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ARTICLE INFO ABSTRACT

Keywords: Mitochondria are classically viewed as ‘on demand’ energy suppliers to neurons in support of their activity. In
Mitochondria dynamics order to adapt to a wide range of demands, mitochondria need to be highly dynamic and capable of adjusting
Energy their metabolic activity, shape, and localization. Although these plastic properties give them a central support
Ig;:lory role in basal neuronal physiology, recent lines of evidence point toward a role for mitochondria in the regulation
TCA cycle of high-order cognitive functions such as memory formation. In this review, we discuss the interplay between

mitochondrial function and neural plasticity in sustaining memory formation at the molecular and cellular levels.
First, we explore the global significance of mitochondria in memory formation. Then, we will detail the memory-
relevant cellular and molecular mechanisms of mitochondrial plasticity. Finally, we focus on those mitochondrial
functions, including but not limited to ATP production, that give mitochondria their pivotal role in memory
formation. Altogether, this review highlights the central role of mitochondrial structural and functional plasticity
in supporting and regulating neuronal plasticity and memory.

1. Introduction

A long-standing view in the field of neuroenergetics is that mito-
chondria support neuronal activity through acting as ‘on demand’ en-
ergy providers to neurons. Neurons are indeed among the most energy-
demanding cells in the body, requiring high amounts of ATP to maintain
their functions (Rumpf et al., 2023). Even at rest, neurons consume
significant amounts of energy to maintain their membrane potential and
support membrane turnover, i.e. the continuous synthesis, recycling and
degrading of membrane components crucial for maintaining structural
integrity and functionality of the neuron's membrane (Harris et al.,
2012; Purdon and Rapoport, 2007; Rumpf et al., 2023). This energy is
essential for sustaining ionic gradients across the neuronal membrane,
which are in turn vital to the cell's excitability and overall function.
Upon neuronal activity, the energy demands of electrical signaling
processes increase significantly through the generation of action po-
tentials and postsynaptic potentials (Harris et al., 2012). The synaptic
vesicle cycle, which includes the loading of neurotransmitters as well as
the exocytosis and endocytosis of synaptic vesicles (SVs), is an energy-
intensive process (Pulido and Ryan, 2021; Rangaraju et al.,, 2014).
Neurotransmitter biosynthesis also relies on ATP production and pre-
cursors provided by mitochondrial metabolism (Mergenthaler et al.,
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2013). Additionally, cytoskeleton dynamics and synapse remodeling,
including the endocytosis and exocytosis of neurotransmitter receptors,
contribute to these high energy demands. Translation (especially the
local translation that involves protein synthesis at the synapse) also adds
to this energy burden, as it is essential to the synaptic plasticity and long-
term potentiation (LTP) of the excited synapse (Rangaraju et al., 2019).

These specific energy requirements highlight the critical role played
by mitochondria in neurons. Mitochondria have a pivotal role in cellular
energy production, in which they produce ATP through oxidative
phosphorylation. Mitochondria also serve many other functions that are
equally vital to neuronal health and function, including calcium buff-
ering to maintain ion homeostasis during neuronal firing, the regulation
of lipid and carbohydrate metabolism, the biosynthesis of several pre-
cursors and the production of reactive oxygen species (ROS) for
signaling, and apoptosis (Mattson et al., 2008). To adapt to their wide
array of demands, mitochondria need to be highly dynamic and capable
of adjusting their metabolic activity, shape, and localization. Because
they exhibit such dynamic properties, mitochondria can exist in and
switch between different states depending on the “history” of each cell.
As a result, we can view these properties as comprising the functional
plasticity of mitochondria, which positions them as pivotal players in
neuronal physiology. Regarding this plasticity, recent evidence obtained
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in fruit flies suggests that mitochondria play a regulatory role in higher
order cognitive functions including long-term memory formation, which
surpasses the view of them as powerhouses of neurons (Placais et al.,
2017; Rabah et al., 2023a; Comyn et al., 2024; Pavlowsky et al., 2024).
In this review, we highlight the interplay between mitochondrial func-
tion and neural plasticity in sustaining memory formation, at the cellular
and molecular scales. First, we focus on the global significance of
neuronal and glial mitochondria in plasticity and memory formation. In
the second part, we examine the cellular and molecular mechanisms of
mitochondrial plasticity, from the regulation of their metabolism to
their shape and motility, that are relevant to the formation of memory.
Finally, we ask what are the outputs of mitochondrial activity, from ATP
production to metabolites and ROS production, that are relevant for
memory formation. Altogether, the current knowledge reviewed here
presents a picture of mitochondria as cellular gatekeepers of memory
consolidation, endowed with an unexpected role as active regulators of
memory formation.

2. Mitochondrial activity underlies the control of long-term
memory formation

The idea that mitochondria support neuronal transmission is well-
established, given the high energy cost of synaptic vesicle cycling and
Na®™/K' ATPase function in maintaining the ionic gradient across the
neuronal membrane (Harris et al., 2012). But beyond providing support
for neurotransmission in general, what role do mitochondria play in
neuronal plasticity and the resulting memory? We categorized the
publications discussed in this review into a bibliographical table
(Table 1) based on their focus regarding mitochondrial function and
neuronal activity, spanning from in vitro neurotransmission and plas-
ticity to in vivo studies assessing memory formation.

Synaptic plasticity is fundamental to learning and memory, as it al-
lows the brain to adapt and store information by modifying the effi-
ciency of synaptic transmission. These plasticity processes can present
various temporal dynamics that last from a few minutes for transient
short-term potentiation (STP) of the synapse, to hours or weeks for long-
term potentiation (LTP) or long-term depression (LTD), which respec-
tively enhance or reduce synaptic strength (Hagena and Manahan-
Vaughan, 2024). These processes have been widely studied in vitro in
a great variety of models, particularly in hippocampus slices and hip-
pocampus neuronal cultures of rodents, as the hippocampus is the major
mammalian associative memory center (Hagena and Manahan-
Vaughan, 2024). These preparations allow the controlled induction of
neuronal stimulation, as well as pre- and postsynaptic observation of
response mechanisms. As a result, they are widely used for investigating
the role of mitochondria in neuronal plasticity (Todorova and Blokland,
2017).

Long-term synaptic plasticity relies on increased neurotransmitter
release, enhanced excitability, gene expression, de novo protein syn-
thesis, and the formation of new synapses (Bailey et al., 2015), which all
critically depend on mitochondria function (Glock et al., 2021; Li et al.,
2004; Raefsky and Mattson, 2017; Rangaraju et al., 2014, 2019; Smith
et al., 2016). Pharmacologically inhibiting mitochondrial activity (using
inhibitors of mitochondrial calcium uptake and release) thus impairs
LTP (Tang and Zucker, 1997), and doing so during intense stimulation
leads to depressed synaptic transmission (Billups and Forsythe, 2002;
Medler and Gleason, 2002). On the other hand, boosting mitochondrial
respiration via creatine increases synaptic density (Li et al., 2004).
However, the precise contributions of pre- and postsynaptic mitochon-
dria remains unanswered by these experiments.

At the presynapse, glycolysis is critical in sustaining steady-state ATP
demand (Ashrafi et al., 2017; Ikemoto et al., 2003; Rangaraju et al.,
2014; Wang et al., 2024; Zala et al., 2013), whereas the additional ATP
production required to sustain electrical activity or long-term synaptic
plasticity is supplied by both glycolysis and mitochondrial oxidative
phosphorylation(Devine and Kittler, 2018; Rangaraju et al., 2014).
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Interestingly, presynaptic terminals can switch from glycolytic to
oxidative metabolism upon high-intensity stimulation (Ashrafi et al.,
2020). Voltage-evoked calcium entry into the cell triggers calcium up-
take by mitochondria through the mitochondrial calcium uniporter
regulator MICU3, which stimulates ATP production (Ashrafi et al.,
2020).

Postsynaptically, LTP leads in cultured hippocampal neurons to the
phasic occurrence of “mitoflashes”, transient events involving height-
ened mitochondrial activity, depolarization, spikes in peaks of mito-
chondrial calcium concentration, and ROS production (Fu et al., 2017).
These fast mitochondrial calcium transients show similar kinetics to
cytosolic calcium transients, and have been reported in pyramidal
neurons upon LTP (Stoler et al., 2022). Interestingly, the coincident
detection of a single excitatory postsynaptic potential and of back-
propagating action potential induced in these dendritic mitochondria
a localized calcium transient that enhanced ATP production, which
could play a role in another type of neuronal plasticity called spike-
timing dependent plasticity (STDP) (Stoler et al., 2022). These studies
suggest that postsynaptic mitochondria have the unique ability, via
fluctuations in mitochondrial calcium levels, to decode both firing fre-
quency and simultaneous neuronal firing patterns. In turn, it is sug-
gested that these mitoflashes could act as putative signals for stabilizing
long-term synaptic plasticity. Indeed, it was shown that dendritic
mitochondria play a critical role in long-term regulation of synaptic
strength, notably by fueling local translation for plasticity (Rangaraju
etal., 2019). LTP also induces postsynaptic elevation in the expression of
genes encoded by mitochondrial DNA, which was seen to last for up to
two weeks (Williams et al., 1998). Altogether, these studies point toward
the fact that mitochondrial function is intricately linked to synaptic
activity, since mitochondria both respond to and actively regulate syn-
aptic plasticity.

Despite the valuable insights gained from studying LTP in cellulo,
these results do not fully capture the complexity of the physiological
process of memory formation. In vivo approaches have been instru-
mental in firmly establishing the role of mitochondria in memory,
bridging the gap between cellular models and cognitive processes. In
rats, the chronic administration of sodium azide, a potent inhibitor of
mitochondrial complex IV that blocks mitochondrial respiration,
induced learning and memory deficits in spatial and non-spatial memory
tasks (Bennett et al., 1992; Bennett and Rose, 1992). These defects are
coupled with synaptic plasticity impairment in the hippocampus
(Bennett et al., 1992). However, while these in vivo studies confirmed
the critical role of mitochondria in memory, they did not determine in
which phase of the memory process or in which cell type they are
required. Indeed, doing so would require experimental strategies that
can both monitor and manipulate mitochondrial activity in a more acute
way. This has only become achievable recently thanks to the increasing
sophistication of manipulations available in genetically tractable spe-
cies, and the development of new tools for in vivo metabolic imaging at a
cellular resolution.

Memory formation encompasses several distinct but connected pro-
cesses, i.e. learning (memory encoding), storage, consolidation, and
recall. In particular, the long-term consolidation of a memory trace into
long-lasting memory mobilizes important cognitive and energy re-
sources. For the optimized allocation of such resources, long-term
memory (LTM) formation is inhibited by default in order to avoid
wasteful expenses (Abel et al., 1998; Scheunemann et al., 2018). Lifting
this inhibition, a process known as LTM gating, can notably be achieved
through spaced repetition of learning sessions. This phenomenon, called
the spacing effect, is highly conserved across species (Glas et al., 2021;
Nishijima and Maruyama, 2017; Shaughnessy, 1977; Sutton et al., 2002;
Tully et al., 1994). Recent reports using classical Pavlovian olfactory
conditioning in Drosophila melanogaster have offered crucial insights into
the regulatory role that mitochondria play in LTM gating. In this aver-
sive protocol that involves the pairing of an odorant with mild electric
shock delivery, a single-cycle learning trial gave rise to short-lived
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Table 1

Classification of the reviewed studies according to the mitochondrial function under investigation.
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Mitochondrial function

Model system

Cell type

Experimental assay/behavioral task

Pyruvate metabolism
Yang et al., 2021

Placais et al., 2017
Comyn et al., 2024
Rabah et al., 2023a
Raun et al., 2023
Descalzi et al., 2019
(see also Translation)

In vitro: mouse hippocampal slices; culture of
primary mouse hippocampal neurons; forebrain
synaptosomes

In vivo: Drosophila

In vivo: Drosophila

In vivo: Drosophila

In vivo: Drosophila

In vivo: rat

Respiratory chain and ATP production

Li et al., 2004
(see also Morphology:
fission/fusion dynamics)

Bennett et al., 1992

Bennett and Rose, 1992
Underwood et al., 2023
(see also Morphology:
fission/fusion dynamics)
Rangaraju et al., 2014
(see also Translation)
Verstreken et al., 2005
(see also Vesicle cycling)
Olesen et al., 2020

(see also ROS production)

Calcium dynamics
Tang and Zucker, 1997
Medler and Gleason,
2002
Xiong et al., 2002

Stoler et al., 2022

Billups and Forsythe,
2002

(see also Neurotransmitter
release)

Ashrafi et al., 2020
Fu et al., 2017
(see also ROS production)

Vishwanath et al., 2024

Kim et al., 2011

(see also ROS production)

In vitro: culture of primary rat hippocampal
neurons; hippocampal slice

In vivo: rat

In vivo: rat

In vivo: rat

In vitro: isolated rat hippocampus punches;
hippocampal synaptosomes

In vitro: culture of primary rat hippocampal
neurons

In vivo: Drosophila

In vivo: mice
In vitro: mice hippocampus synaptosomes

In vitro: crayfish neuromuscular junction
In vitro: cultured chick retinal cells
In vitro: mouse cerebellar slices

In vitro: mouse somatosensory neocortical slices

In vitro: rat transverse brainstem slices

In vitro: culture of primary rat hippocampal
neurons

In vitro: Culture of primary rat hippocampal
neurons

In vivo: Drosophila; Mouse;

In vitro: Culture of primary rat hippocampal
neurons

In vivo: Mouse
In vitro: Slices of mouse spinal cord

Morphology: Fission/fusion dynamics

Li et al., 2004
(see also Respiratory chain)

Divakaruni et al., 2018
Liu et al., 2022
Oettinghaus et al., 2016
Virga et al., 2024

Underwood et al., 2023

(see also Respiratory chain)

(Hara et al., 2014)

In vitro: culture of primary rat hippocampal
neurons; hippocampal slice

In vitro: culture of primary rat hippocampal
neurons; mouse hippocampal slices

In vivo: mice

In vivo: mice

In vivo: mice

In vitro: culture of primary mouse hippocampal
neurons

In vivo: rat

In vitro: isolated rat hippocampus punches;
hippocampal synaptosomes

In vivo: Rhesus monkey

Motility: transport and docking

Kang et al., 2008

Li et al., 2020

In vitro: culture of primary rat and mouse
hippocampal neurons

In vitro: culture of primary mouse hippocampal
neurons

Hippocampus neurons
Mushroom body neurons
Mushroom body neurons

Mushroom body neurons
Mushroom body neurons

Dorsal hippocampus neurons

Hippocampus neurons; CA1
pyramidal neurons

Nonspecific

Nonspecific

CA1 pyramidal neurons

Hippocampus neurons

Neuromuscular junction

Hippocampus neurons

Motor neuron
Amacrine cells
Cerebellar granule neurons

L5 pyramidal neurons

Auditory brainstem neuron
(calyx of Held synapse)

Hippocampus neurons
Hippocampus neurons

Mushroom body neurons;
Hippocampus neurons

Dorsal horn neurons

Hippocampus neurons; CA1
pyramidal neurons

Hippocampus neurons; CAl
pyramidal neurons

Auditory cortex neurons

Hippocampus neurons

CA1 pyramidal neurons;
hippocampus neurons

CA1 pyramidal neurons

Dorsolateral prefrontal cortex
Brodmann's area neurons

Hippocampus neurons

Hippocampus neurons

KCl, bicuculline or BDNF-induced depolarization

Aversive olfactory conditioning
Aversive olfactory conditioning
Aversive olfactory conditioning
Courtship conditioning

Inhibitory avoidance

KCl-induced depolarization; electric stimulation (tetanic
stimulus)

Spatial and nonspatial learning: eight-arm radial maze
(appetitive) and two-way shuttle box task (aversive)
Spatial learning: Morris water maze (aversive)

Context fear conditioning

Glutamate uncaging (structural LTP)

Electric stimulation

Spatial and nonspatial learning: Morris water maze test,
Barnes maze test, novel object recognition test, novel object
localization test

Electric stimulation (tetanic stimulus)

KCl-induced depolarization; electric stimulation

KCl-induced depolarization
Electric stimulation (spike-timing-dependent plasticity
(STDP))

Electric stimulation

Electric stimulation
Glutamate uncaging (structural LTP)

Aversive olfactory memory; Electric stimulation; Glutamate
uncaging

Mechanical sensitivity of hindpaw upon mechanical stimuli,
NMDA or capsaicin injection; Electric stimulation (spinal
LTP)

KCl-induced depolarization; electric stimulation (tetanic
stimulus)

Glycine application (chemical LTP); glutamate uncaging
(structural LTP); electric stimulation (high frequency
stimulation LTP)

Auditory fear conditioning

Spatial working memory task: spontaneous alternation tasks
in an eight-arm radial maze

Spontaneous activity; PTX-induced synaptic activity

Context fear conditioning

Delayed response test of visuospatial working memory

Electric stimulation (tetanic stimulus)

PTX-induced synaptic activity; electric stimulation (tetanic
stimulus)

(continued on next page)
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Table 1 (continued)
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Mitochondrial function

Model system

Cell type

Experimental assay/behavioral task

Sun et al., 2013

Pavlowsky et al., 2024
Sajic et al., 2013
Smit-Rigter et al., 2016

ROS production
Esparza-Molto et al., 2021

Olesen et al., 2020
(see also ATP production)

Kim et al., 2011
(see also Calcium dynamics)

In vitro: culture of primary mouse neurons and
hippocampal slices

In vivo: Drosophila

In vivo: mouse

In vivo: mouse

In vivo: mouse

In vitro: culture of primary mouse hippocampal
neurons; mouse hippocampal slices

In vivo: mice

In vitro: mice hippocampus synaptosomes

In vivo: mouse
In vitro: slices of mouse spinal cord

Hippocampus neurons
Mushroom body neurons

Saphenous nerves
Visual cortex

Hippocampus neurons; CA1l
pyramidal neurons

Hippocampus neurons

Dorsal horn neurons

Electric stimulation

Aversive olfactory memory
Electric stimulation; capsaicin application
Retinal lesion (structural cortical plasticity)

Novel object recognition task; electric stimulation (theta-
burst stimulation LTP)

Spatial and nonspatial learning: Morris water maze test,
Barnes maze test, novel object recognition test, novel object
localization test

Mechanical sensitivity of hindpaw upon mechanical stimuli,
NMDA or capsaicin injection; electric stimulation (spinal
LTP)

Morant-Ferrando et al., In vivo: mouse Astrocytes Novel object recognition task
2023

Vicente-Gutierrez et al., In vivo: mouse Astrocytes Novel object recognition task
2019

Fueling translation

In vitro: cul f pri hi 1
Rangaraju et al, 2019 n vitro: culture of primary rat hippocampal

neurons
Rangaraju et al., 2014 In vitro: culture of primary rat hippocampal
(see also ATP production) neurons
Descalzi et al., 2019
(see also Pyruvate In vivo: rat

metabolism)

Neurotransmitter release/vesicle cycling
Billups and Forsythe, 2002
(see also Calcium dynamics)
Smith et al., 2016
Verstreken et al., 2005
(see also ATP production)

In vitro: rat transverse brainstem slices
In vitro: rat hippocampal slices

In vivo: Drosophila

Miscellaneous
Ketone body metabolism

Silva et al., 2022 In vivo: Drosophila

glia
Mitochondrial gene
expression

Williams et al., 1998 In vitro/in vivo: rat hippocampal homogenates

Hippocampus neurons

Hippocampus neurons

Dorsal hippocampus neurons

Auditory brainstem neuron
(calyx of Held synapse)
CA1 pyramidal neurons

Neuromuscular junction

Mushroom body neurons, cortex

Perforant path-dentate gyrus
synapses; CA3 and CA1 region

Glutamate uncaging (structural LTP)

Glutamate uncaging (structural LTP)

Inhibitory avoidance

Electric stimulation
Electric stimulation (theta-burst stimulation LTP)

Electric stimulation

Aversive olfactory memory upon starvation

Electric stimulation (high frequency stimulation LTP)

memories that started to decay after 3 h (Quinn et al., 1979; Tully and
Quinn, 1985). Multiple training sessions make it possible to reinforce
memory and increase its persistence, albeit with different dynamics,
depending on the pattern of training over time (Tully et al., 1994).
Multiple consecutive trials (massed training) induce a memory that
decays within 1-2 days, whereas repeated trials spaced in time (spaced
training) lead to protein synthesis-dependent LTM formation that lasts
up to one week (Tully et al., 1994). These different forms of memory
involve defined and well-described neuronal networks that have been
mapped to specific subpopulations of neurons within a brain region
known as the mushroom bodies (MBs), the Drosophila olfactory memory
center (Bouzaiane et al., 2015).

In this context, the use of a genetically encoded pyruvate sensor
coupled to pharmacological blockade of the mitochondrial respiratory
chain allowed for in vivo measurement at the cellular scale (in a cell-
specific manner) of mitochondrial influx of pyruvate. As an input sub-
strate for the tricarboxylic acid (TCA) cycle and subsequent oxidative
phosphorylation, this can serve as a proxy to measure mitochondrial
metabolic activity. Combined with behavioral experiments, this
approach has been instrumental in uncovering links between concepts
linking energy metabolism and memory in Drosophila. After one cycle of
training, upregulation of pyruvate metabolism in MB neuronal

mitochondria (Rabah et al., 2023a) occurs both at the level of the somas
and the axons. Preventing this upregulation yields memory impairment
(Rabah et al., 2023a). However, this increased metabolic activation is
not sustained, as MB neurons return to their basal energy state 3 h after
training (Comyn et al., 2024). Importantly, memory is still present at
that time point, indicating that mitochondrial activation is not necessary
for the behavioral expression of memory, while it is involved in the early
establishment of the memory trace. On the other hand, spaced training
upregulates mitochondrial pyruvate flux (Placais et al., 2017) in the
same compartments (somas and axons of the MB neurons), but specific
mechanisms maintain this activated state specifically in the axons
beyond 8 h (Comyn et al., 2024). These analyses demonstrate that the
spatiotemporal organization of mitochondrial metabolic activation is a
determinant factor of memory persistence (Placais et al., 2017; Rabah
et al., 2023a; Comyn et al., 2024; Pavlowsky et al., 2024) (see also Fig. 1
for a global schema). Here again, at the time of memory recall (24 h after
training), the metabolic activation has finished, showing that upregu-
lation of pyruvate metabolism does not constitute the memory trace
itself. Remarkably, genetic interventions constitutively boosting MB
pyruvate mitochondrial metabolism (see Part II for more details) allowed
flies to form LTM with fewer learning trials (Comyn et al., 2024; Placais
et al., 2017). Moreover, knock-down of Letml, a mitochondrial ion
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Fig. 1. Mitochondrial plasticity and memory: mechanisms gating LTM formation in Drosophila. After one-cycle training, pyruvate flux to mitochondria in the MB
neuronal somas and the vertical and medial lobes is increased (in green). This is supported by alanine transfer from cortex glia surrounding the MB neuronal soma
(inset A). This increase in mitochondrial metabolic activity is not maintained, but is progressively turned off. Upon spaced training, in addition to the mechanism
occurring after one-cycle training, the enhanced oscillatory activity of MP1 dopaminergic neurons activates DAMB signaling in the efferent o/ MB neurons (inset B).
The DAMB receptor preferentially couples with Gq and the produced DAG activates PKCS, resulting in its translocation to mitochondria. There, PKC3 can activate the
PDHC, by releasing the inhibition exerted by PDK. The enhanced PDHC activity promotes an increase in mitochondrial pyruvate flux, and this enhanced mito-
chondrial metabolism gates memory consolidation, thereby enabling LTM formation. In these first hours following spaced training, additional alanine is provided
locally to the lobes by the astrocyte-like glia, whereas Miro-Milton mediated mitochondria transport supports the increased mitochondrial metabolic activity in the
lobes (inset C). After 3 h, the lasting effect of activated PKCS on mitochondrial metabolism maintains a high pyruvate flux in the vertical and medial lobes (in green),
while it returns to its baseline levels in the somas. PKCS activation ends after 8 h, whereas mitochondrial metabolic activity is still upregulated (in green), ultimately
resulting in the LTM gating. After 24 h, once LTM has been encoded and can be tested by behavioral assays, mitochondrial metabolism in the MB neurons returns to
its basal state, indicating that pyruvate metabolism upregulation does not represent the memory trace in itself. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)



T. Comyn et al.

channel that mediates calcium efflux, prolonged the increased pyruvate
consumption in MB neurons beyond 3 h after single-cycle training
(Vishwanath et al., 2024). At the behavioral level, these flies were able
to form LTM after a single cycle of conditioning, demonstrating that the
occurrence of long-lasting mitochondrial activation is the driving factor
for long-term memory formation. These studies in fruit flies thus
revealed the instructive role played by mitochondrial energy fluxes in
lifting the default inhibition of LTM. Interestingly, some evidence in the
literature suggests that such a mechanism could be conserved in mam-
mals. Upregulated mitochondrial respiration was measured in rat hip-
pocampus following context fear conditioning. This upregulation was
only observed for presynaptic mitochondria of the Schaffer collaterals-
CA1 synapses, i.e. mitochondrial respiration was not increased in the
cell body CA1 region (Underwood et al., 2023). Although the dynamics
and function of this effect remain to be clarified, it seems that, like in
flies, the specific localization of mitochondrial metabolic activation is an
important factor in LTM formation. Perhaps the most compelling evi-
dence of a conserved role for mitochondria in LTM control comes from a
recent study reporting that, similar to what was observed in flies, knock-
down of Letm1 in mouse hippocampus facilitated the formation of LTM
in an aversive associative olfactory memory task (Vishwanath et al.,
2024).

In parallel to the role of neuronal mitochondria as a cognitive
regulator, recent studies have revealed alterations of mitochondrial
metabolic activity in glial cells linked to memory formation. It is well
established, both in mammals and invertebrates, that glycolytic output
from glial cells can be diverted to neurons to support enhanced mito-
chondrial activity for memory formation (Newman et al., 2011; Suzuki
et al.,, 2011; Rabah et al., 2023a). Under physiological conditions, the
major molecular mediator of the neuron-glia metabolic coupling un-
derlying memory is lactate in mammals (Newman et al., 2011; Suzuki
et al., 2011), and alanine in flies (Rabah et al., 2023a). But how do glial
cells metabolically adapt to this coupling and maintain metabolite
production during memory formation? Two recent studies in mice
demonstrated that astrocytic mitochondria are required for memory
formation, as evaluated by a novel object recognition task (Morant-
Ferrando et al., 2023; Vicente-Gutierrez et al., 2019). In mice, condi-
tional overexpression of mitochondrially addressed catalase in astro-
cytes allowed a decrease in production of mitochondrial ROS, which
consequently impaired memory formation (Vicente-Gutierrez et al.,
2019). It was then found that astrocytes oxidize fatty acids in their
mitochondria to favor an ‘electron-leaky’ configuration state of the
oxidative phosphorylation chain. This inefficient conformation prevents
the assembly of complex I into supercomplexes, which ultimately favors
glycolysis and ROS generation rather than oxidative phosphorylation
(Lopez-Fabuel et al., 2016; Morant-Ferrando et al., 2023). Memory in
mice is also impaired when knocking out a key enzyme of mitochondrial
fatty acid oxidation in adult astrocytes (Morant-Ferrando et al., 2023).
However, the precise mechanism leading to the observed memory
deficit remains unknown. Do astrocytes oxidize fatty acid to favor
glycolysis in order to efficiently provide lactate for memory formation?
Or do ROS play an indispensable signaling role in memory?

Overall, research in recent years has made it clear that mitochondrial
metabolic adaptation, both in neurons and glial cells, is integral to
memory formation. In neurons, the spatiotemporal dynamics of mito-
chondrial activation is causally linked to the onset of long-term memory
formation, establishing a cognitive function of mitochondria in neurons.
In the following section, we review the cellular and molecular mecha-
nisms that govern learning-induced mitochondrial plasticity in neurons.

3. Memory-relevant cellular and molecular mechanisms of
mitochondrial plasticity

Upon associative memory formation, metabolic activation of
neuronal mitochondria can be observed in Drosophila MBs, the duration
and location of which depends on the type of conditioning and memory
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persistence (Fig. 1) (Comyn et al., 2024; Placais et al., 2017; Rabah et al.,
2023a). In addition, genetic inhibition of either pyruvate mitochondrial
import or of the pyruvate dehydrogenase complex (PDHC; the enzymatic
complex that converts pyruvate into acetyl-CoA to fuel the TCA cycle) in
the adult MB neurons leads to memory defect after single-cycle training
as well as after spaced training. Upregulation of mitochondrial activity
via pyruvate consumption can occur as a passive mechanism, which is
made thermodynamically favorable by the increased consumption of
mitochondrial output products such as ATP. If such a mechanism could
be sufficient to support the short-lasting upregulation of pyruvate
metabolism observed after one-cycle training (Fig. 1, inset A), we could
ask whether additional mechanisms are involved in the axonal-specific
prolonged activation of mitochondrial metabolism triggered by spaced
conditioning. In support of this, increasing PDHC activity by down-
regulating its inhibitor, the pyruvate dehydrogenase kinase (PDK)
(Lavington et al., 2014), does not improve memory performance after
single-cycle or spaced training but facilitates the formation of LTM; in
that case, it can be formed after a single cycle of training instead of the
five cycles usually required (Comyn et al., 2024; Placais et al., 2017).
Thus, an inability to respond to the acute increase in energy demand
upon LTM formation is detrimental to memory formation, but increasing
mitochondrial metabolic capacity is sufficient to allow LTM formation.
The mechanisms that support this coupling between LTM formation and
mitochondrial plasticity will now be discussed.

The upregulation of pyruvate metabolism in MB neurons required for
LTM formation is triggered by post-learning dopamine signaling from a
specific pair of MB-afferent neurons, alternately referred to as MP1
neurons (Placais et al., 2017) or PPL1-ylpedc neurons (Aso et al., 2014).
These neurons display sustained calcium rhythmic activity in the first
hours after spaced training, and activate MB neurons via the dopami-
nergic metabotropic receptor DAMB (also named DoplR2) (Placais
et al., 2012). Intracellularly, DAMB is coupled to Gq signaling (Cassar
et al., 2015; Himmelreich et al., 2017), whose signaling utilizes the
second messengers calcium and DAG (Mizuno and Itoh, 2009). Upon
DAMB activation, PKC8§, a ‘novel PKC’ enzyme known to be exclusively
activated by DAG (Duquesnes et al., 2011), translocates to mitochon-
dria, where it releases the PDHC inhibition and thereby increases the
pyruvate flux to mitochondria (Comyn et al., 2024). Importantly, the
LTM defect caused by PKCS knock-down in the MB at the adult stage was
rescued by the co-inhibition of PDK, demonstrating that the role of PKC3
in LTM formation is entirely mediated through its effects on mitochon-
drial metabolism. PKC3 is therefore a key molecular actor in the
coupling between dopaminergic signaling and mitochondrial meta-
bolism specifically upon LTM formation (Fig. 1, insets B-C).

As an alternative or parallel pathway to PKCS, mitochondrial cal-
cium signaling is well-known for increasing the activity of mitochondrial
metabolic enzymes, particularly the activity of the PDHC (Denton et al.,
1972; Glancy and Balaban, 2012). In cultured rodent hippocampal
neurons, the coupling between neuronal activity and synaptic ATP
production relies on mitochondrial calcium. Therefore, the inhibition of
mitochondrial calcium uptake prevents ATP production upon neuronal
activation (Ashrafi et al., 2020), whereas the inhibition of mitochondrial
calcium extrusion via Letm1, a Ca>*/H" antiporter mediating mito-
chondrial calcium efflux (Jiang et al., 2009), results in the over-
activation of metabolism of synaptic mitochondria, as evaluated by
increased mitochondrial consumption of pyruvate and increased ATP
production (Vishwanath et al., 2024). Consistent with these observa-
tions, knock-down of Letm1l in Drosophila MB neurons prolonged the
upregulated pyruvate metabolism for more than three hours after a
single cycle of conditioning, a time when the effect is extinct in control
flies (Vishwanath et al., 2024). At the behavioral level, this Letm1l
knock-down effect leads to the facilitation of LTM formation in
Drosophila, in which only a single session of training is required to
consolidate memory into LTM. Strikingly, this is replicated in adult mice
upon Letm1 knock-down in the hippocampus for the formation of ol-
factory aversive LTM, in which a single session of training is enough to
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induce a 15-day persistent memory that is already extinguished at that
time in control mice (Vishwanath et al., 2024). Whether in Drosophila
this mitochondrial calcium coupling of mitochondrial metabolism to
neuronal activity upon LTM formation is downstream of DAMB-
mediated dopaminergic signaling will require further investigation.
Collectively, these results point toward an evolutionarily conserved role
for mitochondrial calcium in upregulating mitochondrial metabolism
within integrative memory centers, thereby controlling the formation of
long-term memories.

In the mammalian brain, induction of synaptic plasticity is associated
with the transient and rapid activation of the expression of specific genes
known as the immediate early genes (Lanahan and Worley, 1998;
Minatohara et al., 2016). Among these genes, Rheb, a member of the Ras
family of small GTP-binding proteins, is of particular interest in the
context of metabolic coupling to neuronal activity. Thus, while its
expression is rapidly and transiently induced in the hippocampus upon
NMDA-dependent synaptic plasticity in vitro (Yamagata et al., 1994), it
was recently described as an activator of PDP upon neuronal stimula-
tion, thereby increasing the PDHC activity independently from its well-
known interaction with mTORC1 (Yang et al., 2021). However, because
Rheb is also upstream of the TOR pathway involved in cell development
and growth, the memory defect associated with its overexpression in the
Drosophila MB described by Brown et al. cannot be linked specifically to
a role in mitochondrial metabolic coupling to neuronal activity in vivo
(Brown et al., 2012). Further exploration with appropriate tools will be
necessary to distinguish between the two roles of Rheb. Nevertheless,
the coupling of mitochondrial metabolism to neuronal activity via the
expression of the immediate early genes could allow a second tempo-
rality complementary to the rapid activation of enzymatic activity upon
neurotransmitter receptor activation, as in the case of the dopamine/
PKC3 pathway (Comyn et al., 2024).

In addition to the temporal dimension of this increase in energetic
demand, neurons must face compartment-specific needs given the spe-
cific morphology of highly polarized cells, which introduces a spatial
constraint. Thus, upon memory formation, places in high demand of
mitochondrial energy production and Ca®* buffering (the synapses) can
be distant from the place of mitochondria biogenesis (the soma). To
adjust to compartment-specific needs, mitochondria can modulate their
shape through fission and fusion so as to influence their energy pro-
duction, Ca®" buffering ability and motility, thereby impacting their
intracellular distribution and presence at sites of intense synaptic ac-
tivity (Lovas and Wang, 2013; Pekkurnaz and Wang, 2022; Saxton and
Hollenbeck, 2012; Yu and Pekkurnaz, 2018). In the soma and dendrites,
mitochondria form an elongated and interconnected network, whereas
axonal and presynaptic mitochondria are discrete, granular, small or-
ganelles (Lee et al., 2018). The occurrence of these antagonistic fusion
and fission events are finely balanced to maintain mitochondrial ho-
meostasis: whereas fusion produces long, filamentous shapes, fission
promotes short, bean-shaped mitochondria that are more suited for
transport along axons (Rossi and Pekkurnaz, 2019; Yu and Pekkurnaz,
2018). In vitro studies suggest that the balance between fission and
fusion is regulated by neuronal activity (Li et al., 2004). More specif-
ically, upon synaptic plasticity such as NMDA-dependent LTP, mito-
chondrial fission is increased through a coupling mediated by CaMKII
phosphorylation of Drpl, the main actor of mitochondrial fission
(Divakaruni et al., 2018). In vivo neuronal activity favors fission over
fusion in specific dendritic compartments (Virga et al., 2024) via AMPK,
the master energy sensor of the cell that is activated when intracellular
ATP is depleted or ATP consumption is high. Furthermore, extensive
electronic microscopy analysis of mitochondria morphology in the
mouse auditory cortex after auditory fear conditioning revealed that
mitochondria size was significantly decreased while their number
increased (Liu et al., 2022). This study suggests that mitochondrial
fission occurs at these cortical synapses upon associative fear condi-
tioning to sustain memory formation. Precisely assessing the role of
mitochondrial fission as a way to adjust mitochondria physiology to the
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neuronal needs of memory formation requires loss-of-function experi-
ments. However, the importance of this process in the basal physiology
of neurons makes such loss-of-function experiments complicated to
perform without generating global neuronal dysfunction. Chemical in-
hibition of Drpl via intracerebroventricular injection in mice impaired
contextual fear memory as well as the training-associated enhancement
of mitochondrial oxygen consumption in isolated hippocampal tissues
(Underwood et al., 2023). However, due to the injection site and a lack
of cell-specific inhibitors, this manipulation cannot be interpreted as
targeting a particular brain region or cell type. The inducible genetic
ablation of Drpl in memory-relevant structures is another approach that
could be used to investigate whether mitochondrial fission is coupled to
neuronal activity to support memory formation. Conditional knock-out
was thus performed in adult hippocampal neurons, causing a short-
term spatial working memory defect without neurodegeneration
(Oettinghaus et al., 2016). However, at the cellular level, the conditional
ablation of Drpl resulted in depletion of synaptic mitochondria, due to
alterations in mitochondrial transport caused by an increase in mito-
chondrial size. These in vivo and in vitro studies suggest that the imbal-
ance between fusion and fission could be regulated upon memory
formation as a way to adjust mitochondrial metabolism. Although this
hypothesis has not been properly demonstrated yet in a memory for-
mation context, a possible experimental strategy could be to induce
ablation of mitochondrial fission factor (MFF), which was shown to
result in mitochondrial elongation and alter mitochondrial calcium
handling in cortical neurons (Lewis et al., 2018).

Mitochondrial dynamics also includes their long-range transport
along microtubules, and indirectly affecting their transport in vivo by
inhibiting fission impairs cognitive functions (Oettinghaus et al., 2016).
In addition, numerous in vitro studies show that maintaining energy
homeostasis throughout the neuron requires the efficient delivery of
mitochondria from the soma to distal areas such as the axonal terminals,
and that mitochondrial dynamics and, in particular, mitochondria
motility are critical upon synaptic plasticity (Chang and Reynolds, 2006;
Li et al., 2004; Sheng, 2017; Verstreken et al., 2005; Yu and Pekkurnaz,
2018). Anterograde transport (from the soma to synaptic terminals)
distributes these organelles down the axons, while retrograde transport
(toward the soma) is essential for removing defective or stressed mito-
chondria from the periphery when necessary. Both anterograde and
retrograde transport rely on microtubule motor proteins (dynein and
kinesin, respectively) and the adaptor proteins Miro and Milton, which
anchor mitochondria to the microtubule cytoskeleton (Yu and Pekkur-
naz, 2018). While opposite conclusions have been drawn regarding the
importance of mitochondrial transport along axons in sustaining plastic
change in vivo in mammalian neurons (Sajic et al., 2013; Smit-Rigter
et al., 2016), there is compelling evidence that this transport supports
local mitochondrial metabolic upregulation in the context of memory
formation in Drosophila (Pavlowsky et al., 2024). Thus, when mito-
chondria transport is specifically reduced by down-regulation of either
Milton or Miro in the MB neurons, only LTM is impaired, and not any
other type of less-persistent memory. After spaced conditioning yielding
LTM, the number of small mitochondria in the cell bodies of MB neurons
was decreased, due to their axonal transport via the Miro/Milton ma-
chinery. There, mitochondrial transport contributed to the increase in
mitochondrial pyruvate consumption measured in the axons (but not in
the somas). As this mitochondrial motility is activated in the hours
following spaced conditioning (Pavlowsky et al., 2024), it could
contribute to the prolonged activation of mitochondrial metabolism that
extends for more than 8 h after conditioning, by importing increasingly
more mitochondria into the MB axons. The nature of the signal that
triggers in vivo this active transport of mitochondria toward the axonal
compartment is still unknown. Based on in vitro studies, it has been
proposed that neurons employ a peculiar mechanism to activate mito-
chondrial biogenesis and deliver mitochondria to distal axons by sensing
energy requirements, a pathway mediated by AMPK (Sheng, 2017; Tao
et al., 2014; Watters et al., 2020). On the other hand, it is not known
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whether this increase in mitochondrial motility is downstream of MP1
dopaminergic signaling, as is PKC3 activation. Intriguingly, increased
mitochondrial PKC$ activity is detected both at the site of MP1 projec-
tion (the peduncle) and in the axonal compartment (Fig. 1, insets B-C).
Two possible mechanisms could be at play, the first of which involves
the passive diffusion of activated PKCS to the axons, where it subse-
quently translocates to the mitochondria. Alternatively, PKCS could be
activated and translocated to the mitochondria at the level of the
peduncle, after which mitochondria containing the activated PKCS are
transported to the axons.

Once they have reached the axonal compartment via microtubule-
dependent transport, mitochondria must halt and anchor to places of
high energy and/or calcium buffering demand. In vitro, direct impair-
ment of mitochondrial anchoring to the local synaptic actin cytoskeleton
via deletion of syntaphilin alters neuronal plasticity (Kang et al., 2008;
Sun et al., 2013). But how can intense synaptic activity be sensed by
mitochondria, and translated into a ‘stop and detach’ signal form the
microtubule cytoskeleton and an anchoring signal at the appropriate
synapses? Several mechanisms targeting either Miro or Milton have
been identified in vitro as interesting candidates to mediate the coupling
between intense synaptic plasticity activity and the arrest of mito-
chondria movement along microtubules. As synaptic activity induces a
transient elevation in the presynaptic Ca2* level, it induces conforma-
tional changes in Miro via Ca®" binding to its EF-hands, resulting in the
detachment of the Miro-Milton complex from the kinesin-microtubule
system (MacAskill et al., 2010; Wang and Schwarz, 2009). However,
testing whether synaptic calcium elevation mediates the coupling of
mitochondrial arrest with neuronal activity to support the energetic
demand at the relevant synapses during memory formation in vivo would
require the development of new tools that specifically target Miro's
sensitivity to calcium. As an alternative to metabolic coupling by pre-
synaptic calcium elevation, AMPK has been shown in vitro to be locally
involved in two mechanisms that could facilitate mitochondrial
recruitment at the synapse to rescue local energy deficits due to intense
synaptic activity. The first mechanism is based on the upregulation of
glucose import at the synapse via glucose transporters upon AMPK
activation and the subsequent elevation of cytoplasmic glucose (Ashrafi
etal., 2017). This mechanism could mediate the local increase of glucose
that has been shown to increase O-glycosylation of Milton, limiting its
ability to bind kinesin and thus reducing mitochondrial motility (Glater
et al., 2006; Pekkurnaz et al., 2014). The second mechanism is mediated
by the AMPK downstream kinase PAK, which facilitates the switch of
mitochondria from axonal microtubules to the presynaptic actin cyto-
skeleton via phosphorylation of the myosin-syntaphilin anchoring
complex (Li et al., 2020). Both mechanisms should allow energy-
sensitive regulation of mitochondrial recruitment to ensure that meta-
bolically active synapses are adequately supplied with ATP during
intensive synaptic activity. However, because of the pleotropic functions
regulated by AMPK, it is difficult to assess whether these specific
mechanisms are at play in vivo upon LTM formation. A first step would
be to investigate, using an AMPK activity sensor (Konagaya et al., 2017),
the local activation of AMPK in neurons in vivo during LTM formation.

Altogether, several actors are involved in neurons to couple neuronal
activity to mitochondrial plasticity. This concept extends beyond
structural dynamics to encompass functional adaptability, including
mechanisms of metabolic adjustments. Some of these actors, such as
PKCS or mitochondrial Ca®*, act as triggers to boost mitochondrial
metabolism upon specific neuronal activation. In contrast, others such as
Miro and Milton, AMPK, and Rheb are more likely required to maintain
and stabilize an enhanced neuronal metabolic state, which ultimately
allows long-term memory consolidation. Although we do not yet fully
understand the precise temporal and spatial coordination of these actors
in response to neuronal needs during memory formation, this does raise
the question of the ultimate purpose of mitochondrial plasticity in
memory formation.
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4. The outcome of mitochondrial activation

As described in the previous sections, recent studies have highlighted
a detailed (yet incomplete) spatiotemporal and molecular character-
ization of mitochondrial activation induced by various forms of
learning. The final objective of this activation is much less understood,
although it is essential to bridging the gap with what is known about the
neuronal plasticity mechanisms underlying memory. The large diversity
of mitochondria output offers several interesting tracks to explore,
which are not mutually exclusive.

In line with the prevailing view of mitochondria as the ‘powerhouse’
of the cell, ATP is the primary output of mitochondria biochemical ac-
tivity. The TCA cycle, which in neurons is thought to be essentially
fueled by pyruvate-derived acetyl-CoA, generates reduced equivalents
(NADH and FADH),) that can be used by the respiratory chain to produce
ATP through oxidative phosphorylation (Fig. 2). Several in vitro studies
show that increased local ATP production is necessary for intensive
synaptic transmission and synaptic plasticity (Rangaraju et al., 2014,
2019; Rumpf et al., 2023). In the presynaptic compartment, basal ATP
levels are maintained by glycolysis, but an acute increase in ATP de-
mand is provided by both glycolysis and mitochondrial oxidative
phosphorylation (Devine and Kittler, 2018; Rangaraju et al., 2014),
notably for the mobilization, refilling and recycling of synaptic vesicles
to sustain long-term synaptic plasticity (MacAskill et al., 2010; Ran-
garaju et al., 2014; Smith et al., 2016; Sun et al., 2013; Verstreken et al.,
2005). Support for this hypothesis also comes from a recent study
reporting increased mitochondrial oxygen consumption from hippo-
campus synaptic layers in mice upon LTM formation following fear
conditioning (Underwood et al., 2023).

Why would LTM formation be costly in terms of ATP consumption?
The main hypothesis is based on the significant energy cost of de novo
protein synthesis, which LTM formation depends on at later stages
(Davis and Squire, 1984; Helmstetter et al., 2008; Jarome and Helm-
stetter, 2014). In mammalian cells, approximately 20 % of cellular ATP
is dedicated solely to mRNA translation, excluding the energy needed for
the biosynthesis of translational machinery like ribosome biogenesis
(Buttgereit and Brand, 1995), and it is well-characterized that trans-
lation rates elevate in response to learning and stimuli that induce long-
term plasticity (Costa-Mattioli et al., 2009; Descalzi et al., 2019; Richter
and Klann, 2009; Sutton and Schuman, 2006; Wang et al., 2009). Spe-
cifically, one study has demonstrated in adult rats that a critical role of
astrocyte-derived lactate supply to neurons for LTM is to support de novo
mRNA translation in hippocampal excitatory and inhibitory neurons
(Descalzi et al., 2019), although mitochondrial ATP production in itself
was not directly assessed (as discussed below). In Drosophila MB neu-
rons, increased uptake and conversion of pyruvate into acetyl-CoA by
mitochondria after aversive learning has been well-described (Comyn
et al., 2024; Pavlowsky et al., 2024; Placais et al., 2017; see Part II), but
the dynamics of ATP production and consumption in this paradigm have
not been investigated yet.

Interestingly, the role of mitochondria in ATP production has been
questioned in the axons of certain types of neurons, notably cortical
pyramidal neurons (Hirabayashi et al., 2024). Instead, it is proposed that
axonal mitochondria may be more involved in electron transport chain-
independent anabolic functions, such as amino acid biosynthesis, in
order to support local protein synthesis and generate glutamate, the
primary excitatory neurotransmitter used by these neurons. Indeed,
aside from ATP production, the TCA cycle can also generate metabolites
involved in a large array of cellular processes relevant to memory for-
mation, in particular amino acid or neurotransmitter synthesis, as well
as epigenetic modifications (Fig. 2). Up to nine amino acids can be
synthesized from two precursors corresponding to TCA cycle in-
termediates, alpha-ketoglutarate and oxaloacetate. Local translation has
been shown to be necessary for synaptic plasticity (Rajgor et al., 2021;
Rangaraju et al., 2014, 2019; Wang et al., 2009). As previously dis-
cussed, de novo protein synthesis during LTM formation in rats requires



T. Comyn et al.

Pyruvate Mitochondria

Neurobiology of Disease 203 (2024) 106740

Cytosol

Respiratory ROS

Pyruvate chain signalin
: Ros\— signaling
:\ PDH

+ | complex

B Redox

+ cofactors

Acetyl-CoA ATP

Oxaloacetate Citrate

a-keto
glutarate

Export of
TCA cycle
intermediates

Amino-acids
precursors

Protein synthesis

Acetyl-
CoA

Mito-nuclear
signaling

» Energy (ATP)

Synaptic vesicle cycle
Cytoskeleton remodeling
Receptor trafficking...

Gene
expression

Fig. 2. Pyruvate-derived mitochondrial metabolic outputs involved in neuronal plasticity mechanisms underlying memory. Spaced conditioning triggers a prolonged
increase in mitochondrial pyruvate consumption in the axonal compartment of MB neurons. Shown are the various outputs of pyruvate mitochondrial metabolism
(ATP, TCA intermediates, ROS, etc.) involved in key processes of LTM formation that could be specifically supported by upregulated pyruvate mitochon-

drial metabolism.

lactate transfer to neurons from astrocytes (Descalzi et al., 2019). In this
study, the role of lactate as a mitochondrial metabolic substrate for the
TCA cycle was established by the fact that intrahippocampal injection of
pyruvate or ketone bodies could rescue a deficient astrocytic lactate
production, as with L-lactate injection. This does not exclude that, in
addition to ATP production, TCA cycle intermediates may be diverted to
new amino acid synthesis. Such a mechanism would allow the local
production of amino acids by mitochondria on site, which seems more
efficient than relying on amino acid production from mitochondria
located remotely in the soma. This is also consistent with observations in
Drosophila and mice of a differential activation of mitochondria meta-
bolism across cellular compartments (Comyn et al., 2024; Underwood
et al., 2023).

In addition to amino acid precursors, the biosynthesis of several
neurotransmitters also relies on metabolites produced by the mito-
chondrial TCA cycle. Enhanced neurotransmitter release is another
prominent feature of LTM formation (Miranda, 2007). In mammals,
glutamate is the main excitatory neurotransmitter. Glutamate and GABA
are thought to be primarily recycled from glutamine derived from the
astrocytic reuptake and metabolism of neurotransmitters, ie. the
glutamate/GABA-glutamine shuttle (Bak et al., 2006). In principle at
least, glutamate, and subsequently GABA, can be produced from the TCA
intermediate alpha-ketoglutarate, so that one can speculate that
increased neurotransmission demand, mitochondrial activation of the
PDHC complex and the TCA cycle could sustain neurotransmitter pro-
duction for memory formation. It should be noted, however, that such a
scheme would require anaplerotic pathways to be activated to
compensate for carbon derivation out of the TCA cycle due to glutamate
synthesis. This hypothesis could be even more relevant in invertebrates,
where acetylcholine is the main excitatory neurotransmitter. In

particular, memory-relevant neurotransmission by Drosophila MB neu-
rons is cholinergic (Barnstedt et al., 2016). Although acetylcholine
synthesis occurs in the cytosol, it requires an acetyl group derived from
the TCA cycle. As acetyl-CoA cannot be directly exported through the
mitochondrial membrane, it is converted to citrate in the first step of the
TCA cycle, which is then transported out and back-converted in the
cytosol by ATP citrate lyase (ACLY) (Kopel et al., 2021). It still remains
to be investigated whether acetylcholine levels during LTM formation in
flies are dependent on the upregulation of mitochondrial pyruvate
uptake.

Several metabolites produced by mitochondria can also be involved
in epigenetic modification, another memory-relevant process (Creighton
et al., 2020). Three main classes of epigenetic modifications, i.e. histone
acetylation, histone demethylation and DNA demethylation, use TCA-
related metabolites, which have led to an emerging concept of “mito-
nuclear signaling” in the regulation of gene expression (Matilainen et al.,
2017). Acetyl-CoA used for histone acetylation can be generated directly
in the cytoplasm from acetate via acetyl-CoA synthetase 2 (ACSS2), or
from citrate exported from the mitochondria, as explained earlier.
Several studies have clearly established that epigenetic modifications
such as histone acetylation are required for long-term memory forma-
tion both in vertebrates and invertebrates (Alexander et al., 2022; Day
and Sweatt, 2010; Levenson et al., 2004; Mews et al., 2017; Raun et al.,
2023). Currently, only the ASCC2 pathway has been proven necessary
for LTM formation in mammals (Alexander et al., 2022; Mews et al.,
2017), whereas the ACLY pathway remains to be investigated.

The demethylation of either histone or DNA is performed with
demethylase enzymes of which several classes exist, including a family
of enzymes called 2-oxoglutarate dependent dioxygenase enzymes that
are activated by Fe(II) and a-ketoglutarate (also known as oxoglutarate).
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This enzyme family encompasses the main lysine histone demethylases
known as JMJD (for Jumonji C domain demethylases) and the DNA
demethylation enzyme TET (for ten-eleven translocation) (Matilainen
et al., 2017). Several studies have shown that DNA demethylation is
involved in memory formation (Alaghband et al., 2016; Day and Sweatt,
2010). In particular, among the three tet mammalian genes, Tet3 is
transcriptionally upregulated by synaptic activity, and Tet3 conditional
KO mice display spatial memory defects (Li et al., 2014; Yu et al., 2015),
whereas Tetl is involved in the regulation of well-known neuronal
activity-dependent genes such as c-fos, Arc, and BDNF (Alaghband et al.,
2016). As for acetylation, it is still an open question whether mito-
chondrial activation of the TCA cycle sustains memory-relevant DNA
demethylation.

As a general comment about TCA cycle derivatives, it should be
noted that diverting carbon atoms away from the TCA cycle, whether for
biosynthesis or epigenetic regulation, requires a compensatory input of
new TCA intermediates through the anaplerotic action of the pyruvate
carboxylase mitochondrial enzyme. Among the various metabolites that
can be converted into acetyl-coA to fuel the TCA cycle, only pyruvate
can also fuel anaplerosis. This could provide a rationale for the critical
requirement of pyruvate mitochondrial uptake for LTM, as revealed in
flies (Placais et al., 2017; Rabah et al., 2023a; Raun et al., 2023). In
particular, aversive LTM formation is disabled in flies upon starvation
(Placais and Preat, 2013). Remarkably, it was shown that in such a
prolonged fasting context, less-persistent aversive memory formation
can still occur, but relying on ketone body consumption by mitochondria
in MB neurons, rather than pyruvate (Silva et al., 2022).

In addition to ATP generation, the mitochondrial respiratory chain
can lead to the production of ROS. The electron transport chain gener-
ates ROS primarily at complexes I and III. Complex I (and eventually
complex II) produces ROS directed toward the mitochondrial matrix,
which can be dissipated by matrix antioxidant defense, while complex
IIT generates ROS that can diffuse both into the matrix and the inter-
membrane space, allowing easier diffusion into the cytosol (Chen et al.,
2003). Beyond their intrinsic toxicity, ROS are increasingly recognized
as neuronal signaling molecules (Biswas et al., 2022; Kishida and Klann,
2007; Oswald et al., 2018), notably involved in the processes of synaptic
plasticity (Oswald et al., 2018; Vicente-Gutiérrez et al., 2021) and
memory formation (Rabah et al., 2023b). In mice, the production of ROS
by astrocytic mitochondria has been shown to be critical for some forms
of memory, although their precise role is not fully understood (Morant-
Ferrando et al., 2023; Vicente-Gutierrez et al., 2019; Vicente-Gutiérrez
et al., 2021). Notably, ROS can also be produced by cytosolic enzymes
such as NADP-oxidase, and one recent report showed in Drosophila that
glia-derived cytosolic ROS production is required in MB neurons for
LTM formation (Rabah et al., 2023b), likely for signaling purposes.

Regarding neuronal mitochondria, several pieces of evidence point
toward a role for ROS produced by mitochondria in memory-related
processes. For example, mitoflashes, which stabilize the short-term
enlargement of hippocampal neuron spines giving rise to persistent
synaptic LTP, induce localized elevations of ROS levels at the dendrites
(Fu et al., 2017). Pharmacological ROS scavengers suppress mitoflash
activity, which only allows the formation of short-term LTP and prevents
its long-term expression, indicating a role of ROS in the stabilization of
postsynaptic changes (Fu et al., 2017). Furthermore, in the context of
spinal LTP involved in pain persistence, increases in mitochondrial
calcium concentration were found to be accompanied by ROS produc-
tion in neurons likely via activation of mitochondria metabolism (Kim
et al., 2011). In vivo, the crucial role of mitochondrial ROS in memory
formation was recently revealed in mice. Specifically, ablation of the
mitochondrial ATPase inhibitory factor 1 (IF1) in neurons, which
reduced ROS production, significantly impaired long-term memory
assessed by the novel object recognition task. On the other hand, IF1
overexpression enhanced synaptic transmission and memory. These ef-
fects were partially lost upon antioxidant MitoQ administration, sug-
gesting a role of mitochondrial ROS increase in response to IF1
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overexpression (Esparza-Molto et al., 2021). However, this does not
exclude additional contributions from other mitochondrial outputs. In
particular, the impact of IF1 modulation on ATP production in the
context of memory formation has not been assessed.

Although these reports are consistent with a role for mitochondrial
ROS in plasticity and memory, direct evidence of increased ROS pro-
duction by neuronal mitochondria, resulting from the activation of their
metabolic flux, has not yet been reported. Whatever the source of ROS,
we must determine whether ROS-mediated redox signaling actually
underlies memory formation, and what classes of proteins (i.e. redox-
sensitive transcription factors, metabolic enzymes, protein complexes
involved in synaptic plasticity) it may target.

5. Conclusion and perspectives

In light of the literature discussed in this review, mitochondria
appear as an integral component of the cognitive process leading to
memory formation, in particular long-term memory storage. Together,
the regulation of mitochondrial metabolic activity, the spatial reorga-
nization of the mitochondrial network in neurons, the recruitment of
specific signaling pathways acting on mitochondria following learning,
and possibly the re-allocation of mitochondrial output fluxes sketch an
emerging concept of learning-induced mitochondrial plasticity that is
pivotal in controlling the strength and persistence of memory.

Understanding the mechanisms through which mitochondria inter-
vene in memory formation also opens new perspectives regarding age-
related memory deficits. Indeed, mitochondrial dysfunction and de-
fects affect various aspects of synaptic plasticity, and are linked to
cognitive defects in numerous human conditions, especially in neuro-
degenerative diseases such as Alzheimer's or Parkinson's disease
(Camandola and Mattson, 2017; Mattson et al., 2008). A large number of
studies have shown impaired metabolism in aged brains due to alter-
ations in mitochondrial structure (Dorszewska, 2013; Toescu et al.,
2000) such as microvacuolization, broken cristae, and accumulation of
paracrystalline inclusions, as well as a characteristic donut shape asso-
ciated with a working memory defect in aged monkeys (Hara et al.,
2014). Functionally, it was shown that the neuronal mitochondrial de-
fects that accompany synaptic and memory impairment with age are i)
reduced ATP production (Olesen et al., 2020); ii) increased ROS gen-
eration (Knapp and Klann, 2002; Olesen et al., 2020; Serrano and Klann,
2004); iii) mitochondrial calcium homeostasis impairment (Jung et al.,
2020; Toescu et al., 2000; Xiong et al., 2002); and iv) mitochondrial
DNA mutations (Indo et al., 2007; Sedelnikova et al., 2004). However, a
key challenge in the field is to prove whether mitochondria deficits are a
cause of aging and its accompanying memory deficits, or if they are
markers of the aging process.
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