesting 
that Letm1 function in neurons is activity driven and it does not par-
ticipate in mitochondrial Ca2+ efflux in resting conditions.

Despite that the expression of Letm1 is ubiquitous63 and its role 
as a Ca2+/H+ exchanger has been already shown in several different 
tissues45,46,48, the precise mechanism of Letm1-mediated mitochondrial 
Ca2+ exchange remains an active area of debate. Letm1 was initially 
proposed to drive 1Ca2+/1H+ electrogenic transport45. However, to drive 
electrogenic Ca2+ efflux, Letm1 would require either matrix Ca2+ in the 
high micromolar range or pronounced reductions in mitochondrial 
membrane potential114,115. Our results do not support such a 1Ca2+/1H+ 
stoichiometry because (1) during physiological activity mitochondrial 
Ca2+ increases up to ~425 nM, far from high micromolar levels, and (2) we 
observe robust axonal mitochondrial Ca2+ uptake, which suggests that 
axonal mitochondria are not depolarized as it would be required for 
electrogenic efflux. Alternatively, our observations support that Letm1 
acts as an electroneutral Ca2+/H+ antiporter with a 1:2 exchange ratio, 
as proposed by work in reconstituted liposomes and non-neuronal 
cells45–47. Letm1 has also been proposed to exchange K+ for H+116,117. 
Although the affinity for K+ appears to be markedly less than for Ca2+47, 
future work should be aimed at clarifying the role of Letm1 in axonal 
mitochondrial K+ dynamics and dissecting whether it could have any 
role in modulating metabolism. On the other hand, by acting as a Ca2+/
H+ exchanger, Letm1 should also transport H+ ions into the mitochon-
drial matrix. Letm1 KD neurons present accumulation of presynaptic 
ATP and increased pyruvate usage rates, and it is likely that the actions 
of both Ca2+ and H+ together contribute to such activity-dependent 
regulation of mitochondrial metabolism in neurons.

While previous work showed that mitochondrial Ca2+ enhances ATP 
synthesis only within a limited range39, we estimate that neuronal activ-
ity increases mitochondrial Ca2+ moderately up to 400–500 nM, far 
from the high mitochondrial Ca2+ levels observed to inhibit OXPHOS39. 
Such increases are also in the right range to activate PDP1 efficiently, 
as in vitro measurements of rat PDP1 activation show a half-maximal 
effective concentration (EC50) for Ca2+ of 400 nM118, supporting that 
the coupling between cytosolic and mitochondrial Ca2+ can increase 
mitochondrial metabolism. We used computational modelling to 
explore the possible theoretical relationships between mitochon-
drial Ca2+ transients and the synergistic modulation of the multiple 
complex metabolic processes occurring during neuronal activity. 
This approach suggested that a decrease in mitochondrial Ca2+ influx 
rates could be sufficient to modulate mitochondrial metabolism, 
and that the first step of acceleration by increasing PDH activity is 
theoretically well positioned to gate the acceleration of the subse-
quent reactions. Interestingly, our results in vivo in flies show that 
increases in mitochondrial Ca2+ after training are relatively brief, 
implying that PDP1 activation should be short-lived and conclude 
within 3 h after training. However, metabolic changes in MB neurons 
persist for a longer duration, as demonstrated by elevated pyruvate 
utilization several hours after training. Although PDP1 activation itself 
may be transient, the resulting PDHc dephosphorylation is likely to 
persist until actively reversed by pyruvate dehydrogenase kinase. 
Thus, we propose that brief mitochondrial Ca2+ elevations enable 
sustained increases in mitochondrial metabolism, effectively integrat-
ing a brief aversive experience lasting only seconds into metabolic 
responses maintained for hours. Such prolonged metabolic activation 
is well positioned to support the long-lasting metabolic demands of  
LTM formation.

Electrical and chemical signalling within and between neurons 
impose considerable metabolic challenges that, if not properly 
met, lead to a decline in cognitive performance119–121. Conversely, 
experimental increases in brain fuel availability markedly improve 
the cognitive abilities of rodents and humans22,122–124. These observa-
tions, combined with our data demonstrating that removal of Letm1 
from memory centres facilitates LTM across species, suggest that the 
metabolic state of neurons could act as a master modulator of circuit 
function by enabling or limiting energy expenditure. However, while 
a robust facilitation in memory formation could be seen as beneficial, 
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there are two main drawbacks that probably counteracted the selec-
tion of this mechanism during evolution: (1) forming memories based 
on associations occurring a single time does not necessarily lead to 
increased survival, as the aversive and innocuous stimuli may simply 
coincide in a random fashion, thus providing no useful information 
for future aversive behaviours; and (2) encoding memories comes 
with a high metabolic cost and should only occur in conditions in 
which it is necessary20. Thus, evolution has likely unified the cogni-
tive and energetic constraints that are imposed on memory, limiting 
both energetic costs and useless memory associations unless they are 
ecologically relevant, as for example when the associative event has 
occurred several times.

In our study, we use mitochondrial ATP production and pyruvate 
consumption as parameters for measuring the metabolic state of neu-
rons. However, these two specific metabolic factors alone are unlikely 
to fully account for the observed changes in memory performance. 
Indeed, increases in mitochondrial metabolism should influence a 
myriad of neuronal and metabolic pathways, including reactive oxygen 
species signalling125,126, neuronal excitability13,127, metabolite levels128, 
protein synthesis and/or gene expression128. These changes may occur 
as a consequence of alterations in post-translational modifications 
linked to metabolism, such as acetylation, which controls chromatin 
plasticity and memory129–131. Moreover, it was recently shown that 
calcium/calmodulin-dependent kinase II (CamKII), a key player in 
learning and memory132, regulates the fidelity and frequency of mito-
chondrial Ca2+ transients in response to neuronal activity69. CamKII, 
by shaping mitochondrial Ca2+ entry, could be a contributing factor 
to the enhanced memory observed in Letm1 KD animals. In our study, 
we used KD rather than knockout approaches, meaning that residual 
Letm1 protein remains. Future investigations should assess whether 
the observed memory benefits depend on the degree of Letm1 deple-
tion, perhaps using conditional Letm1 mice. While off-target effects 
of KD cannot be fully excluded, we mitigated this risk by using two 
independent RNAi constructs and performing rescue experiments. 
Future investigations, including omics approaches, will aim to unravel 
these complex molecular mechanisms and explore their role in modu-
lating neuronal function across various levels, from synaptic interac-
tions and cell-type-specific responses to broader circuit dynamics and 
behavioural outcomes.

In the future, further understanding the role of mitochondrial 
calcium dynamics in neuronal metabolism may be particularly relevant 
in the context of memory disorders. Bioenergetic dysfunction is a 
prominent feature in early stages of memory disorders such as Alzhei-
mer’s disease, in which dysfunctional mitochondria lead to debilitated 
metabolic states and consequently neurodegeneration133–135. In par-
ticular, as impaired mitochondrial metabolism alters both presynapse 
function10,32,136–138 and memory19,22,23,99,137, future experiments could 
explore whether reducing mitochondrial Ca2+ efflux could be used to 
rescue bioenergetic defects in early Alzheimer’s disease animal models, 
as Letm1 KD neurons present larger numbers of synapses and mito-
chondria, and facilitate memory formation. Overall, this work provides 
a theoretical and experimental framework to better understand the 
importance of the tight coupling between mitochondrial metabolism 
and neuronal function in health and disease, and define new molecular 
mechanisms controlling bioenergetics of neurotransmission, circuit 
physiology and behaviour across species.

Methods
Animals
Rodents. The rats used in the study to prepare primary cultures 
were either male or female, and were of the Sprague–Dawley strain 
Crl:CD(SD), which are bred worldwide by Charles River Laboratories 
according to the International Genetic Standardization programme. 
The experiments conducted in the study at the Paris Brain Institute 
were conducted at the PHENO-ICMice facility and adhered strictly 

to the guidelines outlined in the European Directive 2010/63/EU and 
the French Decree n° 2013-118 for the protection of animals used for 
scientific purposes. The glutamate uncaging experiments using rat 
pups (Fig. 1g,h and Extended Data Fig. 1l–o) were performed in accord-
ance with the Max Planck Florida Institute for Neuroscience IACUC 
regulations (protocol number 22-005). Rats were fed with a standard 
rat breeding diet (V132400, SSNIFF). C57BL/6J male mice (Charles 
River, France) of 7–8 weeks of age were used for behavioural studies 
to facilitate direct comparison of our results with our previous work in 
hippocampal memory that have predominantly used male mice139,140. 
Animals were grouped housed and maintained in an environment in 
which both temperature (20–24 °C) and humidity (40–70%) were con-
trolled. Mice were maintained under a 12-h light–dark cycle with food 
and water available ad libitum. All the experiments were performed 
during the dark phase of the light–dark cycle by a trained observer 
who was blind to experimental conditions. Animal procedures were 
conducted at the Parque de Investigación Biomédica de Barcelona 
and were in accordance with the standard guidelines of the European 
Directive on the protection of animals used for scientific purposes 
(2010/62/EU) and approved by the Animal Ethics Committee of the 
Parque de Investigación Biomédica de Barcelona. Mice were fed with 
the complete breeding vegetal diet for rats, mice and hamsters (SDS 
RM3 (P), Fibers for Life JRS).

Fly strains. Flies (D. Melanogaster) were maintained on a standard 
medium consisting of yeast, cornmeal and agar at 18 °C and 60% 
humidity under a 12-h–12-h light–dark cycle. The UAS-LETM1-RNAi 
lines correspond to HMS01644 (RNAi no. 1) from the Blooming-
ton Drosophila Stock Center and GD2208 (RNAi no. 2) from the 
Vienna Drosophila Resource Center; the UAS-PDP-RNAi corre-
sponds to GD31661 from the Vienna Drosophila Resource Center. 
The double RNAi line Letm1 no. 2, PDP was generated in this study 
using the above-mentioned RNAi lines. The tub-Gal80ts, c739-gal4; 
UAS-Pyronic was generated in this study from the previously described 
lines: UAS-Pyronic in Plaçais et al.19 and tub-Gal80ts, c739-gal4 in 
Turrel et al.141. To limit UAS/GAL4-mediated expression exclusively 
to the adult stage, the TARGET system was used142. The GAL4 activ-
ity was inhibited at 18 °C by a thermosensitive version of GAL80 
ubiquitously expressed under the control of the tubulin promoter 
(tubulin-GAL80ts), as previously reported19. The GAL4 activity was 
released by transferring adult flies to 30 °C for 2–3 days allowing the 
expression of the UAS-transgene (RNAi and/or Pyronic FRET sensor). 
For the generation of the UAS-Mito4x-LA-GCaMP6s Drosophila line, 
the CMV-Mito4x-LA-GCaMP6s (Addgene, 243810) was cloned into 
a pJFRC-MUH plasmid (Addgene, 26213)143 using Gibson Cloning. 
The resulting construct was verified by sequencing. For the genera-
tion of the UAS-mCarmine Drosophila line, the mCarmine pcDNA3 
plasmid (Addgene, 109486)144 was digested by EcoRI and BamHI. 
The resulting 746-bp fragment was purified by electrophoresis and 
cloned into a pJFRC-MUH plasmid (Addgene, 26213)143. The resulting 
construct was verified by sequencing. The molecular cloning was out-
sourced to RD-Biotech, France. Transgenic fly strains were obtained 
by site-specific embryonic injection of the resulting vector in the 
VK00005 landing site (third chromosome), which was outsourced to 
Rainbow Transgenic Flies. The tub-Gal80ts, c739-gal4; UAS-mCarmine 
was generated in this study from the above-described UAS-mCarmine 
line and tub-Gal80ts, c739-gal4 in Turrel et al.141.

Primary rat co-culture of postnatal neurons and astrocytes
All imaging experiments were performed in primary co-cultures of 
neurons and astrocytes obtained from the rat hippocampus. Postnatal 
day 0 (P0) to P2 rats of mixed gender were euthanized and their brains 
were dissected in a cold HBSS-FBS (1× HBSS, 20% FBS) solution to iso-
late the hippocampus, excluding the dentate gyrus. Hippocampi were 
washed with HBSS (Thermo Fisher Scientific, 14185045) and digested 
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in a trypsin-digestion solution containing DNase I (Merck, D5025) 
for 5 min. Trypsin (Merck, T1005) was neutralized by the addition of 
HBSS-FBS solution, following which the tissue was washed several times 
with HBSS solution. The tissue was then transferred to a dissociation  
(1× HBSS, 5.85 mM MgSO4) solution and was dissociated into single cells 
by gentle and repeated triturations. Next, as a washing step, the cells 
were pelleted by centrifugation and resuspended in HBSS solution. 
The cells were then pelleted again and resuspended in warmed plating 
media composed of MEM (Thermo Fisher Scientific, 51200038) supple-
mented with 20 mM glucose, 0.1 mg ml−1 transferrin (Merck, 616420), 
1% Glutamax (Thermo Fisher Scientific, 35050061), 24 μg ml−1 insulin 
(Merck, I6634), 10% FBS (Thermo Fisher Scientific, 10082147) and 2% 
N-21 (Bio-Techne, AR008). Finally, the cells were counted, and 38,000 
cells were plated into 4.7-mm-diameter cloning cylinders attached 
onto coverslips coated with poly-ornithine (Merck, P3655). Once the 
supporting glial cell layer was established 2–4 days after plating, the 
cells were shifted to ‘feeding media’ composed of MEM supplemented 
with 20 mM glucose, 0.1 mg ml−1 transferrin, 1% Glutamax, 24 μg ml−1 
insulin, 5% FBS, 2% N-21 and 4 μM cytosine β-d-arabinofuranoside 
(Merck, C6645). Cultures were incubated at 37 °C in a 95% air/5% CO2 
humidified incubator. At 5–8 days in vitro (DIV), neurons were trans-
fected using the calcium phosphate method based on a previously 
published protocol145. In brief, transfection was initiated by changing 
the medium to basal Advanced DMEM (Thermo Fisher Scientific, 12634-
010) without any supplements. The cells were then returned to the 
incubator for 1 h to equilibrate in the new media. During this time, the 
DNA–calcium (Ca2+)–phosphate (PO4) mixture was prepared accord-
ing to a previously published recipe146. The mixture was incubated for 
30 min to allow formation of the DNA–Ca2+–PO4 precipitate, which was 
then added to the cells ~1 h after media change. The cells were incubated 
with the precipitate for 1 h after which the medium was changed back 
to feeding medium. The cells were maintained in the incubator up to 
14–21 DIV before imaging. These mixed cultures are composed of 12.4% 
neurons, 75% astrocytes and 12.6% of cells that could be identified as 
neither neurons nor astrocytes (Extended Data Fig. 1a).

For cultures used in glutamate uncaging experiments shown 
in Fig. 1g,h and Extended Data Fig. 1l–o, conditions were as follows: 
hippocampal regions were dissected in artificial cerebrospinal fluid 
containing: 124 mM NaCl, 5 mM KCl, 1.3 mM MgSO4:7H2O, 1.25 mM 
NaH2PO4:H2O, 2 mM CaCl2, 26 mM NaHCO3 and 11 mM glucose (stored 
at 4 °C) and stored in hibernate E buffer (BrainBits, stored at 4 °C). 
Dissected hippocampi were dissociated using the Papain Dissociation 
System (Worthington Biochemical Corporation, stored at 4 °C) with a 
modified manufacturer’s protocol. In brief, hippocampi were digested 
in papain solution (20 units of papain per ml in 1 mM l-cysteine with 
0.5 mM EDTA) supplemented with DNase I (final concentration 95 
units per ml) and shaken for 30–60 min at 37 °C at 900 rpm. Digested 
tissue was triturated and set for 3 min, following which the supernatant 
devoid of tissue chunks was collected. The supernatant was centrifuged 
at 300g for 5 min and the pellet was resuspended in resuspension buffer 
(1 mg of ovomucoid inhibitor, 1 mg of albumin and 95 units of DNase I 
per ml in EBSS). The cells were forced to pass through a discontinuous 
density gradient formed by the resuspension buffer and the Ovomu-
coid protease inhibitor (10 mg per ml) with bovine serum albumin 
(BSA; 10 mg per ml) by centrifuging at 70g for 6 min. The final cell pel-
let devoid of membrane fragments was resuspended in Neurobasal-A 
medium (Gibco, stored at 4 °C) supplemented with Glutamax (Gibco, 
stored at −20 °C) and B27 (Gibco, stored at −20 °C). Cells were plated 
on poly-d-lysine-coated coverslips mounted on MatTek dishes at a 
density of 30,000–50,000 cells per cm2. Cultures were maintained 
at 37 °C and 5% CO2 with feeding every 3 days using the same medium 
until transfection. Transfections were performed 12 days after plating 
by magnetofection using Combimag (OZ biosciences, stored at 4 °C) 
and Lipofectamine 2000 (Invitrogen, stored at 4 °C) according to the 
manufacturer’s instructions.

Gene constructs
Constructs to specifically knock down Letm1 expression in primary 
cultures of rat neurons were designed using the Genetic Perturba-
tion Platform (Broad Institute) and cloned into various versions 
of the pLKO cloning vector as indicated in Supplementary Table 1. 
For most imaging experiments the BFP expression version of the 
Letm1 KD plasmid construct was used to confirm double transfec-
tion through fluorescence. In the case of Pyronic experiments, the 
miRFPnano version was used to avoid spectral overlap with the 
sensor. The target sequence used for shRNA KD of Letm1 in rats 
(pLKO-U6-sh1-Letm1(rat)-hPGK-mTagBFP2; Addgene, 212664) was 
5′-CCTTCCAGAAATTGTGGCAAA-3′. Rat Letm1 presents three very 
similar isoforms (Canonical, ENSRNOT00000099794.2, Letm1-
202, 760 amino acids long; ENSRNOT00000022540.8 Letm1-201, 
739 amino acids long; ENSRNOT00000147310.1, Letm1-203, 734 
amino acids long). Our target sequence is located in exon 8, which 
is identical in all three isoforms. The target sequence against rat 
Pdp1 for shRNA KD was 5′-ATTATTGCCTACAGCATGGCG-3′, which 
was expressed in the same pLKO vector under the H1 promoter 
together with the Letm1 shRNA under the U6 promoter. For the 
rescue experiments, Mito4x-GCaMP6f was cloned into a plasmid 
with a CaMKII promoter and an IRES2 sequence to express two cod-
ing sequences. This was done by the Gibson cloning method using 
NEBuilder HiFi DNA Assembly Master Mix (E2621, NEB). Individual 
rat Letm1 and Drosophila Letm1 protein-coding sequences were 
obtained from the Ensembl genome browser, and plasmids contain-
ing these sequences were synthesized using Invitrogen GeneArt Gene 
Synthesis. Site-directed mutagenesis using the Q5 Site-Directed 
Mutagenesis Kit (NEB) was performed to inactivate the Ca2+ coor-
dinating amino acids in the EF-hand of Letm1. The aspartate (D) 
amino acids at positions 276 and 280 were replaced by alanine. We 
designed the Letm1–mRFP1 construct to express rat Letm1, fol-
lowed by a short linker (RPVVAV) and mRFP1 and synthesized this 
construct at GeneArt (Thermo Fisher Scientific), where it was cloned 
into pcDNA3.1 to be expressed under the CMV promoter. In the 
multiple cloning site located after the IRES2 sequence, the synthe-
sized shRNA-resistant Letm1 coding sequences were cloned using 
restriction enzyme cloning, generating the following constructs: 
CamKII-Mito4x-GCaMP6f-IRES2-MCS, CamKII-Mito4x-GCaMP6f-IRE
S2-rat-Letm1, CamKII-Mito4x-GCaMP6f-IRES2-rat-Letm1-ΔEF-hand 
and CamKII-Mito4x-GCaMP6f-Drosophila-Letm1. For the mouse 
behaviour experiments, the microRNA encoding plasmids and 
AAVs—pAAV-Camk2a(short)-mRFP1.Letm1[miR-30-shRNA]-WPRE, 
pAAV-Camk2a(short)-mRFP1.Scramble[miR-30-shRNA]-WPRE and 
GCaMP6s p.AspD362Ile—were designed in the lab and generated by 
VectorBuilder (Supplementary Table 1). Mouse Letm1 has only one 
major protein-coding isoform (ENSMUST00000005431.6 Letm1-201, 
738 amino acids long). Other annotated mouse transcripts are trun-
cated or non-coding. Therefore, the target sequence is present in the 
main mouse isoform, and a single western blot band corresponding 
to this isoform is expected.

Synthetic DNA oligonucleotides were purchased from Integrated 
DNA technologies. Q5 high fidelity DNA polymerase (New England 
Biolabs, NEB) was used for all PCR amplifications. Isothermal assembly 
reactions were performed with a NEBuilder HiFi kit (NEB). Small-scale 
DNA isolation was performed with QIAprep Spin Miniprep Kit (Qiagen). 
The pRSET vector backbone was acquired from Life Technologies. 
Inserts and vector backbones were amplified by PCR amplification. Vec-
tor backbones and inserts were assembled by isothermal assembly with 
10–30-base-pair overlap, and sequence verified by Sanger sequencing 
(Azenta Life Sciences) or by nanopore full-plasmid sequencing (Plas-
midsaurus). pRSET plasmids encoding GCaMP6s147 and GCaMP6-150 
(ref. 62) were used from an in-house source ( Janelia Research Cam-
pus). Other plasmids used in this study, which have been previously 
described, are listed in Supplementary Table 1.
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Protein expression and purification of GCaMP6s, GCaMP-150 
and GCaMP6s p.AspD362Ile
For expression and purification of proteins, T7 express cells (NEB) 
were transformed with pRSET plasmids encoding the protein of 
interest. The bacteria were grown in auto-induction media using 
the Studier method148 with antibiotics at 30 °C for 48 h with shaking 
at 200 rpm. Cell pellets were collected by centrifugation, lysed in 
Tris-buffered saline (TBS; 19.98 mM Tris, 136 mM NaCl, pH 8.0), with 
n-octyl-β-d-thioglucopyranoside (5 g l−1)). Aggregations were disrupted 
by sonication and the lysate cleared by centrifugation. Protein purifica-
tion was performed on an N-terminal poly-histidine (His6) tag using 
HisPur Ni-NTA resin (Thermo Fisher Scientific), according to the manu-
facturer’s recommendations. Purified proteins were buffer exchanged 
into TBS using Amicon concentration filters (Merck). Protein aliquots 
were stored at 4 °C.

Calcium titrations in purified protein
To determine the calcium affinity and cooperativity of the calcium 
indicators, calcium titrations were performed in a buffer system made 
from ethylene glycol tetraacetic acid (EGTA) and Ca2+/EGTA from the 
Calcium Calibration Buffer Kit no. 1 (Invitrogen) or nitrilotriacetic acid 
(NTA) and Ca2+/NTA prepared using the pH titration method described 
by Tsien and Pozzan149. The solutions were mixed in specific ratios to 
generate known free calcium concentrations. The free Ca2+ concentra-
tion was calculated assuming the dissociation constant of EGTA for 
Ca2+ to be 150 nM at 22 °C and pH 7.2, and assuming the dissociation 
constant of NTA for Ca2+ to be 67 µM. In total, 2 µl of purified pro-
tein at around 20 µM was diluted into 98 µl of a pre-mixed solution of  
Ca2+/EGTA or Ca2+/NTA in black 96-well plates. Fluorescence intensities 
were read on a plate reader (Tecan Spark 20 M). Fluorescence intensity 
was measured at 26 °C and 37 °C. The excitation was set to 488 nm and 
emission was 525 nm. All bandwidths were set to 10 nm. Changes in 
fluorescence after addition of Ca2+ were calculated in Microsoft Excel. 
The fluorescence (y) was plotted against the free calcium concentration 
(x) and a four-parameter dose–response curve (variable slope) using 
GraphPad Prism software was fit where a is the value of fluorescence 
at the bottom of the curve, b is the value of fluorescence at the top of 
the curve, EC50 is the concentration of agonist that gives a response 
halfway between bottom and the top, and (n) is the hill or cooperative 
coefficient according to equation (1):

y(x) = a + xn(b − a)
xn + EC50

n (1)

Lentivirus production
HEK 293T cells were purchased from the American Type Culture Col-
lection (CRL-3216). They were transfected with the pLKO shRNA vector 
plasmid along with third-generation packaging, transfer and envelope 
plasmids, using the vesicular stomatitis virus G glycoprotein as the 
envelope protein with transient transfection in a medium contain-
ing chloroquine (Merck). The medium was replaced after 6 h and the 
supernatant was collected after 36 h. The supernatant was treated 
with DNase I (Roche) and then ultracentrifugation was carried out at 
60,000g for 90 min. The resulting pellet was resuspended in 0.1 M 
PBS, aliquoted and frozen at −80 °C until use. Lentivirus was produced 
at the iVector facility at the Paris Brain Institute in BSL2 facilities. The 
lentivirus production presented a titre of 4.01 × 109 viral particles per 
μl, measured by ELISA using the p24 ZeptoMetrix kit (Merck).

Primary culture of embryonic rat neurons for western blotting
To assess the efficiency of Letm1-targeted shRNA specifically in neu-
rons, we used primary cultures of rat embryonic neurons, which do 
not present astrocytes, allowing the assessment of Letm1 levels only 
from neurons. Pregnant rats (embryonic day 18) were euthanized by 
CO2 asphyxiation, and the embryos were then isolated onto sterile 

ice-cold HBSS solution, followed by the dissection of the cortex and 
the hippocampus. After removal of meninges, the tissue was digested 
with papain (Worthington Biochemical, LK003178) to isolate single 
cells. The dissociated cells were plated onto six-well plates coated with 
poly-d-lysine (Merck, P2636). Around 0.5 M cells were plated per well in 
plating media (prepared according to a previously published recipe150). 
At 5 DIV, half of the medium was replaced with maintenance media 
composed of BrainPhys Neuronal Medium supplemented with 2% (vol/
vol) SM1 (STEMCELL Technologies, 05792) and 12.5 mM d-(+)-glucose 
(Merck, G8270) in addition to 10 μM 5’-fluoro-2’-deoxyuridine (Fisher 
Scientific, 10144760). Media replacement was carried out every 4–5 
days. At 8 DIV, for assessing the different KD conditions, neurons were 
transduced with lentiviruses expressing the plKO-Letm1 shRNA or 
plKO-PDP1-shRNA-Letm1 shRNA constructs at a multiplicity of infec-
tion of 50.

Immunocytochemistry
Immunocytochemistry was performed on co-cultures at 17 DIV. Briefly, 
cells were fixed in 4% paraformaldehyde solution in PBS, washed, 
permeabilized using PBS 0.2% Triton X-100 (PBS-T) and blocked in 
PBS-T containing 3% BSA. Primary antibodies used were anti-MAP-2 
(AB183830, Abcam) and anti-GFAP (173008, Synaptic Systems), diluted 
at 1:200 in blocking solution overnight at 4 °C. Secondary antibod-
ies used were Goat anti-mouse IgG coupled to Alexa Fluor Plus 555 
(A32727, Invitrogen) and Goat anti-rabbit IgG coupled to Alexa Fluor 
488 (A11034, Invitrogen), diluted at 1:200 in blocking solution at 
room temperature for 2 h. Cells were washed in PBS three times after 
each antibody incubation. DAPI was included in the final wash. Cells 
were mounted in slides with fluorescence mounting media (F4680, 
Sigma-Aldrich). Images were acquired in a widefield Apotome Zeiss 
microscope at ×10 magnification covering the whole area containing 
cells. Analysis was performed manually using ImageJ by counting the 
total number of nuclei, the number of nuclei corresponding with the 
neuronal marker MAP-2 and the number of nuclei corresponding with 
the astrocytic marker GFAP. The percentage of neurons, astrocytes and 
unidentified cells was determined for every image and averaged for all 
images for each coverslip.

Western blotting
For analysis of protein levels of neurons in culture, lysates of embryonic 
neurons were prepared using RIPA buffer supplemented with 1× pro-
tease inhibitor cocktail (from 100×; Merck, P8849) and 1 mM phenyl-
methylsulfonyl fluoride (Roche, 10837091001) at 18 DIV. Lysates with 
30 μg of protein were loaded onto SDS–PAGE gels and transferred onto 
nitrocellulose membranes after separation. The blots were probed with 
anti-Letm1 (514136, Santa Cruz Biotechnology), anti-synaptophysin 1 
(101011, Synaptic Systems), anti-Total OXPHOS (110413, Abcam) and 
anti-PDP1 (84612-3-RR, Proteintech), and β-actin (PA5-85271, Thermo 
Fisher Scientific) was used as the loading control.

For analysis of protein levels of mouse hippocampus, mice 
were stereotaxically injected as described below with control virus 
(pAAV[mir-30]-CamK2(short)>mRFP1: scramble) or shLETM1 virus 
(pAAV[mir-30]-CamK2-mir-30-shRNA no. 1]: WPRE). Mice were eutha-
nized and hippocampi were obtained. Given that mRFP1 has a naturally 
visible red colour due to its chromophore, we dissected the dorsal 
region of the hippocampus that appeared red by eye and prepared 
lysates using RIPA buffer supplemented with 1× protease inhibitor cock-
tail (from 100×; Merck, P8849) and 1 mM phenylmethylsulfonyl fluoride 
(Roche, 10837091001). Lysates with 30 μg of protein were loaded onto 
SDS–PAGE gels and transferred onto nitrocellulose membranes after 
separation. The blots were probed with anti-Letm1 (514136, Santa Cruz 
Biotechnology), anti-PDH E1 Alpha (Proteintech, 18068-1-AP), anti 
phospho-293 PDH (Proteintech, 84612-3-RR) and β-actin (PA5-85271, 
Thermo Fisher Scientific). Chemiluminescence images of the blots  
were obtained using Clarity Max ECL Western Blotting Substrate 
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(Bio-Rad, 1705062) and the Chemi-doc Touch imaging system (Bio-Rad) 
following which the blots were quantified using the Image Lab 
(Bio-Rad) software.

All primary antibodies were prepared in 10% skimmed milk (Sigma, 
70166) dissolved in TBS-Tween 0.2%, except for the anti-Total OXPHOS, 
which was prepared in 5% BSA in TBS-Tween. The primary antibodies 
and dilutions used in this study were anti-Letm1 (1:1,000 dilution), 
anti-PDH E1 Alpha (1:2,000 dilution), anti phospho-293 PDH (1:1,000 
dilution), anti-synaptophysin1 (1:2,000 dilution), anti-Total OXPHOS 
(1:2,000 dilution), anti-PDP1 (1:1,000 dilution) and anti-β-actin (1:4,000 
dilution). As secondary antibodies, we used Goat anti-Rabbit or Goat 
anti-Mouse IgG (Bio-Rad, 1706516) using a 1:5,000 dilution in 10% milk.

Western blot molecular weight assignment. Each blot was run with 
a pre-stained protein molecular weight ladder (PageRuler 10–180 kDa, 
Thermo Fisher, 26616). Immediately after transfer and before blocking, 
the PVDF membrane was photographed in colour to record the ladder 
positions. After chemiluminescence detection, the ECL exposure was 
registered to the colour image in Fiji/ImageJ, enabling assignment of 
apparent molecular weights by interpolation from molecular weight 
versus relative migration standard curve. For all targets, the detected 
bands matched the expected sizes from UniProt.

Live imaging of primary neurons
Unless otherwise noted, primary hippocampal neurons were trans-
fected using Ca2+ phosphate at 7 DIV as described above and in previ-
ous work89, and were imaged from 14 to 21 DIV. Experiments using an 
shRNA against Letm1 were always performed at least 10 days after 
transfection to ensure protein turnover at mitochondria4. Imaging 
experiments were performed using a custom-built laser-illuminated 
epifluorescence microscope (Zeiss Axio Observer 3) coupled to an 
Andor iXon Ultra camera (model no. DU-897U-CSO-#BV), whose 
chip temperature is cooled down to −90 °C to reduce noise in the 
measurements using the Oasis UC160 Cooling System. Illumina-
tion using fibre-coupled lasers of wavelengths 488 (Coherent OBIS 
488 nm LX 30 mW) and 561 (Coherent OBIS 561 nm LS 80 mW) was 
combined through using the Coherent Galaxy Beam Combiner, and 
laser illumination was controlled using a custom Arduino-based 
circuit coupling imaging and illumination. Primary neuron–astro-
cyte cultures were grown on poly-ornithine-coated coverslips 
(D = 0.17 mm, Warner instruments), mounted onto an RC-21BRFS 
imaging chamber for field stimulation (Warner Instruments) and 
imaged through a ×40 Zeiss oil objective ‘Plan-Neofluar’ with an NA 
of 1.30 (WD = 0.21 mm). Imaging frequencies used in experiments 
were 5 Hz for Mito4x-GCaMP6f, 100 Hz for cytosolic GCaMP8f and 2 Hz 
for all the others. The temperature of all experiments was clamped 
at 36.5 °C and was kept constant by heating the chamber through a 
platform (PH-2, warner instruments) together with an in-line solution 
heater (SHM-6, Warner Instruments), through which solutions flowed 
at 0.35 ml min−1. The temperature was kept constant using a feedback 
loop temperature controller (TC-344C, Warner Instruments). Exter-
nal Ca2+ in the medium was maintained constant at a level of 2 mM 
across all experiments. We identified axons as neuronal projections 
extending beyond ~500 μm from the cell body, while dendrites were 
identified by being thick proximal projections presenting spines. In 
axons, mitochondria are also easily recognized relative to dendrites 
because they are typically smaller and more rounded49,51.

In the case of glutamate uncaging experiments, live cell imaging 
was conducted between 18 and 19 days after plating. Experiments 
were performed at 37 °C and in a modified E4 imaging buffer con-
taining 120 mM NaCl, 3 mM KCl, 10 mM HEPES (buffered to pH 7.4), 
4 mM CaCl2 and 10 mM glucose. Imaging during glutamate uncaging 
was performed using a custom-built inverted spinning-disk confo-
cal microscope (3i Imaging Systems, CSU-W1) with an Andor iXon 
Life 888 for confocal fluorescence imaging. Image acquisition was 

controlled by SlideBook 2023 software. Images were acquired with 
a Plan-Apochromat ×63/1.4-NA oil objective, M27 with DIC III prism, 
using a CSU-W1 Dichroic for 488/561-nm excitation with a Quad 
emitter and individual emitters. During imaging, the temperature 
was maintained at 37 °C using an Okolab stage top incubator with 
temperature control.

All experiments in cultured cells were performed in continuously 
flowing Tyrode’s solution containing 2 mM Ca2+. Unless otherwise 
noted, Tyrode’s solution contained the following components: 119 mM 
NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 20 mM glucose, 10 μM 
CNQX and 50 μM AP5, buffered to pH 7.4 at 37 °C using 25 mM HEPES. 
However, key experiments were replicated in the same Tyrode’s solu-
tion but containing 1.2 mM glucose and 43.8 mM HEPES to avoid possi-
ble contributions of high glucose to results. Experiments using 1.2 mM 
glucose are shown in Fig. 1e and Extended Data Figs. 1g–l, 2a–d and 5d,e. 
Experiments in Fig. 2 and Extended Data Fig. 3a,b,g,h were done in a 
Tyrode’s solution containing no glucose but lactate and pyruvate as 
fuel, with the following composition: 119 mM NaCl, 2.5 mM KCl, 2 mM 
CaCl2, 2 mM MgCl2, 0 mM glucose, 1.25 mM lactate, 1.25 mM pyruvate, 
10 μM CNQX and 50 μM AP5, buffered to pH 7.4 at 37 °C using 42.5 mM 
HEPES. None of the Tyrode’s solutions contain glutamine.

NH4Cl solutions for calibrating pHluorin measurements had a 
similar composition as Tyrode’s buffer except they contained 100 mM 
NH4Cl and 19 mM NaCl for a pH of 7.4, pH of 7.8 and pH of 8.2 at 37 °C for 
mitochondrial estimates, and 50 mM NH4Cl and 69 mM NaCl for a pH of 
7.4 at 37 °C for synaptic vesicle pH estimates. Chronic incubation with 
TTX (Tocris) was performed by adding a 1 µM final concentration of TTX 
in the culture media one day after transfection, and it was refreshed 5 
days after the initial addition and maintained until synaptic ATP levels 
were measured using Syn-ATP. Luminescence imaging of the presyn-
aptic ATP reporter Syn-ATP was performed as previously described10,25. 
We did not observe significant differences in pH changes when compar-
ing wild-type neurons and Letm1 KD neurons (Extended Data Fig. 2d); 
therefore, we did not correct for pH changes in ATP measurements. 
vGlut-pHluorin signals during electrical stimulation are reported as 
a percentage of the total vesicle pool, whose fluorescence is obtained 
by perfusion of a Tyrode’s solution containing 50 mM NH4Cl buffered 
at pH 7.4 using 25 mM HEPES.

Live FRET imaging of pyruvate or ATP using Pyronic or ATeam 
1.03, respectively, was carried out using a widefield inverted Zeiss 
Axio Observer 7 microscope with an incubation chamber maintained 
at 37 °C. Cells were imaged in Tyrode’s buffer without AP5 and CNQX. 
The ×40 LD Plan-Neofluar objective with 0.75 NA was used for image 
acquisition with excitation at 430 nm and emissions recorded at 
480 nm ± 20 nm (mTFP or CFP) and 535 nm ± 15 nm (Venus or YFP). 
A HXP 120-V metal halide lamp (Leistungselektronik Jena) was used 
as the illumination source. The inverse FRET ratio (R = mTFP/Venus) 
was calculated as a measure of pyruvate levels while the Venus/eCFP 
ratio was calculated as a measure of ATP levels. In the case of Pyronic 
imaging, the slope was determined automatically using the ‘statelevels’, 
‘risetime’ and ‘slewrate’ functions in the MATLAB signal processing 
toolbox to analyse the ΔR/R0 traces.

Single spine stimulation experiments and analysis
Neurons were transfected with RCaMP1.07 and Mito4x-GCaMP6f10 
plasmid constructs, along with the Letm1 shRNA when specified. Trans-
fected neurons were identified by changes in RCaMP1.07 fluorescence 
in dendrites corresponding to calcium transients. Before glutamate 
uncaging, neurons were replaced with 1 μM TTX, 2 mM 4-methoxy-7- 
itroindolinyl-caged-l-glutamate (MNI caged glutamate; Tocris Bio
science, 100 mM stock made in modified E4 buffer) in modified E4 
buffer lacking Mg2+ (see above). Glutamate uncaging was performed 
using a multiphoton laser at 720 nm (Chameleon, Coherent) and a 
Pockels cell (Conoptics) to control the uncaging pulses. To test a spine’s 
response to an uncaging pulse, an uncaging spot (2 μm2) close to a spine 
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head was selected and two to three uncaging pulses, each at 10-ms pulse 
duration per pixel at 5.9–9.6-mW power, were given. Only spines with 
pulse-specific calcium transients were selected for the following experi-
ments. A single uncaging pulse was given, followed by acquisition.

Image analysis for in vitro experiments
We used the ImageJ plugin Time Series Analyzer V3 for imaging analy-
sis. This involved the selection of 150–250 regions of interest (ROIs) 
for synaptic boutons, or 10–150 ROIs for responding boutons, and 
measuring the fluorescence over time. Mitochondrial and cytosolic 
Ca2+ signals in response to electrical activity (ΔF) were normalized to 
the resting fluorescence (F0), unless otherwise mentioned in the text.

Mitochondrial calcium measurements. For activity-driven mito-
chondrial Ca2+ measurements using Mito4x-GCaMP6f, data were 
obtained from imaging axonal mitochondria responses to electrical 
stimulation. As previously reported10, in some cases a small fraction 
of Mito4x-GCaMP6f appeared mislocalized in the cytosol, which would 
contaminate the quantification of peak mitochondrial responses. 
Leveraging the kinetic differences of cytosolic and mitochondrial Ca2+ 
responses, we quantified exclusively mitochondrial Ca2+ by choos-
ing a 1-s delay after the stimulus as the peak response. At this point 
cytosolic Ca2+ has returned to baseline, allowing a clean estimate of 
mitochondrial responses without any contribution from possible 
mislocalized probes. Neurons with apparent cytosolic mislocaliza-
tion of Mito4x-GCaMP6f were excluded. Based on this criterion, 3 of 51 
neurons were excluded from the analysis.

For measuring the rate of efflux, we did not fit our data to any 
model because mitochondrial Ca2+ decays differently in different con-
ditions. Therefore, we used the time to reach half the peak value that 
is, half-time decay (t1/2), as a comparable indicator of the rate of Ca2+ 
efflux across conditions.

Mitochondrial free Ca2+ concentration estimates, one-point cali-
bration protocol. In this method, to estimate free Ca2+ concentration 
in axonal mitochondria expressing Mito4x-GCaMP6f, we measured 
fluorescence at saturating [Ca2+] in mitochondria (Fmax). This was 
obtained by applying Tyrode’s solution containing 500 μM ionomycin, 
4 mM CaCl2 and 0 mM MgCl2 at pH 6.9 buffered with 25 mM HEPES, as 
done previously10,62. Knowing the parameters of purified GCaMP6f147, 
baseline mitochondrial [Ca2+], [Ca2+]r is calculated from Fmax using 
equation (2):

[Ca2+]r = EC50(
Fr/Fmax − 1/Rf

1 − Fr/Fmax
)
1/n

(2)

EC50 is the affinity constant of the indicator, Fr is the measured 
fluorescence at rest, Rf is the dynamic range (Fsat/Fapo) and n is the Hill 
coefficient. The values for EC50, Rf and n were obtained from those 
calculated in a previously published paper on GCaMP6f147. Ionomycin 
application does not produce a change in mitochondrial matrix pH10.

Mitochondrial free Ca2+ concentration estimates, two-point cali-
bration protocol. To avoid relying on the in vitro-determined dynamic 
range of the indicator, we also performed a two-point calibration that 
estimates this value in situ. In this method, both the minimum (Fmin) and 
maximum (Fmax) fluorescence of the sensor were determined directly 
in axonal mitochondria. Neurons were imaged in basal conditions first 
using a Tyrode’s solution containing 1.2 mM glucose and 2 mM Ca2+. 
Before measuring Fmin, neurons were washed with the same Tyrode’s 
solution but containing no Ca2+. Next, we obtained Fmin by incubating 
neurons for 8 min with Tyrode’s 0 mM Ca2+, 1.2 mM glucose, 50 μM 
CCCP and 10 μM BAPTA-AM. Finally, to obtain Fmax, neurons were incu-
bated with Tyrode’s 4 mM Ca2+, 1.2 mM glucose and 50 μM ionomycin, 
and imaged after a quick increase in fluorescence. Resting fluorescence 

(F0) was converted into fractional sensor saturation (S) by normalizing 
between the Fmin and Fmax according to equation (3):

S = F0 − Fmin
Fmax − Fmin

(3)

Under the assumption of a Hill binding model (with dissocia-
tion constant EC50 and Hill coefficient n), the fractional saturation is 
(equation (4)):

S = [Ca2+]
n

EC50
n + [Ca2+]

n (4)

This equation can be algebraically inverted to estimate resting 
free Ca2+ concentration according to equation (5):

[Ca2+]r = EC50(
S

1 − S )
1/n

(5)

Equation 5 was used to calculate the resting mitochondrial calcium 
values. The values for EC50, Rf and n were obtained from those calculated 
in a previously published paper on GCaMP8f66.

Mitochondrial pH measurements. Mitochondrial pH measurements 
were obtained by measuring Mito4x-pHluorin fluorescence in axonal 
mitochondria. Neurons were perfused sequentially with three different 
Tyrode’s solutions containing 100 mM NH4Cl but buffered at pH 7.4, pH 
7.8 and pH 8.2 (Extended Data Fig. 2a). After an initial overshoot of fluo-
rescence in the presence of 100 mM NH4Cl, which has been previously 
described to occur when using endoplasmic reticulum pHluorin62, 
signals stabilized to equilibrated mitochondrial pH corresponding 
with those of the Tyrode’s solution. These three fluorescence values 
in these conditions were used for estimating resting mitochondrial 
pH using the modified Henderson–Hasselbalch equation according 
to equation (6):

pH0 = pKa −
1
n log10 (

1 + 10n(pKa−pHNH4Cl,i
)

F0/FNH4Cl,i
) (6)

Using the biophysical properties described for pHluorin151, pKa is 
the pKa of pHluorin, 7.2, and n is the hill coefficient of pHluorin respon-
siveness, 1.9. pHNH4Cl,i is the pH of the 100 mM NH4Cl calibration buffer 
(i = 7.8 or 8.2), F0 is the fluorescence of Mito4x-pHluorin measured 
before NH4Cl perfusion, FNH4Cl is the fluorescence of Mito4x-pHluorin 
measured after NH4Cl perfusion when signal is stable in each buffer 
(i = 7.8 or 8.2). To obtain the final estimates of mitochondrial pH, we 
averaged results from changes obtained in pH 7.8 and pH 8.2, as these 
are clearly distinguishable from baseline fluorescence and thus present 
less noise when measured.

Synaptic vesicle pH measurements. Synaptic vesicle pH measure-
ments were obtained by measuring vGlut-pHluorin fluorescence in 
axons. Neurons were perfused with a Tyrode’s solutions containing 
50 mM NH4Cl buffered at pH 7.4, causing a stable peak in fluorescence 
corresponding to pH 7.4, as previously described. Synaptic vesicle 
pH was estimated as described for mitochondria but using the values 
obtained at pH 7.4.

Cytosolic pH measurements. Cytosolic pH measurements were 
obtained by measuring cytosolic pHluorin fluorescence in axons. Neu-
rons were perfused sequentially with three different modified Tyrode’s 
solutions buffered to pH 7.4, 7.8 and 8.2. These solutions lack Na+ and 
Ca2+ but contain 1.2 mM glucose, 2 mM MgCl2, 123.5 mM KCl, 53.8 mM 
HEPES, 10 mM CNQX, 50 mM APV and 20 µM nigericin. Fluorescence 
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was stabilized after each perfusion in around 30 s, allowing the meas-
urement of the change in fluorescence in each of the cases. Cytosolic 
pH was estimated as described for mitochondria, averaging results 
from fluorescence changes obtained in pH 7.8 and pH 8.2.

Permeabilization and ATP estimates. To enable quantification of 
ATP from experimental L/F measurements, Syn-ATP was calibrated 
by determining its response in the presence of 0 mM ATP (L/Fmin) and 
5 mM ATP (L/Fmax) under imaging conditions identical to those used in 
the experiments. Calibration was achieved by permeabilizing neurons 
by incubation with 1,000 U ml−1 sreptolysin-O (Sigma, 98072-47-0) 
for 2 min in a permeabilization buffer containing 139 mM KCl, 20 mM 
PIPES (buffered to pH 7.0 at 37 °C), 5.22 mM MgCl2, 0.186 mM CaCl2 
and 0.91 mM EGTA. This experiment was performed four independent 
times, which allowed obtaining L/Fmin and L/Fmax, defining the dynamic 
range of the sensor and allowing for normalization of all experimental 
L/F values as shown in equation (7):

Normalized L/F = L/Fobs − L/Fmin
L/Fmax − L/Fmin

(7)

The normalized L/F values were then related to ATP concentration 
using a Michaelis–Menten equation with the apparent affinity (Km) 
fixed at the published value of 2.3 mM25. The ATP concentration cor-
responding to each measurement was obtained by solving equation (8):

[ATP] = (Normalized L/F) × Km
1 − (Normalized L/F) (8)

Only normalized L/F values within the calibration range were 
converted. Values above 1 were excluded being above calibration range 
(1 of 73 measurements).

Estimates of synapse number per axonal distance. Neurons were 
transfected to express the synaptic marker synapsin1-mRuby and 
scramble or Letm1 shRNAs. Both shRNA vectors also expressed cyto-
solic mTagBFP2, which we used as a filler to identify axons. Using 
ImageJ, we manually drew segmented lines in axons using the BFP 
channel and generated plot profiles for the corresponding synap-
sin1-mRuby signals. Synapses were counted as those whose mRuby 
fluorescence was 3.5 times the fluorescence of the inter-synapse space 
corresponding to the axon, divided by the distance of the axon drawn 
and multiplied by 100 to estimate the number of synapses per 100 μm.

Estimates of mitochondrial shape. Different morphological aspects 
of mitochondria were analysed from the images taken in the mitochon-
drial calcium measurement experiments in which neurons expressed 
Mito4x-GCaMP6f and scramble or Letm1 shRNAs. Images were analysed 
using the ImageJ plugin Trainable Weka Segmentation following the 
criteria described previously152,153. For cultured neurons, in addition to 
the global background of the image not containing any cell type, pixels 
containing astrocytes were also selected as a secondary background, 
which increased specificity in the mitochondrial shaping measure-
ments performed by the Trainable Weka Segmentation plugin. The 
morphological aspects of mitochondria analysed for neurons were 
area, perimeter, circularity and aspect ratio. We averaged the results 
per neuron for statistical comparison.

Dendritic responses during glutamate uncaging. Image analysis was 
performed using ImageJ. ROIs of ~2 μm2 were drawn at the base of the 
stimulated spine to measure the dendritic calcium signal in the 561-nm 
channel and the mitochondrial matrix signal in the 488-nm channel. For 
spine calcium measurement, ROIs of ~0.8 μm2 were drawn on the spine 
and measured in the 561-nm channel. Only dendrites with apparent 
mitochondrial matrix response were analysed. The average intensity of 

each ROI was measured, and the background was subtracted using the 
intensity measured from an adjacent background area. F0 was defined 
as the average of the intensities measured at the five time points before 
spine stimulation. For each successive time point during and after 
stimulation, the normalized intensity (Fnorm) was calculated using the 
equation: Fnorm = (F − F0)/F0. For normalization to maximum analysis, 
F/F0 corresponding to each time point was divided by the maximum 
Fnorm value (Fmax) of the entire time trace. Traces with ectopic peaks 
following the stimulation pulse or offshoots of Mito4x-GCaMP6f10 
fluorescence were excluded from the analysis.

Computational model for neuronal activity and mitochondrial 
metabolism
We reproduced and adapted a previously published mitochondrial 
metabolism model90 that simulates some essential components of 
the TCA and ATP production with eight differential equations using 
mass action kinetics and irreversible reactions (henceforth referred to 
as the Nazareth model). The Nazareth model is a minimalist metabo-
lism model that starts with pyruvate and includes acetyl-coenzyme 
A, citrate, alpha-ketoglutarate, oxaloacetate, nicotinamide adenine 
dinucleotide (NAD+), ATP and the intrinsic mitochondrial membrane 
potential (ΔΨ). The levels of these metabolic intermediates are set by 
the rate at which ATP in the mitochondria is exchanged with the cyto-
solic ADP, and in the model is controlled by a variable (KANT) that sets 
the rate constant of the adenine nucleotide translocator.

To simulate the metabolic expense of spiking in neurons, we modu-
lated this variable (KANT) as a function of time. We separated the costs 
of a neuron into two components, the first of which accounted for the 
non-spike-related metabolic expenses of a neuron and this remained 
the same in all our simulations (100/ks). The second component was 
a per-spike metabolic expense, which was an additional transient 
increase in this KANT after each spike (0 to 10/ks, followed by a slow 
delay to 0 with a 100-ms decay constant). Effectively, this guaranteed 
that the metabolic expenses incurred by a neuron were dependent on 
the spiking rate of the neuron.

Spikes in our model. To simulate the effect of spiking, we assumed 
spikes occur either regularly (Fig. 2f), or as a Poisson point process in 
case of random spikes (Fig. 2g–i). Each spike is merely a point process 
with no specific details of ionic currents. This serves as a proxy for a 
detailed neuronal model that is sufficient to explore the phenomenon 
we wish to observe.

Mitochondrial free Ca2+ and its influence on TCA and ETC reac-
tions. In addition to the ATP expense incurred due to each spike, each 
spike also added a unitless value of 0.1 to an excess free Ca2+ variable 
(ca_mito). This variable decayed to 0 over time depending on if it was 
the case of control (decay constant of 7 s) or if it was the case of Letm1 
KD (decay constant of 20 s). In our implementation of the Nazareth 
model, the excess free Ca2+ variable increased the rate of reactions for 
the equivalent enzymes of pyruvate, isocitrate and alpha-ketoglutarate 
dehydrogenases and the complex V according to equation (9):

fracCa_mito =
10

(1 + e−0.5(Ca_mito−9))
(9)

Where ‘frac’ is the fractional increase of the rate constants 
due to the Ca2+ binding, and ‘ca_mito’ is the excess free Ca2+ in the  
mitochondria.

In vivo imaging in D. melanogaster
Crosses for imaging experiments were raised at 23 °C and fly progeny 
were induced for 3 days at 30.5 °C to drive sufficient expression of the 
probe (and the desired RNAi) for use in imaging. All in vivo imaging 
was performed on female flies, which are preferred as their larger 
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size facilitates surgery. Around 30 min to 1 h (for mitochondrial Ca2+ 
imaging) and 3 h (for pyruvate or mitochondrial Ca2+ imaging) after 1× 
paired or 1× unpaired olfactory conditioning, flies were gently handled 
by aspiration without anaesthesia and glued on their dorsal side to 
a plastic coverslip coated with a thin transparent plastic sheet. The 
coverslip was then placed on a recording chamber. Surgery was per-
formed to obtain an imaging window on the fly head by removing the 
cuticle, trachea and fat bodies, thereby exposing the underlying MB 
neurons. During the procedure, the head capsule is bathed in a drop of 
artificial haemolymph: 130 mM NaCl (Merck, S9625), 5 mM KCl (Merck, 
P3911), 2 mM MgCl (Merck, M9272), CaCl2 2 mM (Merck, C3881), 5 mM 
d-trehalose (Merck, 9531), 30 mM sucrose (Merck, S9378) and 5 mM 
HEPES hemisodium salt (Merck, H7637). At the end of the procedure, 
any remaining solution was absorbed and a fresh 90-µl droplet was 
applied on the preparation.

For measuring mitochondrial Ca2+ levels in vivo, confocal excita-
tion was achieved using dual excitation at 488 nm (Mito4x-LA-GCaMP6s) 
and 633 nm (mCarmine). Images (512 × 250) were acquired at a rate of 
one image every 1.5 s. Calcium levels were measured by quantifying 
Mito4x-LA-GCaMP6s and normalizing it by the mCarmine signal as both 
are driven by the same GAL4-UAS system. The Mito4x-LA-GCaMP6s and 
mCarmine signals were recorded for 5 min to calculate the average 
Mito4x-LA-GCaMP6s/mCarmine ratio over this period. The ROIs were 
delimited by hand around each visible MB vertical lobe. The final ratios 
were normalized for each experiment using the average ratio of the 
unpaired dataset for each genotype. The final normalized ratios were 
pooled together. The indicated ‘n’ is the number of animals that were 
assayed in each condition.

For measuring pyruvate fluxes in vivo, two-photon imaging was 
performed using a Leica TCS-SP5 upright microscope equipped with 
a ×25, 0.95-NA water immersion objective. Two-photon excitation 
was achieved using a Mai Tai DeepSee laser tuned to 825 nm. Images 
(512 × 150) were acquired at a rate of two images per second. Measure-
ments of pyruvate consumption were performed according to a previ-
ously well-characterized protocol19. After 1 min of baseline acquisition, 
10 μl of a 50 mM sodium azide solution (Merck, 71289; prepared in the 
same artificial haemolymph solution) were injected into the 90-μl drop-
let bathing the fly’s brain, bringing sodium azide to a final concentra-
tion of 5 mM. Image analysis was performed as previously described19. 
ROIs were delimited by hand around each visible MB vertical 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 1-min preceding 
drug injection. The slope was calculated between 10% and 70% of the 
plateau. The indicated ‘n’ is the number of animals that were assayed 
in each condition.

Aversive olfactory conditioning and memory test in  
D. melanogaster
The behavioural experiments, including sample sizes, were con-
ducted similarly to previous studies from our research group19,154. For 
all experiments, training and testing were performed in a soundproof 
and odour-proof room at 25 °C and 80% humidity. Experimental flies 
(male and female) were transferred to fresh bottles containing standard 
medium on the day before conditioning for the non-induced condi-
tion. For the induced condition, flies were transferred 2 days before 
the experiment at 30.5 °C to allow RNAi expression.

Conditioning. Flies were conditioned by exposure to one odour paired 
with electric shocks and subsequent exposure to a second odour in the 
absence of shock. A barrel-type machine was used for simultaneous 

automated conditioning of six groups of 40–50 flies each. Throughout 
the conditioning protocol, each barrel was attached to a constant air 
flow at 2 l min−1. The odorants 3-octanol and 4-methylcyclohexanol, 
diluted in paraffin oil at 0.360 mM and 0.325 mM, respectively, were 
alternately used as conditioned stimuli (CS+). For a single cycle of 
associative training, flies were first exposed to an odorant (the CS+) for 
1 min while 12 pulses of 5-s long, 60-V electric shocks were delivered; 
flies were then exposed 45 s later to a second odorant without shocks 
(the CS−) for 1 min. Here, the groups of flies were subjected to one of 
the following olfactory conditioning protocols: 1 cycle training (1×) or 
five associative cycles spaced by 15-min intertrial intervals (5× spaced 
conditioning). Non-associative control protocols (unpaired protocols) 
were also used for in vivo imaging experiments. During unpaired condi-
tioning, the odour and shock stimuli were delivered separately in time, 
with shocks occurring 3 min before the first odorant. After training and 
until memory testing, flies were kept on regular food at 25 °C (for 3 h 
memory test) or at 18 °C (for 24 h memory test).

Memory test. The memory test was performed either 3 h after 1× condi-
tioning or 24 h after 1× or 5× spaced conditioning in a T-maze apparatus 
comprising a central elevator to transfer the flies to the centre of the 
maze arms. During the test, flies were exposed simultaneously to both 
odours (the same concentration as during conditioning) in the T-maze. 
After 1 min of odorant exposure in the dark, flies were trapped in either 
T-maze arm, retrieved and counted. A memory score was calculated as 
follows according to equation (10):

PI = (#CS−) − (#CS+)
#total (10)

where PI is the performance index, #CS− is the number of flies avoiding 
the conditioned odour, and #CS+ is the number of flies preferring the 
conditioned odour. A single memory score 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 memory score values for each genotype.

Odour perception test. The olfactory acuity of flies was tested after 
conditioning with the CS+, as electric shocks modify their olfactory 
perceptions. Flies were then immediately tested in a T-maze, where 
they had to choose between the CS− or its solvent (paraffin oil). Odour 
concentrations used in this assay were the same as for the memory 
assays. At these concentrations, both odorants are innately repul-
sive. The odour-interlaced side was alternated for successively tested 
groups. After 1 min, flies were counted, and naive odour avoidance was 
calculated as for the memory test.

Electric shock perception test. During the test, flies must choose 
between two barrels: one delivering the electric shocks, and one that 
is neutral. The compartment where the electric shocks are delivered 
was alternated between two consecutive groups. After 1 min, flies were 
counted, and shock avoidance was calculated as for the memory test.

Quantitative PCR on D. melanogaster brains
To assess the efficiency of Letm1 RNAi lines to knock down Letm1 in 
MB neurons, female flies carrying the tubulin-Gal80ts;VT30559-Gal4 
MB neuron driver were either crossed with UAS-Letm1 RNAi no. 1 or 
UAS-Letm1 RNAi no. 2 males, or with CS males for controls. In flies, 
Letm1 is encoded by three very similar transcripts (FBtr0072348 
Letm1-RB, FBtr0072349 Letm1-RC, FBtr0072347 Letm1-RA), all pro-
ducing the same 1,013 amino acid protein isoform (UniProt P91927, 
Ensembl Canonical, APPRIS P1). Thus, both RNAi used target the 
single Letm1 protein isoform expressed in Drosophila. Fly progeny 
was raised at 23 °C throughout development. Newly hatched flies 
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were transferred to fresh food vials at 30.5 °C for 4 days of induction 
before RNA extraction, as previously reported155. RNA extraction 
and cDNA synthesis were performed using the RNeasy Plant Mini Kit 
(Qiagen), RNA MinElute Cleanup Kit (Qiagen), oligo(dT)20 primers 
and the SuperScript III First-Strand kit (Thermo Fisher Invitrogen). 
Amplification was performed using a LightCycler 480 (Roche) and 
the SYBR Green I Master mix (Roche). Specific primers used for Letm1 
cDNA are forward 5′-GCCCAGAATGTCTACAAGCG-3′ and reverse 
5′-GCGGGTTCATCTGTGACGTT-3′ and for the reference αTub84B 
(Tub, CG1913) cDNA: forward 5′- TTGTCGCGTGTGAAACACTTC-3′ 
and reverse 5′ CTGGACACCAGCCTGACCAAC-3′. The level of Letm1 
cDNA was compared against the level of the αTub84B 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 fold change 
compared to the calibrator (relative quantification RQ = 2−ΔΔCt, where 
Ct is the cycle threshold).

Aversive olfactory conditioning and memory test (Mus 
musculus)
Drugs. LiCl (Merck, 203637) was dissolved in saline (0.9% NaCl solu-
tion) to obtain a working solution of 0.3 M concentration. For the 
conditioned odour aversion protocol, a banana odour (isoamyl acetate 
solution at 0.05% in water) and an almond odour (benzaldehyde solu-
tion at 0.01% in water) were used.

Stereotaxic surgeries. C57BL/6J male mice of 7–8 weeks of age were 
anaesthetized with a mixture of ketamine–medetomidine (75:1 mg per 
kg body weight) and placed in a stereotaxic apparatus. Animals were 
infused bilaterally in the dorsal hippocampus (ML ± 1.5; AP −2; DV −1.5) 
with 500 nl of control virus (pAAV[mir-30]-CamK2(short)>mRFP1:  
scramble) or shLETM1 virus (pAAV[mir-30]-CamK2-mir-30-shRNA  
no. 1]: WPRE) with a flow rate of 1 nl s−1. At the end of all behavioural tests, 
animals were anaesthetized with a cocktail mixture of ketamine–xyla-
zine (50:20 mg per kg body weight) and perfused with 4% paraformalde-
hyde in 0.1 M phosphate buffer. Next, brains were removed to confirm 
the expression of the viral infection by fluorescence microscopy.

Conditioned odour aversion. Four weeks after the stereotaxic surger-
ies and before assessing the conditioned odour aversion protocol, mice 
were placed in a behavioural chamber (25 × 15 cm) to evaluate locomo-
tor activity for 20 min. Subsequent analysis was done by combining 
DeepLabCut156 and the BehaviorFlow package157, which enables auto-
mated behavioural tracking and classification. Next, the conditioned 
odour aversion was assessed in mice using two odours and LiCl, based 
on a modified protocol described previously. Briefly, the principle 
of this task is that if we devalue one of the odours by coupling it with 
an injection of LiCl (unconditioned stimulus), mice will prefer the 
non-conditioned odour (conditioned stimulus, CS−) over the devalued 
one (aversive conditioned stimulus, CS+). During the protocol, mice 
were individualized only during the 1-h access to the drinking bottles 
and then returned to grouped housing. Before starting the first day of 
the protocol, mice were water deprived for 24 h, and this water depriva-
tion lasted for 5 consecutive days of the protocol. During the first 2 days 
of habituation, individualized mice had access to the two water drinking 
bottles for 1 h each day. On the third day, mice received two identical 
bottles of water but containing the banana or almond odours (rand-
omized) and after 1 h, one odour was devalued (CS+) with an intraperi-
toneal injection of LiCl (0.3 M concentration; 10 ml per kg body weight). 
LiCl causes gastric malaise that causes a reduction in locomotor activity 
due to the sickness. On the fourth day, mice had 1 h of access to bottles 
of water along with the second odour (CS−) and at the end of this session 
mice were injected intraperitoneally with an innocuous physiologi-
cal solution (0.9% NaCl). To assess MTM, on the fifth day a two-bottle 
choice test was conducted, offering access to both water-based odours 

for 1 h. Preferences were assayed by quantifying consumption of each 
bottle (Extended Data Fig. 4a). The bottle positions were alternated 
to avoid bias. To assess LTM, the two-bottle test was repeated after  
10 days, following a 24-h water deprivation period and preference was 
quantified using the same method (Extended Data Fig. 4b). The time 
points selected to study MTM (1 day) and LTM (10 days) in this study 
were chosen in mice to be approximately proportional to those tested 
in Drosophila by relativizing them to species lifespan.

Statistics and reproducibility
Statistical analyses were performed in GraphPad Prism v8 for Windows. 
For each dataset, distributional assumptions were checked (Shap-
iro–Wilk test and inspection of residuals) and, based on this, either 
parametric or non-parametric tests were used appropriately. Exact 
tests used, sample sizes (n) and exact P values are reported in the figure 
legends. Data are shown as the mean ± s.e.m. For experiments with 
more than two groups, analyses included ANOVA (or Kruskal–Wallis for 
non‑parametric data) with appropriate post hoc multiple‑comparison 
corrections as specified in the figure legends.

In each figure, n denotes independent biological replicates. For 
single-neuron measurements, each biological replicate is considered 
a single neuron. For fly memory tests, each biological replicate is a 
measurement involving several flies, as indicated in each case. For 
in vivo fly imaging, each fly used is a biological replicate. For in vivo 
mouse work, each mouse is a biological replicate. Multiple measure-
ments made from the same biological sample (for example, multiple 
fields of a single axon or repeated runs from the same lysate) were 
treated as technical replicates; technical replicates were averaged 
within each biological replicate and were not used to increase n. All key 
findings were reproduced in at least three independent experiments 
unless otherwise indicated. Uncropped western blots correspond-
ing to the cropped panels shown in the figures are provided in the 
Supplementary Information.

No statistical methods were used to predetermine sample 
sizes, but our sample sizes are similar to those reported in previous 
publications10,99,140. No data were excluded from the analyses. Pheno-
type studies were randomized to minimize potential bias. For each 
experimental replicate, the order in which phenotypes were analysed 
was alternated systematically. In cases involving two groups, such as A 
and B, we ensured that the sequence alternated (for example, A, B, B, A, 
B, A, A, B) to account for any order effects. The investigators were not 
blinded to allocation during experiments and outcome assessment. No 
formal randomization was used. To minimize batch and time‑depend-
ent effects, experiments were blocked by culture preparation/day and 
data acquisition was interleaved across groups.

Significance is denoted by *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001.

Materials availability
Plasmids generated in this study are available at Addgene (https://www. 
addgene.org/), as indicated in Supplementary Table 1. Any plasmid not 
deposited in Addgene is available upon request to the corresponding 
author. The Mito4x-LA-GCaMP6s and the mCarmine fly lines are avail-
able from the Energy & Memory group (contact pierre-yves.placais@ 
espci.fr or alice.pavlowsky@espci.fr) upon request.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw data reported in this paper will be shared by the corresponding 
author upon request. Source data are provided with this paper. Any 
additional information required to reanalyse the data reported in 
this paper is available from the corresponding author upon request.
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Code availability
We have generated new code for modelling mitochondrial metabo-
lism in firing neurons. The source code of the simulations, installa-
tion instructions and software dependencies are provided with an 
open-source licence (GPL-3.0) via https://github.com/ccluri/letm1/.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Related to Fig. 1. Validation of the effects of Letm1 KD in 
primary hippocampal rat neurons. (A) Representative immunofluorescence 
images of co-cultured neurons and astrocytes stained for MAP2 (neuronal 
marker, red), GFAP (astrocyte marker, green), and DAPI (nuclei, blue). Scale bar: 
100 µm. This experiment was performed in two independent experiments with 
5 technical replicates. (B) Quantification of cell-type composition within the 
cultures. Pie chart shows the percentage of neurons (MAP2+), astrocytes (GFAP+) 
and undefined cells (DAPI+/MAP2−/GFAP−). Data indicate neurons constitute 
12.4% of the total cell population. (C) Representative western blot showing 
levels of Letm1 and β-actin proteins in lysates from pure neuronal cultures of 
control and Letm1 KD neurons. (D) Densitometric quantification of Letm1 levels 
in control and Letm1 KD neurons. P value was determined using the two-tailed 
Mann–Whitney U-test (**P = 0.0022; n = 6 neurons for each group; U = 0).  
(E) Traces represent the mean ± SEM of Mito4x-GCaMP6f in axons stimulated with 
100AP at 100 Hz in 20 mM glucose. (F) Quantification of peak (left) and half-time  
decay (t1/2, right) of Mito4x-GCaMP6f responses (ΔF/F0) after 100AP 100 Hz 
stimulation in high glucose (20 mM) Tyrode’s solution. P value for peaks was 
determined using the two-tailed Mann–Whitney U-test (n.s., P = 0.8518; n = 6 
neurons for control and n = 8 for Letm1 KD; U = 22). P value for t1/2 was determined 
using a two-tailed unpaired t‑test (**P = 0.008; n = 6 neurons for control and  
n = 8 for Letm1 KD; U = 4). (G) Quantification of peak (left) and half-time decay  
(t1/2, right) of Mito4x-GCaMP6f responses (ΔF/F0) after 100AP 100 Hz stimulation  
in physiological glucose (1.2 mM) Tyrode’s solution. P value for peaks was 
determined using the two-tailed Mann–Whitney U-test (n.s., P = 0.0501; 
n = 31 neurons for control and n = 28 for Letm1 KD; U = 305). P value for t1/2 
was determined using a two-tailed Mann-Whitney U test (**P = 0.0025; n = 31 
neurons for control and n = 28 for Letm1 KD; U = 237.5). (H) Quantification 
of peak (left) and of Mito4x-GCaMP6f responses (ΔF/F0) after 20AP 20 Hz 
stimulation in physiological glucose (1.2 mM) Tyrode’s solution. P value for 
peaks was determined using a two-tailed Mann–Whitney U test (n.s., P = 0.4609 
n = 29 neurons for control and n = 28 for Letm1 KD; U = 359). P value for t1/2 

was determined using a two-tailed Mann–Whitney U-test (**P = 0.0026; n = 29 
neurons for control and n = 28 for Letm1 KD; U = 0.0026). (I) Estimates of 
mitochondrial Ca2+ at rest using two-point or one-point calibration methods.  
P values were determined using a Kruskal-Wallis Test (P = 0.0065; n = 16 for 
control and n = 11 for Letm1 KD in two-point calibrations, and n = 13 for control 
and n = 12 for Letm1 KD in one-point calibrations, followed by Dunn’s multiple 
comparisons test. Post hoc P values: Two-point, Control vs Letm1 KD, n.s. 
P > 0.9999; One-point, Control vs Letm1 KD, n.s. P > 0.9999; Control, two-point  
vs one-point, n.s. P = 0.105; Letm1 KD, two-point vs one-point, n.s. P = 0.0623).  
( J) Representative images of two-point calibration of Mito4x-GCaMP6f 
fluorescence to obtain minimum fluorescence (Fmin) and saturation of the sensor 
(Fmax). Pseudocolor calibration bar indicates range of fluorescence. Scale bar 8 µm.  
(K) Estimated matrix Ca2+ peak during 20AP 20 Hz or 100AP 100 Hz (nM)  
in physiological glucose (1.2 mM) Tyrode’s solution. P value for 20 Hz was 
determined using a two-tailed Mann–Whitney U-test (n.s., P = 0.4269; n = 28 
neurons for control and n = 27 for Letm1 KD; U = 330). P value for 100 Hz was 
determined using a two-tailed unpaired t-test (n.s., P = 0.0820; n = 19 neurons 
for control and n = 22 for Letm1 KD; t39 = 1.785). (L) Representative image of an 
axon of a neuron transfected with Mito4x-GCaMP6f and Letm1-mRFP1, showing 
co-localization in mitochondria. The scale bar is 4 μm. This pattern was observed 
in 12 independently transfected neurons. (M) Traces represent the mean ± SEM 
of cytoGCaMP8f responses in axonal varicosities following stimulation of 20AP 
20 Hz. (N) Peak cytoGCaMP8f responses (ΔF/F0) during stimulation in control 
and Letm1 KD neurons. P value was determined using a two-tailed unpaired t‑test 
(n.s., P = 0.7374; n = 32 neurons for control and n = 36 for Letm1 KD; t66 = 0.3367). 
(O) Rate of cytosolic Ca2+ decay (t1/2) in presynaptic varicosities following 20AP 
20 Hz stimulation in control and Letm1 KD neurons. P value was determined using 
the two-tailed Mann–Whitney U-test (n.s., P = 0.37; n = 32 neurons for control and 
n = 36 for Letm1 KD; U = 502.5). (P) Resting levels of cytosolic Ca2+ in control and 
Letm1 KD neurons. P value was determined using a two-tailed Unpaired t-test  
(n.s. P = 0.3634; n = 10 neurons for control and Letm1 KD; t18 = 0.9326).
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Extended Data Fig. 2 | Related to Fig. 1. Axonal pH calibrations in cytosol and 
mitochondria and dendrite Ca2+ responses in cytosol and mitochondria.  
(A) Representative responses of Mito4x-pHluorin to NH4Cl-mediated 
mitochondrial pH clamping used to estimate resting mitochondrial pH. Tyrode’s 
solutions at pH 7.4, 7.8, and 8.2 were sequentially perfused, each containing 
100 mM NH4Cl. (B) Resting mitochondrial pH was estimated using fluorescence 
values before and after NH4Cl perfusion at pH 7.8 or pH 8.2, or using the average 
of both values. P values were determined using two-tailed Mann-Whitney U-tests 
(pH 7.8; n.s., P = 0.777; n = 17 for Control, n = 12 for Letm1 KD neurons; U = 95;  
pH 8.2; n.s., P = 0.527; n = 17 for Control, n = 12 for Letm1 KD neurons; U = 87; 
average from 7.8 and 8.2; n.s., P = 0.7438; n = 17 for Control, n = 12 for Letm1 KD 
neurons; U = 94). (C) Representative responses of Cyto-pHluorin to nigericin-
mediated cytosolic pH clamping used to estimate resting cytosolic pH. Tyrode’s 
solutions at pH 7.4, 7.8, and 8.2 were sequentially perfused, each containing 20 µM  
nigericin. (D) Resting cytosolic pH was estimated using fluorescence values 
before and after nigericin perfusion at pH 7.8 or pH 8.2, or using the average of 
both values. P values were determined using two-tailed Mann-Whitney U-tests 
(pH 7.8; n.s., P = 0.1802; n = 12 for Control, n = 10 for Letm1 KD neurons; U = 39) 
(pH 8.2; n.s., P = 0.107; n = 12 for Control, n = 10 for Letm1 KD neurons; U = 35) 
(average from 7.8 and 8.2; n.s., P = 0.159; n = 12 for Control, n = 10 for Letm1 KD 
neurons; U = 38). (E) (left) Peak Mito4x-pHluorin responses (ΔF/F0) after 20AP 

20 Hz stimulation in control and Letm1 KD neurons. P value was determined 
using a two-tailed Mann–Whitney U-test (n.s., P = 0.0971; n = 18 neurons per 
group; U = 109). (right) Peak Cyto-pHluorin responses (ΔF/F0) in axons of control 
and Letm1 KD neurons stimulated with 600APs at 10 Hz. P value was determined 
using a two-tailed unpaired t-test (n.s., P = 0.4223; n = 6 neurons per group; 
t10 = 0.8366). (F) Peak dendritic mitochondrial calcium responses in control and 
Letm1 KD neurons. P value was determined using a two-tailed Mann–Whitney 
U-test (***P = 0.0006; n = 63 neurons for control and n = 47 for Letm1 KD; U = 916). 
(G) Traces represent the mean ± SEM of cytosolic calcium responses in neuronal 
dendrites measured using RCaMP1.07 following stimulation with a single 
pulse of glutamate uncaging. (H) Peak RCaMP1.07 responses (ΔF/F0) following 
stimulation in control and Letm1 KD neurons. P value was determined using a 
two-tailed Mann–Whitney U-test (n.s., P = 0.5512; n = 63 dendrites for control 
and n = 47 dendrites for Letm1 KD; U = 1381). (I) Area under the curves (AUC) for 
stimulation-induced dendritic and axonal mitochondrial Ca2+ responses. When 
comparing dendrite responses, P value was determined using a two-tailed Mann–
Whitney U-test (n.s., P = 0.3504; n = 63 neurons for control and n = 47 for Letm1 
KD; U = 1325). When comparing axonal responses, P value was determined using 
a two-tailed Mann–Whitney U-test (**P = 0.0016; n = 46 neurons for control and 
n = 34 for Letm1 KD; U = 462). Data are represented as mean ± SEM.
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Extended Data Fig. 3 | Related to Fig. 2. Metabolic and structural phenotypes 
of Letm1 KD neurons. (A) Representative images of neurons expressing Syn-ATP. 
From left to right, neurons are 1) live, 2) permeabilized and with 0 mM ATP and 3)  
permeabilized and with 5 mM ATP (see methods). (B-C) Non-calibrated values 
corresponding to main Fig. 2b, shown as ratio of luminescence by fluorescence 
(L/F). (B) P values were determined using a Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test (P = 0.018; n = 30 for control, n = 28 for Letm1 KD, n = 7 
for Letm1/PDP1 KD. Post hoc P values: Control vs Letm1 KD, **P = 0.0064; Control 
vs Letm1/PDP1 KD, n.s., P > 0.9999; Letm1 KD vs Letm1/PDP1 KD, *P = 0.0214.  
(C) ATP levels in the presence of TTX. P value was determined using a two-tailed 
unpaired two-tailed t-test. (n.s., P > 0.9208; n = 8 for Control + TTX, n = 9 for 
Letm1 KD + TTX; t15 = 0.1011). Experiments shown in A-C were done in 1.25 mM 
lactate and 1.25 pyruvate with no glucose. (D) Strategy used to simultaneously 
KD PDP1 and Letm1. H1 and U6 are RNA Pol III promoters. PGK is a promoter to 
express mTagBFP2 to confirm transfection. (E) Western blot of pure neuronal 
cultures to knock-down Letm1 or Letm1 and PDP1 using lentivirus.  
(F) Quantification of KD for Letm1 and PDP1 using the dual vector strategy. 
P values were determined using a one-sample Wilcoxon signed rank test 
(**P = 0.078 for Letm1 KD, *P = 0.0156 for PDP1 KD; n = 8 for Letm1 KD and n = 7 for 
PDP1 KD; W = -36, -28). (G) Synaptic ATP levels in Control and Letm1 KD neurons 
upon stimulation with 600APs at 10 Hz. The dotted line indicates baseline ATP 
levels before stimulation. L/F values are normalized to the baseline. Data are 
shown as mean±SEM (n = 11). (H) Stimulation induced changes in synaptic ATP 
levels (ΔL/F) in control and Letm1 KD neurons. P value was determined using 
a two-tailed unpaired two-tailed t-test (*P = 0.0137; n = 11 for both control and 
Letm1 KD neurons; t20 = 2.703). (I) Representative Western blot of Letm1 KD 
pure neurons, showing Letm1, Syphy1 (synaptophysin 1), PSD95, CI-NDUFB8, 
CII-SDHB, CIII-UQCRC2, COXIV, CV-ATP5A and β-actin. ( J) Protein levels are 
normalized to control. P values were calculated using two-tailed one-sample  

t-tests: Letm1 (**** P < 0.0001, t₃ = 32.30), Syphy1 (ns P = 0.5755, t₃ = 0.6263), 
PSD95 (ns P = 0.0659, t₃ = 2.835), Complex I (ns P = 0.6821, t₃ = 0.4518),  
Complex II (n.s., P = 0.5133, t₃ = 0.7394), Complex III (n.s., P = 0.7529, t₃ = 0.3450), 
Complex IV (n.s., P = 0.2027, t₃ = 1.625), Complex V (n.s., P = 0.4177, t₃ = 0.9375). 
(K-M) Axonal mitochondrial shape properties measured using Mito4x-GCaMP6f. 
Circularity is measured in arbitrary units (a.u.), 1 = circular; 0 = non-circular.  
P values were determined using two-tailed Mann–Whitney U-tests for circularity 
(n.s., P = 0.0925; n = 29 neurons for control, n = 22 for Letm1 KD; U = 230) and 
size (*P = 0.0160; n = 29 neurons for control, n = 22 for Letm1 KD; U = 193), and 
using a two-tailed unpaired t-test for mitochondria number (*P = 0.0115, n = 8 for 
both conditions; t14 = 2.906). (N) Number of synapses per 100 µm measured from 
synaptophysin-mCherry signal from SynATP. P values were determined using a 
ordinary one-way ANOVA (**P = 0.0019; F(2,24) = 0.2812; n = 9 for control, n = 11 
for Letm1 KD, n = 7 for Letm1/PDP1 KD, followed by Dunn’s multiple comparisons 
test. Post hoc P values: Control vs Letm1 KD, *P = 0.0135; Control vs Letm1/PDP1 
KD, n.s., P = 0.7126; Letm1 KD vs Letm1/PDP1 KD, **P = 0.0032). (O) Estimated 
synapse size, shown as area in µm2. P values were determined using a one-way 
ANOVA with n = 23 for control, n = 22 for Letm1 KD, n = 7 for Letm1/PDP1 KD, 
followed by Tukey’s multiple comparisons test. Post hoc P values: Control vs 
Letm1 KD, **P = 0.0031; Control vs Letm1/PDP1 KD, n.s., P > 0.9999; Letm1 KD vs 
Letm1/PDP1 KD, *P = 0.0469. (P) Quantification of synaptic vesicle cycling using 
vGlut-pHluorin. The figure shows traces corresponding to the mean ± SEM of 
responses normalized to the total synaptic vesicle pool, obtained by applying 
NH4Cl at pH 7.4. P value was determined using a two-tailed Mann Whitney 
U-test (n.s. P = 0.6126; n = 8 for control neurons and n = 7 Letm1 KD; U = 23). 
(Q) Comparison of synaptic vesicle pH estimates using vGlut-pH. P value was 
determined using a two-tailed unpaired two-tailed t-test (n.s. P = 0.66; n = 8 for 
both control and Letm1 KD neurons; t14 = 0.4389).
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Extended Data Fig. 4 | Related to Fig. 2. Parameters and outputs of neuronal 
metabolic modeling. (A) Schematic of the computational model showing 
how activity-dependent Ca2+ influx elevates cytosolic and mitochondrial Ca2+, 
increasing ATP consumption and mitochondrial metabolism. Mitochondrial 
Ca2+ export is controlled by NCLX and Letm1 in control neurons, and mainly by 
NCLX in Letm1 KD. Ca2+ activates TCA cycle reactions, including PDP1-mediated 
boosting of PDHc activity. (B) Simulation of the metabolic expense of spiking. 
KANT is the change in the rate of adenine nucleotide translocator (ANT) caused 

by a neuronal spike. ANT exchanges cytosolic ADP for mitochondrial ATP. 
Ks = 1/1000 seconds. Spike-associated (dark red) and spike-independent (light 
red) metabolic cost are depicted. (C) Change in the mitochondrial fraction of 
ATP and ADP due a single neuronal spike. (D) Decay in free mitochondrial Ca2+ 
following 1AP (top) or 20AP at 20 Hz (bottom), modeled to be slower in Letm1 
KD. (E) Simulation of activity-driven ATP dynamics in control and Letm1 KD in 
arbitrary units (a.u.).
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Extended Data Fig. 5 | Related to Fig. 3. Mito4x-LA-GCaMP6s properties and 
additional experiments. (A) Aversive olfactory conditioning was used as the 
behavioral training paradigm to elicit neural circuit activation of the drosophila 
MB. Flies subjected to unpaired training do not form associative memory. 
Mitochondrial Ca2+ imaging was performed 0.5-1.5 hours after training while 
pyruvate imaging and mitochondrial Ca2+ imaging were done 3 hours after 
training. Retrieval at 3 hours corresponds to middle-term memory, while 
retrieval at 24 hours tests long-term memory. In the unpaired protocol, the lack 
of temporal association between shock and odor prevents memory formation 
and imaging at corresponding time points serves as a non-associative control. 
(B-C) Ca2+ titrations in purified protein for GCaMP6s (grey), LA-GCaMP6s 
(GCaMP6s-D362I) and GCaMP6-150 at room temperature (B) or at 37 °C (C) 
with n = 2 for each measurement. (D) Axonal mitochondrial Ca2+ responses to 

stimulation (100 AP, 100 Hz) in control and Letm1 KD neurons using Mito4x-LA-
GCaMP6s. The figure shows traces corresponding to the mean ± SEM of  
Mito4x-LA-GCaMP6f in axons. (E) Rate of mitochondrial Ca2+ decay measured as 
half-time decay (t1/2) in axonal mitochondria following stimulation in control and 
Letm1 KD neurons. P value was determined using a two-tailed Mann-Whitney 
U-test (****P < 0.0001; n = 18 for control and n = 15 for Letm1 KD; U = 30.50).  
(F) Mitochondrial Ca2+ levels shown as the ratio of Mito4x-LA-GCaMP6s to 
mCarmine in control and Letm1 KD flies, measured 3 hours after exposure to 
either 1x paired or unpaired protocol. P value for control flies was determined 
using a two-tailed unpaired t-test (n.s., P = 0.7206; n = 13,13; t24 = 0.362). P value 
for Letm1 KD flies was determined using a two-tailed unpaired t-test (n.s., 
P = 0.3031); n = 14,14; t26 = 1.051).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Related to Fig. 3. Control experiments for the effect 
of Letm1 KD on fly olfactory memory. (A-B) Letm1 RNAi #2 flies were used to 
test memory. (A) MTM tested 3 h after 1x conditioning in control and Letm1 
RNAi #2 flies. Group differences were assessed with a one-way ANOVA (n = 12 
per group). ANOVA: F(2,24) = 0.5172, P = 0.6027 (B) LTM tested 24 h after 1x 
conditioning in control and Letm1 RNAi #2 flies, is increased LTM in Letm1 KD 
flies. (one-way ANOVA F(2,33) = 6.565, P = 0.0040, n = 12,12,12, Tukey’s post-test 
Control 1 vs Letm1 KD, **P = 0.0045; Control 2 vs Letm1 KD, *P = 0.0271. Control 
1 vs Control 2, n.s., P = 0.7579). (C) No RNAi expression was induced and LTM 
was tested 24 h after 1x conditioning in control and Letm1 RNAi #1 or #2 lines 
and no significant differences were detected. P values were determined using 
one-way ANOVA (left: Letm1 RNAi #1: F(2,51) = 0.2267, P = 0.7670, n = 18,18,18; 
right Letm1 RNAi #2: F(2,33) = 0.1892, P = 0.8285, n = 12,12,12) (D) Avoidance 
of control and Letm1 RNAi #1 or #2 lines to the odors used for olfactory 
conditioning shows no difference in odor avoidance. P values were determined 
using one-way ANOVA (top panel: Letm1 RNAi #1: Octanol: F(2,33) = 0.8653, 
P = 0.4303, n = 12,12,12; Methyl-cyclohexanol: F(2,33) = 2.749, P = 0.0787, 
n = 12,12,12; bottom panel: Letm1 RNAi #2: Octanol: F(2,33) = 2.859, P = 0.0716, 

n = 12,12,12; Methyl-cyclohexanol: F(2,33) = 0.2520, P = 0.7787, n = 12,12,12) (E) 
Avoidance of control and Letm1 RNAi #1 or #2 lines to the shock stimulus shows 
no difference in shock avoidance. P values were determined using one-way 
ANOVA (left: Letm1 RNAi #1: F(2,33) = 0.5629, P = 0.5749, n = 12,12,12; right Letm1 
RNAi #2: F(2,33) = 0.7137, P = 0.4972, n = 12,12,12) (F) Testing for LTM formation 
24 hours after a 5x spaced training in control and Letm1 RNAi #1 or #2 flies show 
normal LTM formation in all conditions. P values were determined using one-
way ANOVA (left: Letm1 RNAi #1: F(2,51) = 0.2275, P = 0.7973, n = 18,18,18; right 
Letm1 RNAi #2: F(2,33) = 0.9020, P = 0.4155, n = 12,12,12) For graph, A-F: Data are 
represented as mean ± SEM and genotypes are shown in the top legend.  
(G) Letm1 RNA levels measured by qPCR from fly brains, normalized to 
α-Tub84B as reference gene. Note that knock down is underestimated as RNAi 
is only expressed in MB neurons and not in the entire brain. P values were 
determined using a one-way ANOVA followed by Tukey’s multiple comparison 
test versus control with n = 4 for control, n = 4 for Letm1 RNAi #1 and n = 5 for 
Letm1 RNAi #2, one-way ANOVA: F(2,10) = 8.838, P = 0.0.0062, Tukey’s multiple 
comparison P values: Letm1 RNAi #1 vs control, *P = 0.0084; Letm1 RNAi #2 vs 
control, *P = 0.0147. Data are represented as mean ± SEM.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Related to Fig. 4. Control experiments for the effect of 
Letm1 KD on rodent olfactory memory. (A) Genetic design of viral constructs 
injected into the mouse hippocampus. (B-E) Analysis of motor behavior in mice 
before being subjected to memory tests. No differences were found between 
control and Letm1 KD mice in (B) distance travelled or (C) speed. For (B), P value 
was determined using a two-tailed unpaired t-test (n.s., P = 0.7321; n = 8 per 
group; t14 = 0.3492). For (C), P value was determined using a two-tailed unpaired 
t-test (n.s., P = 0.8231; n = 8 per group; t14 = 0.2278). (D, E) Representative 
trajectory plots of locomotor activity in control (left) and Letm1 KD (right) 
mice, respectively. Grey rectangles indicate the base of the arena while lines 
outside these markings represent rearing events. (F-J) CS+ corresponds to the 
odor previously paired with aversive LiCl injection and CS- corresponds to the 
innocuous odor. Control and Letm1 KD refer to mice that have received viral 
injections in the dorsal hippocampus of control or Letm1 miRNA-based shRNAs, 
respectively. (F) Water consumption from CS+ and CS- drinking bottles in  
control and Letm1 KD mice on day 5. These raw data are used for quantifying 
memory scores in Fig. 4f. P values were determined using two-way ANOVA 

(n = 8 per group), followed by Tukey’s multiple comparisons test. For control: 
CS- vs CS + , ****P < 0.0001. For Letm1 KD: CS- vs CS + , ****P < 0.0001. (G) Water 
consumption from CS+ and CS- drinking bottles in control and Letm1 KD mice  
on day 15. These raw data are used for quantifying memory scores in Fig. 4g.  
P values were determined using two-way ANOVA (n = 8 per group), followed by 
Tukey’s multiple comparisons test. For control: CS- vs CS + , n.s., P = 0.9704. For 
Letm1 KD: CS- vs CS + , **P < 0.0023. (H) Water consumption during habituation 
sessions in control and Letm1 KD mice. P values were determined using a two-
tailed Mann–Whitney U-tests session #1 (n.s., P = 0.9818; n = 8 per group; U = 31.5) 
and session #2 (n.s.; P = n = 8 per group; U = 23.5). No significant differences were 
found. (Iand J) Water consumption in control and Letm1 KD mice when either 
banana or almond were devalued with LiCl (CS + ). These data are obtained from 
the main pool of raw data shown in (F) by analyzing separately paired responses 
to each odor. P values were determined using two-way ANOVA, followed by 
Tukey’s multiple comparisons test. For panel (I): Control, Banana vs Almond, 
*P = 0.0161; Letm1 KD, Banana vs Almond, **P = 0.0083. For panel (J): Control, 
Almond vs Banana, **P = 0.0038; Letm1 KD, Almond vs Banana, **P = 0.0081.
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