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Memory consolidation is defined as the process by which labile
short-term memories are stabilized and transformed into
persistent long-term memories. This process relies heavily on
synaptic plasticity, particularly long-term potentiation and
depression (LTP and LTD, respectively), which have been
extensively investigated in previous studies. The advent of op-
tical tools that allow the observation and manipulation of LTP
and LTD in vivo has advanced our understanding of their roles in
learning and memory consolidation. In addition to LTP and LTD,
recent research has indicated the presence of a more rapid
plasticity mechanism, termed behavioral timescale synaptic
plasticity (BTSP), which is crucial for encoding space and
context. Sharp-wave ripples and sleep also play indispensable
roles in memory consolidation, with some studies alternately
linking them to LTP and LTD. At the systems level, sharp-wave
ripples and sleep contribute to the transmission of information to
broader brain areas, as well as the modification of synaptic
strength in cortical areas for the long-term storage of memory.
Furthermore, recent findings have highlighted the role of non-
neuronal cells in learning, as they modulate synaptic plasticity in
various ways.
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Introduction
Synaptic plasticity, defined as the ability of synapses to
flexibly modify their connection strength in response to
activity, underpins learning and memory [1]. Donald
www.sciencedirect.com
Hebb’s hypothesis, commonly summarized as “neurons
that fire together, wire together,” posits that repeated
activation of postsynaptic neurons by presynaptic inputs
enhances synaptic efficiency, forming the basis of
learning and memory [2]. This hypothesis was validated
by the discovery of long-term potentiation (LTP), a
long-lasting increase in synaptic efficacy that persists for
hours to days following high-frequency stimulation of

the dentate gyrus in rabbit brains [3]. LTP is primarily
driven by an increase in the volume and AMPA receptor
density in postsynaptic spines, while increased neuro-
transmitter release at presynaptic terminals is also
involved with LTP induction [4,5]. Numerous studies
have indicated that LTP, which strengthens the con-
nections between neurons that constitute the memory
trace, is crucial for memory consolidation at various
stages in the brain [6,7]. Conversely, synapses can be
functionally suppressed through long-term depression
(LTD), which involves a decrease in the AMPA receptor

density at the postsynaptic spine, and sometimes a
reduction in neurotransmitter release from presynaptic
terminals [8]. LTD may play a vital role in memory
consolidation by pruning synapses and maintaining
synaptic homeostasis, particularly during sleep, to
reduce the burden of irrelevant information and pre-
serve synaptic resources, thereby allowing further
learning during wakefulness [9]. LTP and LTD are
essential substrates underlying synaptic plasticity, which
together enable the long-term storage of memories at
both the local and systems levels. Additionally, behav-

ioral timescale synaptic plasticity (BTSP) underlies the
rapid formation of hippocampal place cells, which
contribute to the spatial aspects of episodic memory
[10,11]. Unlike Hebbian plasticity, BTSP allows the
potentiation and depression of synapses which receive
the input 2e3 s before and after neural firing thereby
enabling place cell formation after a brief exploration of
a novel environment [12,13]. Furthermore, non-
neuronal cells such as astrocytes, microglia, and peri-
cytes play critical roles in synaptic plasticity and
memory formation, contributing to synapse formation,

neurotransmitter release, and pruning of unnecessary
spines. In this review, we examined the results of recent
studies that offer novel insights into the role of synaptic
plasticity, particularly focusing on contemporary topics,
including tools for observing and manipulating synaptic
plasticity, synaptic plasticity during sleep, and the
associated roles of glial cells.
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2 Neurobiology of Learning and Plasticity 2025
Induction of synaptic plasticity upon
learning
Novel optical tools for the observation and
manipulation of LTP
To investigate the relationship between LTP and
learning, various optical tools for synaptic visualization
and manipulation have been developed in recent years.
Some of these tools leverage key features of LTP, such as
the increased postsynaptic spine volume/density. Green
fluorescent protein reconstitution across synaptic part-
ners (GRASP) is a method for visualizing synapses
involving the reconstitution of GFP fragments expressed
on presynaptic and postsynaptic membranes into func-

tional GFP [14] (Fig. 1A). A modified GRASP method
was used to visualize increased synapse numbers be-
tween the CA3 and CA1 engram neurons, which are
believed to form memory traces [15e17] following
contextual fear conditioning (CFC) [5]. Similarly,
neurotransmitter release from engram presynaptic (CA3)
neurons and AMPA receptor numbers in engram post-
synaptic (CA1) neurons are enhanced [5]. Currently,
GRASP is used for in vivo imaging to track synaptic en-
grams over time [18]. Structural LTP (sLTP), charac-
terized by postsynaptic dendritic enlargement, also

occurs when LTP is induced. sLTP-induced spine
enlargement can increase glutamate release by applying
mechanical pressure to the presynaptic terminals [14].
Direct evidence of the necessity of sLTP for learning
stems from optogenetic tools used to specifically cancel it
[19]. One such method, chromophore-assisted light
inactivation (CALI), disrupts the function of the target
Figure 1

Novel optical tools for the observation and manipulation of LTP. a. GRASP (Gre
of split GFP expressed on pre- and post-synaptic membranes are reconstituted
production of reactive oxygen species (O2-) by SuperNova disrupts cofilin fun
PaRac1 (activated synapse targeting photoactivatable Rac1): Photo activation
the shrinkage of the potentiated synapses.
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molecules through light illumination. SuperNova, a
photosensitizer protein used in CALI, releases reactive
oxygen, thereby inactivating the fused molecule after
illumination at a specific wavelength [20] (Fig. 1B).
Disruption of cofilin, an actin-binding protein crucial for
spine enlargement, via CALI in the CA1 region imme-
diately following an inhibitory avoidance (IA) task
impaired contextual fear memory formation [21]. These

findings indicate that sLTP occurs in the hippocampus
immediately after learning and is required for memory
formation. Similarly, the synaptic optoprobe AS-PaRac1
(activated synapse targeting photoactivatable Rac1)
labels spines in a potentiation-specific manner, and its
photoactivation induces shrinkage of the labeled spines
[22] (Fig. 1C). Optical shrinkage in the primary motor
cortex reverses recently acquired motor learning, indi-
cating that motor learning is acquired through synaptic
potentiation [22].

BTSP: a new form of synaptic plasticity
Intriguingly, some forms of learning cannot be explained
using the Hebbian plasticity rule. The hippocampus,

which is critical for episodic memory formation, contains
abundant place cells that are believed to constitute the
cognitive map of the brain and create spatial memory
[10,11]. Although LTP and LTD have been reported to
underlie the stability of place cells [23,24], their rapid
induction cannot be fully explained by conventional
plasticity. Recent studies have proposed that rapid place
cell formation in novel environments is achieved
through behavioral timescale synaptic plasticity
en fluorescent protein reconstitution across synaptic partners): Fragments
to form GFP upon synapse formation. b. Cofilin-SuperNova: Light-induced
ction, leading to actin disassembly and cancellation of the sLTP. c. AS-
of PaRac1 induces the disassembly of polymerized actin, which leads to
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(BTSP), non-Hebbian plasticity [12,13]. In this para-
digm, a hundreds-of-milliseconds long dendritic plateau
potential initially emerges when mice are running near
the future place field; synapses that receive inputs a few
seconds before and after this plateau potential are
significantly potentiated (or depressed) to form a new
place field of place cells [12,13,25]. This is essentially
different from the conventional spike-timing-

dependent plasticity (STDP) in the extended time
scale because STDP allows the potentiation of presyn-
aptic input only when the postsynaptic neuron spikes
within a tens-of-milliseconds window. The extended
time scale for synaptic potentiation of BTSP allows for
the flexible coding of places based on context [26].
Input from CA2/3 is required for place field formation
via BTSP in CA1, while input from the entorhinal cortex
layer III modulates the synaptic weight to reflect the
presence of rewards in the CA1 spatial representation
and its optogenetic inhibition results in the reduction of

the probability of the plateau potential generation
[12,25,27,28]. However, the mechanisms in which
plateau potential is precisely generated in dendrites
in vivo remain unclear. BTSP traits in the CA1 were also
observed through studies using large-scale calcium im-
aging with GCaMPunder natural conditions [29]. BTSP
is believed to be primarily mediated by postsynaptic
depolarization involving NMDA receptors, voltage-
dependent calcium channels, aCaMKII phosphoryla-
tion, and calcium release from the endoplasmic reticu-
lum to the CA1 apical dendrites [13,30,31]. However,

the precise mechanisms underlying BTSP and its role in
more complex learning-related representations is to be
investigated. As optical voltage imaging advances,
recording the membrane potentials of multiple neurons
at subcellular resolution in vivo [27] may help clarify
these mechanisms.
Figure 2

Scheme of synaptic plasticity during offline consolidation: sLTP occurs in both
SPW-Rs, informative synapses are selectively reactivated and tagged for furt
synapses are not reactivated and are downregulated. When mice are asleep,
informative synapses remain non-reactivated, downregulated, and may even
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Synaptic plasticity during the offline
consolidation
Offline synaptic plasticity in local circuits
Once certain synapses are strengthened by learning,
they can either be maintained for long-term storage or
downscaled to erase unnecessary information and
conserve resources for further learning during subse-
quent wakefulness. Sharp-wave ripple (SPW-R), which
frequently occurs in the CA1 during post-learning
wakefulness and non-REM sleep, is essential for
offline consolidation (after subjects experience the
event) [32], as suppressing and extending SPW-Rs
following a spatial memory task impairs and enhances

memory retention, respectively [33,34]. Neural en-
sembles active during an experience are activated
during SPW-Rs (i.e., reactivation), preserving the tem-
poral order of the experience in a time-compressed
manner (i.e., replay) [32]. During SPW-Rs, the CA1’s
overall synaptic strength is downregulated, but synapses
in engram neurons and place cells encoding a novel
environment are more resistant [35]. This suggests that
“informative synapses” selectively survive the down-
regulation of synapses during SPW-Rs. In support of
this, informative input to CA1, such as that relevant to

reward presence, is selectively reactivated during SPW-
Rs [36]. The information selected for reactivation
during awake SPW-Rs is further consolidated during
sleep [37] (Fig. 2).

SPW-Rs are abundant during sleep, and many studies
have found that sleep is crucial for memory consolida-
tion [38], and the relationship between memory
consolidation and reactivation/replay in SPW-Rs during
sleep has been extensively investigated. Sleep depriva-
tion deteriorates SPW-R quality, impairing the reac-

tivation and replay of experiences during the prior awake
informative and less-informative synapses after learning. During awake
her consolidation during subsequent sleep. In contrast, less-informative
informative synapses are reactivated and further potentiated, while less-
be pruned.
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period that cannot be rescued by subsequent sleep re-
covery [39]. This indicates a unique role of memory
consolidation during sleep. Further validating the
importance of sleep in memory consolidation, sleep
deprivation leads to decreased spine density and den-
dritic spine length in the CA1, with the inhibition of the
cAMP phosphodiesterase PDE4A5 rescuing these ef-
fects, restoring object-recognition memory [40]. The

significance of cAMP upregulation in memory consoli-
dation has also been reported in Ref. [41]. These find-
ings, along with those of several additional studies
[42e44], indicate that cAMP signaling pathways are
strongly involved in the consolidation of hippocampus-
dependent memories. Notably, the cAMP pathway fa-
cilitates memory consolidation by inactivating down-
stream cofilin activity [40,42,44], whereas cofilin
inactivation prevents sLTP formation [21], and its
overexpression enhances short- but not long-term
memory independent of AMPA receptor trafficking

[43]. Therefore, cofilin may play a distinct role in
memory acquisition and consolidation. Notably, our
recent study, which showed that optogenetic cancella-
tion of sLTP in CA1 during sleep impaired fear memory
formation, demonstrated the importance of sLTP in
memory consolidation during sleep [21] (Fig. 2).

Although LTP that occurs during sleep is crucial for
memory consolidation, the overall neural activity and
synaptic strength in the brain gradually decrease during
sleep [9]. For example, young adult-born neurons in the

dentate gyrus (DG-ABNs), which are essential for
hippocampus-dependent memory generation despite
representing only a small population [45], show
decreased activity during REM sleep compared with the
wakefulness and non-REM phases. However, their
downregulation during REM sleep is necessary for
enhancing synaptic strength in the DG-ABNs and
memory formation [46]. Future studies are needed to
address the precise mechanisms by which the decreased
activity of DG-ABNs during REM sleep influences local
and brain-wide synaptic connections and neural activity.
In the motor cortex, spines are pruned during REM

sleep, which is crucial for the retention of acquired
motor learning and the long-term stabilization of un-
pruned spines [47]. From the perspective of synaptic
homeostasis, this downregulation may be beneficial for
the maturation of important synapses. Despite differ-
ences in memory type, this supports the idea that
important synapses survive, whereas less important
synapses disappear (Fig. 2). As discussed above, the
importance of the downregulation of synaptic strength
and neural activity during sleep and SPW-Rs for memory
consolidation has been underscored in recent studies.

However, evidence showing the direct contribution of
specific types of plasticity mechanisms (e.g., LTD) to
memory consolidation is limited. Tools that can inhibit
LTD with high temporal, spatial, and cell type
Current Opinion in Neurobiology 2025, 92:102996
specificity, such as PhotonSABER [48], will be powerful
tools for addressing this question in the future.

Offline synaptic plasticity in brain-wide regions
We reviewed the plasticity involved in the offline
consolidation process, primarily focusing on the hippo-
campus. However, in rodents, episodic memory is
transferred to widespread cortical regions over weeks or
months for long-term storage after temporary storage in
the hippocampus for days or weeks [6]. Synaptic plas-
ticity underlies this process, termed systems memory

consolidation. The medial prefrontal cortex (mPFC) is
one of the most extensively studied sites for remote
episodic memory storage. Engram neurons, labeled by
the early immediate gene c-fos, become rapidly apparent
in the mPFC after a fear experience [49,50] but are not
naturally reactivated by recent memory recall, although
artificial reactivation successfully induces recall of the
recent fearful memory in mice [50]. This study reported
that spine density significantly increased on day 12
compared to day 2. Additionally, another study demon-
strated that synaptic connections in local mPFC circuits

and mPFC-basolateral amygdala (BLA) projections were
strengthened on day 28 compared to day 7 [51]. These
findings strongly indicate that gradual increases in syn-
aptic density and the strengthening of synaptic con-
nections in these circuits may facilitate the functional
maturation of mPFC engrams. Increased expression of
genes related to neurotransmitter release and dendritic
spine organization at remote time points is likely to
underlie this synaptic enhancement [52]. Previous
studies have reported that dorsal CA1-retrosplenial
cortex (RSC)-mPFC synaptic projections induce the

maturation of mPFC engram assemblies [53]; however,
direct synaptic connections from the dCA1 to the mPFC
[53,54], as well as the dCA1-anteromidial thalamus-
mPFC pathway [55], may play overlapping roles in
remote memory formation. Notably, hippocampal SPW-
Rs activate regions brain-wide [56e59] and mPFC
synapses are preferentially activated during SPW-Rs by
the firing of place cells rather than non-place cells in the
CA1 [60], indicating the selective transfer of memory-
related information from the hippocampus to the
mPFC via SPW-Rs.

Although synaptic plasticity undoubtedly underlies the
maturation of remote memories, it remains unclear
when synaptic strengthening in the mPFC occurs. Some
studies have indicated that the induction of synaptic
plasticity as synaptic remodeling in the mPFC begins
immediately following learning, accompanied by the
upregulation of immediate early genes and other
plasticity-related markers soon after the CFC [61,62].
Moreover, optogenetic suppression of the anterior
cingulate cortex (ACC), a subregion of the mPFC, dis-

rupts the plasticity induction in the entorhinal cortex-
hippocampus system [61]. This disruption is reflected
www.sciencedirect.com
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in the lack of freezing behavior at both recent and
remote time points [61]. Additionally, given that
monosynaptic input from the ACC to the hippocampus
provides top-down regulation to drive memory recall one
day following acquisition, it is possible that changes in
mPFC synapses begin by this time point [63,64]. Our
study demonstrates that sLTP in the ACC plays a crit-
ical role in memory consolidation, not immediately after

learning but beginning from sleep on day 2 [21].

Non-neuronal regulation of synaptic plasticity
Studies on neurons have dominated the synaptic plas-
ticity research; however, recent studies have highlighted
the significant role of non-neuronal cells in regulating
synaptic plasticity. Interestingly, astrocytes in the CA1
stabilize LTP for long-term maintenance through intra-
cellular mRNA translation and secretion of molecules
into neurons [65,66]. These factors contribute to the
formation of engram cells in the mPFC by facilitating c-
fos expression in mPFC neurons that receive mono-
synaptic inputs from dCA1 engram neurons [54,67]. In
addition, astrocytes are reportedly involved in synaptic

potentiation and pruning, possibly contributing to the
maintenance of synaptic homeostasis, which is needed
for proper learning and memory formation [68,69].
Furthermore, microglia accelerate dendritic spine for-
mation by engulfing the extracellular matrix [70] and
actively pruning non-active synapses [71], both of which
might be beneficial for effective formation of important
memories. Pericytes, a type of cell that surrounds capil-
laries and small blood vessels, represent another non-
neuronal cell type that modulates synaptic plasticity.
Insulin-like growth factor 2 (IGF2) is secreted from

pericytes in response to neural activity and is necessary
for long-term memory formation; its overexpression in-
duces stronger memory [72]. IGF2 stabilizes early LTP
by binding to the IGF2 receptors (IGF2R) abundantly
expressed in neurons [73,74]. However, the mechanism
by which the IGF2R pathway modulates synaptic func-
tion remains largely unknown. Given that the binding of
ligands to the IGF2R triggers protein degradation [75],
future studies may need to investigate how IGF2R
endocytosis triggers protein degradation through auto-
phagy and the subsequent increase in translation [76],

considering that autophagy modulates both pre- and
post-synaptic plasticity and upregulates post-learning
translation [77e80].
Conclusion
In this study, we reviewed the recent findings on the
synaptic foundations of learning and memory consoli-
dation. Overall, various plasticity mechanisms play
interconnected roles in learning and memory consoli-
dation over multiple timescales. The active roles of non-
neuronal cells, particularly astrocytes, microglia, and
pericytes, in the regulation of synaptic plasticity have
been elucidated. Methods to selectively impair specific
www.sciencedirect.com
types of plasticity (e.g., CALI, AS-PaRac1, and Photo-
nSABER) in vivo have provided direct evidence of the
synaptic mechanisms underlying learning and memory
consolidation. Notably, CALI demonstrated that sLTP is
indispensable for memory formation during its acquisi-
tion and the subsequent sleep. While the down-
regulation of neural activity during sleep is likely to be
crucial for healthy memory consolidation and other

cognitive functions, direct evidence on how and for what
purpose synaptic weight and neural activity are down-
scaled during sleep remains lacking. Future studies
should address this question by utilizing tools to selec-
tively impair LTD or other forms of synaptic depression,
and/or through electrophysiological recordings or spine-
resolution optical imaging during sleep. We propose that
synapses active at specific locations or during learning-
related events (referred to as “informative synapses”)
are preferentially reactivated and exhibit resistance to
synaptic down-regulation during subsequent sharp-wave

ripples. An important avenue for future research is to
determine whether and how informative synapses are
selectively potentiated, while other synapses (i.e., “less-
informative synapses”) are down-regulated or pruned
over the course of memory consolidation. Additionally,
elucidating the role of these synapses in successful
memory recall remains a critical question to address.
Notably, future in vivo voltage imaging techniques
should allow chronic recording of changes in membrane
potential from many neurons to facilitate our under-
standing of how synaptic plasticity governs memory

consolidation and behavior at multiple timescales.
Author contributions
Conceptualization: Y.M. and A.G. Funding acquisition:
Y.M. and A.G. Writing the original draft: Y.M. Writing the
review and editing: A.G.
Funding
The authors were supported by an ANRI fellowship (Y.
M.); and Grants-in-Aid for Scientific Research JP22H0
2720, JP22H05496, and JP24K22001 from MEXT,

Japan, JST PRESTO grant number JPMJPR22S5,
Takeda Science Foundation, Research Foundation for
Opto-Science and Technology, Narishige Foundation,
Kishimoto Foundation, and Sumitomo Founda-
tion (A.G.).
Declaration of competing interest
The authors declare no conflict of interest.
Acknowledgments
The authors would like to express their gratitude to
Yasunori Hayashi and Misa Arizono for their comments
on the manuscript and to Tomoaki Okami and Kaoru
Kawase for creating the illustrations for the graphical
abstract and some figures.
Current Opinion in Neurobiology 2025, 92:102996

www.sciencedirect.com/science/journal/09594388


6 Neurobiology of Learning and Plasticity 2025
Data availability
No data was used for the research described in
the article.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. Goto A: Synaptic plasticity during systems memory consoli-
dation. Neurosci Res 2022, 183:1–6.

2. Hebb DO: The organization of behavior: a neuropsychological
theory. New York: Wiley & Sons; 1949.

3. Bliss TV, Gardner-Medwin AR: Long-lasting potentiation of
synaptic transmission in the dentate area of the unan-
aestetized rabbit following stimulation of the perforant path.
J Physiol 1973, 232:357–374.

4. Hayashi Y: Molecular mechanism of hippocampal long-term
potentiation - towards multiscale understanding of learning
and memory. Neurosci Res 2022, 175:3–15.

5. Choi JH, Sim SE, Kim JI, Choi DI, Oh J, Ye S, Lee J, Kim T,
Ko HG, Lim CS, et al.: Interregional synaptic maps among
engram cells underlie memory formation. Science 2018, 360:
430–435.

6. Tonegawa S, Morrissey MD, Kitamura T: The role of engram
cells in the systems consolidation of memory. Nat Rev
Neurosci 2018, 19:485–498.

7. Iino Y, Sawada T, Yamaguchi K, Tajiri M, Ishii S, Kasai H,
Yagishita S: Dopamine D2 receptors in discrimination learning
and spine enlargement. Nature 2020, 579:555–560.

8. Collingridge GL, Peineau S, Howland JG, Wang YT: Long-term
depression in the CNS. Nat Rev Neurosci 2010, 11:459–473.

9. Tononi G, Cirelli C: Sleep and the price of plasticity: from
synaptic and cellular homeostasis to memory consolidation
and integration. Neuron 2014, 81:12–34.

10. Robinson NTM, Descamps LAL, Russell LE, Buchholz MO,
Bicknell BA, Antonov GK, Lau JYN, Nutbrown R, Schmidt-
Hieber C, Häusser M: Targeted activation of hippocampal
place cells drives memory-guided spatial behavior. Cell 2020,
183:2041–2042.

11. Pettit NL, Yap EL, Greenberg ME, Harvey CD: Fos ensembles
encode and shape stable spatial maps in the hippocampus.
Nature 2022, 609:327–334.

12. Bittner KC, Grienberger C, Vaidya SP, Milstein AD, Macklin JJ,
Suh J, Tonegawa S, Magee JC: Conjunctive input processing
drives feature selectivity in hippocampal CA1 neurons. Nat
Neurosci 2015, 18:1133–1142.

13. Bittner KC, Milstein AD, Grienberger C, Romani S, Magee JC:
Behavioral time scale synaptic plasticity underlies CA1 place
fields. Science 2017, 357:1033–1036.

14. Ucar H, Watanabe S, Noguchi J, Morimoto Y, Iino Y, Yagishita S,
Takahashi N, Kasai H: Mechanical actions of dendritic-spine
enlargement on presynaptic exocytosis. Nature 2021, 600:
686–689.

15. Liu X, Ramirez S, Pang PT, Puryear CB, Govindarajan A,
Deisseroth K, Tonegawa S: Optogenetic stimulation of a hip-
pocampal engram activates fear memory recall. Nature 2012,
484:381–385.

16. Tanaka KZ, Pevzner A, Hamidi AB, Nakazawa Y, Graham J,
Wiltgen BJ: Cortical representations are reinstated by the
hippocampus during memory retrieval. Neuron 2014, 84:
347–354.

17. Oishi N, Nomoto M, Ohkawa N, Saitoh Y, Sano Y, Tsujimura S,
Nishizono H, Matsuo M, Muramatsu SI, Inokuchi K: Artificial
association of memory events by optogenetic stimulation of
hippocampal CA3 cell ensembles. Mol Brain 2019, 12:2.
Current Opinion in Neurobiology 2025, 92:102996
18
*
. Lee C, Lee BH, Jung H, Sung Y, Kim H, Kim J, Shim JY, Kim JI,

Choi DI, Park HY, et al.: Hippocampal engram networks for
fear memory recruit new synapses and modify pre-existing
synapses in vivo. Curr Biol 2023, 33:507–516.e503.

This paper describes the application of the GRASP technique in vivo
and revealed how synapses emerge and disappear following contex-
tual fear conditioning and the extinction of the associated memory.

19. Timalsina B, Lee S, Kaang BK: Advances in the labelling and
selective manipulation of synapses. Nat Rev Neurosci 2024.

20. Takemoto K, Matsuda T, Sakai N, Fu D, Noda M, Uchiyama S,
Kotera I, Arai Y, Horiuchi M, Fukui K, et al.: SuperNova, a
monomeric photosensitizing fluorescent protein for
chromophore-assisted light inactivation. Sci Rep 2013, 3:
2629.

21
* *
. Goto A, Bota A, Miya K, Wang J, Tsukamoto S, Jiang X, Hirai D,

Murayama M, Matsuda T, McHugh TJ, et al.: Stepwise synaptic
plasticity events drive the early phase of memory consoli-
dation. Science 2021, 374:857–863.

This paper provides direct evidence for the necessity of sLTP in
memory consolidation through the application of an optogenetic tool
that disrupts sLTP formation.

22. Hayashi-Takagi A, Yagishita S, Nakamura M, Shirai F, Wu YI,
Loshbaugh AL, Kuhlman B, Hahn KM, Kasai H: Labelling and
optical erasure of synaptic memory traces in the motor
cortex. Nature 2015, 525:333–338.

23. Ashby DM, Floresco SB, Phillips AG, McGirr A, Seamans JK,
Wang YT: LTD is involved in the formation and maintenance
of rat hippocampal CA1 place-cell fields. Nat Commun 2021,
12:100.

24. Cobar LF, Yuan L, Tashiro A: Place cells and long-term
potentiation in the hippocampus. Neurobiol Learn Mem 2017,
138:206–214.

25. Milstein AD, Li Y, Bittner KC, Grienberger C, Soltesz I, Magee JC,
Romani S: Bidirectional synaptic plasticity rapidly modifies
hippocampal representations. Elife 2021, 10.

26. Zhao X, Hsu CL, Spruston N: Rapid synaptic plasticity con-
tributes to a learned conjunctive code of position and choice-
related information in the hippocampus. Neuron 2022, 110:
96–108.e104.

27
* *
. Fan LZ, Kim DK, Jennings JH, Tian H, Wang PY,

Ramakrishnan C, Randles S, Sun Y, Thadhani E, Kim YS, et al.:
All-optical physiology resolves a synaptic basis for behav-
ioral timescale plasticity. Cell 2023, 186:543–559.e519.

This paper demonstrates that BTSP can be induced and observed
through all-optical methods through the utilization of genetically enco-
ded voltage indicators (GEVI) and holographic microscopy.

28. Grienberger C, Magee JC: Entorhinal cortex directs learning-
related changes in CA1 representations. Nature 2022, 611:
554–562.

29. Priestley JB, Bowler JC, Rolotti SV, Fusi S, Losonczy A: Signa-
tures of rapid plasticity in hippocampal CA1 representations
during novel experiences. Neuron 2022, 110:
1978–1992.e1976.

30. O’Hare JK, Gonzalez KC, Herrlinger SA, Hirabayashi Y,
Hewitt VL, Blockus H, Szoboszlay M, Rolotti SV, Geiller TC,
Negrean A, et al.: Compartment-specific tuning of dendritic
feature selectivity by intracellular Ca. Science 2022, 375,
eabm1670.

31. Xiao K, Li Y, Chitwood RA, Magee JC: A critical role for CaMKII
in behavioral timescale synaptic plasticity in hippocampal
CA1 pyramidal neurons. Sci Adv 2023, 9, eadi3088.

32. Zhou Z, Norimoto H: Sleep sharp wave ripple and its functions
in memory and synaptic plasticity. Neurosci Res 2023, 189:
20–28.

33. Fernández-Ruiz A, Oliva A, Fermino de Oliveira E, Rocha-
Almeida F, Tingley D, Buzsáki G: Long-duration hippocampal
sharp wave ripples improve memory. Science 2019, 364:
1082–1086.

34. Girardeau G, Benchenane K, Wiener SI, Buzsáki G, Zugaro MB:
Selective suppression of hippocampal ripples impairs spatial
memory. Nat Neurosci 2009, 12:1222–1223.
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(25)00027-3/sref1
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref1
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref2
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref2
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref3
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref3
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref3
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref3
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref4
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref4
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref4
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref5
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref5
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref5
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref5
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref6
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref6
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref6
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref7
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref7
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref7
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref8
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref8
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref9
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref9
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref9
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref10
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref10
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref10
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref10
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref10
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref11
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref11
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref11
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref12
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref12
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref12
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref12
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref13
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref13
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref13
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref14
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref14
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref14
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref14
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref15
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref15
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref15
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref15
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref16
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref16
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref16
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref16
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref17
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref17
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref17
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref17
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref18
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref18
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref18
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref18
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref19
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref19
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref20
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref20
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref20
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref20
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref20
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref21
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref21
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref21
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref21
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref22
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref22
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref22
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref22
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref23
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref23
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref23
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref23
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref24
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref24
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref24
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref25
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref25
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref25
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref26
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref26
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref26
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref26
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref27
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref27
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref27
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref27
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref28
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref28
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref28
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref29
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref29
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref29
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref29
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref30
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref30
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref30
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref30
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref30
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref31
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref31
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref31
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref32
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref32
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref32
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref33
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref33
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref33
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref33
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref34
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref34
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref34
www.sciencedirect.com/science/journal/09594388


Synaptic plasticity during memory consolidation Murai and Goto 7
35. Norimoto H, Makino K, Gao M, Shikano Y, Okamoto K,
Ishikawa T, Sasaki T, Hioki H, Fujisawa S, Ikegaya Y: Hippo-
campal ripples down-regulate synapses. Science 2018, 359:
1524–1527.

36. Terada S, Geiller T, Liao Z, O’Hare J, Vancura B, Losonczy A:
Adaptive stimulus selection for consolidation in the hippo-
campus. Nature 2022, 601:240–244.

37
*
. Yang W, Sun C, Huszár R, Hainmueller T, Kiselev K, Buzsáki G:

Selection of experience for memory by hippocampal sharp
wave ripples. Science 2024, 383:1478–1483.

This paper reports that certain experiences are preferentially reac-
tivated during awake SPW-Rs, and are subsequently reactivated
during sleep SPW-Rs.

38. Goto A, Hayashi Y: Offline neuronal activity and synaptic
plasticity during sleep and memory consolidation. Neurosci
Res 2023, 189:29–36.

39. Giri B, Kinsky N, Kaya U, Maboudi K, Abel T, Diba K: Sleep loss
diminishes hippocampal reactivation and replay. Nature 2024,
630:935–942.

40. Havekes R, Park AJ, Tudor JC, Luczak VG, Hansen RT, Ferri SL,
Bruinenberg VM, Poplawski SG, Day JP, Aton SJ, et al.:
Sleep deprivation causes memory deficits by negatively
impacting neuronal connectivity in hippocampal area CA1.
Elife 2016, 5.

41. Hori H, Fukushima H, Nagayoshi T, Ishikawa R, Zhuo M,
Yoshida F, Kunugi H, Okamoto K, Kim Y, Kida S: Fear memory
regulation by the cAMP signaling pathway as an index of
reexperiencing symptoms in posttraumatic stress disorder.
Mol Psychiatr 2024.

42. Medina C, de la Fuente V, Tom Dieck S, Nassim-Assir B,
Dalmay T, Bartnik I, Lunardi P, de Oliveira Alvares L,
Schuman EM, Letzkus JJ, et al.: LIMK, Cofilin 1 and actin dy-
namics involvement in fear memory processing. Neurobiol
Learn Mem 2020, 173, 107275.

43. Raven F, Riemersma IW, Olthuis MF, Rybakovaite I, Meijer EL,
Meerlo P, Van der Zee EA, Havekes R: Cofilin overactivation
improves hippocampus-dependent short-term memory. Front
Behav Neurosci 2023, 17, 1243524.

44. Zhang H, Ben Zablah Y, Liu A, Lee D, Meng Y, Zhou C, Liu X,
Wang Y, Jia Z: Overexpression of LIMK1 in hippocampal
excitatory neurons improves synaptic plasticity and
social recognition memory in APP/PS1 mice. Mol Brain 2021,
14:121.

45. Gonçalves JT, Schafer ST, Gage FH: Adult neurogenesis in the
Hippocampus: from stem cells to behavior. Cell 2016, 167:
897–914.

46. Kumar D, Koyanagi I, Carrier-Ruiz A, Vergara P, Srinivasan S,
Sugaya Y, Kasuya M, Yu TS, Vogt KE, Muratani M, et al.: Sparse
activity of hippocampal adult-born neurons during REM sleep
is necessary for memory consolidation. Neuron 2020, 107:
552–565.e510.

47. Li W, Ma L, Yang G, Gan WB: REM sleep selectively prunes
and maintains new synapses in development and learning.
Nat Neurosci 2017, 20:427–437.

48. Kakegawa W, Katoh A, Narumi S, Miura E, Motohashi J,
Takahashi A, Kohda K, Fukazawa Y, Yuzaki M, Matsuda S:
Optogenetic control of synaptic AMPA receptor endocytosis
reveals roles of LTD in motor learning. Neuron 2018, 99:
985–998.e986.

49. Roy DS, Park YG, Kim ME, Zhang Y, Ogawa SK, DiNapoli N,
Gu X, Cho JH, Choi H, Kamentsky L, et al.: Brain-wide mapping
reveals that engrams for a single memory are distributed
across multiple brain regions. Nat Commun 2022, 13:1799.

50. Kitamura T, Ogawa SK, Roy DS, Okuyama T, Morrissey MD,
Smith LM, Redondo RL, Tonegawa S: Engrams and circuits
crucial for systems consolidation of a memory. Science 2017,
356:73–78.

51
* *
. Lee JH, Kim WB, Park EH, Cho JH: Neocortical synaptic en-

grams for remote contextual memories. Nat Neurosci 2023,
26:259–273.
www.sciencedirect.com
This paper demonstrates that enhanced synaptic connectivity un-
derlies the functional maturation of engram neurons in the mPFC for
remote memory formation.

52. Chen MB, Jiang X, Quake SR, Südhof TC: Persistent tran-
scriptional programmes are associated with remote memory.
Nature 2020, 587:437–442.

53. Ye X, Kapeller-Libermann D, Travaglia A, Inda MC, Alberini CM:
Direct dorsal hippocampal-prelimbic cortex
connections strengthen fear memories. Nat Neurosci 2017, 20:
52–61.

54. Kol A, Adamsky A, Groysman M, Kreisel T, London M, Goshen I:
Astrocytes contribute to remote memory formation by
modulating hippocampal-cortical communication during
learning. Nat Neurosci 2020, 23:1229–1239.

55. Toader AC, Regalado JM, Li YR, Terceros A, Yadav N, Kumar S,
Satow S, Hollunder F, Bonito-Oliva A, Rajasethupathy P: Ante-
romedial thalamus gates the selection and stabilization of
long-term memories. Cell 2023, 186:1369–1381.e1317.

56
*
. Nitzan N, Swanson R, Schmitz D, Buzsáki G: Brain-wide in-

teractions during hippocampal sharp wave ripples. Proc Natl
Acad Sci U S A 2022, 119, e2200931119.

This paper recorded the activity of brain-wide regions, including the
mPFC, during SPW-Rs using simultaneous high-density silicon probe
recordings.

57. Tang W, Shin JD, Frank LM, Jadhav SP: Hippocampal-pre-
frontal reactivation during learning is stronger in awake
compared with sleep states. J Neurosci 2017, 37:
11789–11805.

58. Jadhav SP, Rothschild G, Roumis DK, Frank LM: Coordinated
excitation and inhibition of prefrontal ensembles during
awake hippocampal sharp-wave ripple events. Neuron 2016,
90:113–127.

59. Maingret N, Girardeau G, Todorova R, Goutierre M, Zugaro M:
Hippocampo-cortical coupling mediates memory consolida-
tion during sleep. Nat Neurosci 2016, 19:959–964.

60. Nishimura Y, Ikegaya Y, Sasaki T: Prefrontal synaptic activa-
tion during hippocampal memory reactivation. Cell Rep 2021,
34, 108885.

61. Bero AW, Meng J, Cho S, Shen AH, Canter RG, Ericsson M,
Tsai LH: Early remodeling of the neocortex upon episodic
memory encoding. Proc Natl Acad Sci U S A 2014, 111:
11852–11857.

62. Katzman A, Khodadadi-Jamayran A, Kapeller-Libermann D, Ye X,
Tsirigos A, Heguy A, Alberini CM: Distinct transcriptomic pro-
files in the dorsal Hippocampus and prelimbic cortex are
transiently regulated following episodic learning. J Neurosci
2021, 41:2601–2614.

63. Rajasethupathy P, Sankaran S, Marshel JH, Kim CK, Ferenczi E,
Lee SY, Berndt A, Ramakrishnan C, Jaffe A, Lo M, et al.: Pro-
jections from neocortex mediate top-down control of memory
retrieval. Nature 2015, 526:653–659.

64. Yadav N, Noble C, Niemeyer JE, Terceros A, Victor J, Liston C,
Rajasethupathy P: Prefrontal feature representations drive
memory recall. Nature 2022, 608:153–160.

65. Sharma V, Oliveira MM, Sood R, Khlaifia A, Lou D,
Hooshmandi M, Hung TY, Mahmood N, Reeves M, Ho-Tieng D,
et al.: mRNA translation in astrocytes controls hippocampal
long-term synaptic plasticity and memory. Proc Natl Acad Sci
U S A 2023, 120, e2308671120.

66. Liu JH, Zhang M, Wang Q, Wu DY, Jie W, Hu NY, Lan JZ, Zeng K,
Li SJ, Li XW, et al.: Distinct roles of astroglia and neurons in
synaptic plasticity and memory. Mol Psychiatr 2022, 27:
873–885.

67
*
. Refaeli R, Kreisel T, Yaish TR, Groysman M, Goshen I: Astro-

cytes control recent and remote memory strength by
affecting the recruitment of the CA1/ACC projection to en-
grams. Cell Rep 2024, 43, 113943.

This paper illustrates how astrocytic Gq activation and Gi activation
differentially modulate recent and remote memory recall, with a
particular focus placed on the dCA1/ACC pathway.
Current Opinion in Neurobiology 2025, 92:102996

http://refhub.elsevier.com/S0959-4388(25)00027-3/sref35
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref35
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref35
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref35
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref36
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref36
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref36
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref37
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref37
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref37
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref38
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref38
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref38
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref39
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref39
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref39
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref40
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref40
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref40
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref40
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref40
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref41
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref41
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref41
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref41
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref41
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref42
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref42
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref42
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref42
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref42
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref43
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref43
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref43
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref43
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref44
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref44
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref44
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref44
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref44
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref45
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref45
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref45
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref46
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref46
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref46
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref46
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref46
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref47
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref47
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref47
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref48
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref48
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref48
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref48
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref48
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref49
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref49
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref49
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref49
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref50
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref50
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref50
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref50
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref51
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref51
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref51
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref52
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref52
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref52
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref53
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref53
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref53
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref53
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref54
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref54
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref54
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref54
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref55
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref55
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref55
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref55
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref56
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref56
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref56
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref57
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref57
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref57
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref57
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref58
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref58
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref58
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref58
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref59
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref59
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref59
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref60
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref60
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref60
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref61
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref61
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref61
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref61
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref62
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref62
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref62
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref62
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref62
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref63
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref63
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref63
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref63
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref64
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref64
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref64
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref65
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref65
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref65
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref65
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref65
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref66
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref66
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref66
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref66
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref67
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref67
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref67
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref67
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref67
www.sciencedirect.com/science/journal/09594388


8 Neurobiology of Learning and Plasticity 2025
68. Lee JH, Kim JY, Noh S, Lee H, Lee SY, Mun JY, Park H,
Chung WS: Astrocytes phagocytose adult hippocampal syn-
apses for circuit homeostasis. Nature 2021, 590:612–617.

69. Wang Y, Fu WY, Cheung K, Hung KW, Chen C, Geng H,
Yung WH, Qu JY, Fu AKY, Ip NY: Astrocyte-secreted IL-33
mediates homeostatic synaptic plasticity in the adult hippo-
campus. Proc Natl Acad Sci U S A 2021, 118.

70. Nguyen PT, Dorman LC, Pan S, Vainchtein ID, Han RT, Nakao-
Inoue H, Taloma SE, Barron JJ, Molofsky AB, Kheirbek MA, et al.:
Microglial remodeling of the extracellular matrix promotes
synapse plasticity. Cell 2020, 182:388–403.e315.

71. WangC, YueH, Hu Z, ShenY,Ma J, Li J,WangXD,Wang L, Sun B,
Shi P, et al.: Microglia mediate forgetting via complement-
dependent synaptic elimination. Science 2020, 367:688–694.

72
* *
. Pandey K, Bessières B, Sheng SL, Taranda J, Osten P,

Sandovici I, Constancia M, Alberini CM: Neuronal activity drives
IGF2 expression from pericytes to form long-term memory.
Neuron 2023, 111:3819–3836.e3818.

This paper reports that pericytes secrete IGF2, which is indispensable
for long-term memory formation and facilitates LTP.

73. Yu XW, Pandey K, Katzman AC, Alberini CM: A role for CIM6P/
IGF2 receptor in memory consolidation and enhancement.
Elife 2020, 9.

74. Chen DY, Stern SA, Garcia-Osta A, Saunier-Rebori B,
Pollonini G, Bambah-Mukku D, Blitzer RD, Alberini CM: A critical
Current Opinion in Neurobiology 2025, 92:102996
role for IGF-II in memory consolidation and enhancement.
Nature 2011, 469:491–497.

75. Ghosh P, Dahms NM, Kornfeld S: Mannose 6-phosphate re-
ceptors: new twists in the tale. Nat Rev Mol Cell Biol 2003, 4:
202–212.

76. Alberini CM: IGF2 in memory, neurodevelopmental disorders,
and neurodegenerative diseases. Trends Neurosci 2023, 46:
488–502.

77. Kuijpers M, Kochlamazashvili G, Stumpf A, Puchkov D,
Swaminathan A, Lucht MT, Krause E, Maritzen T, Schmitz D,
Haucke V: Neuronal autophagy regulates presynaptic neuro-
transmission by controlling the axonal endoplasmic reticu-
lum. Neuron 2021, 109:299–313.e299.

78. Kallergi E, Daskalaki AD, Kolaxi A, Camus C, Ioannou E,
Mercaldo V, Haberkant P, Stein F, Sidiropoulou K, Dalezios Y,
et al.: Dendritic autophagy degrades postsynaptic proteins
and is required for long-term synaptic depression in mice.
Nat Commun 2022, 13:680.

79. Shehata M, Abdou K, Choko K, Matsuo M, Nishizono H,
Inokuchi K: Autophagy enhances memory erasure
through synaptic destabilization. J Neurosci 2018, 38:
3809–3822.

80. Pandey K, Yu XW, Steinmetz A, Alberini CM: Autophagy
coupled to translation is required for long-term memory.
Autophagy 2021, 17:1614–1635.
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(25)00027-3/sref68
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref68
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref68
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref69
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref69
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref69
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref69
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref70
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref70
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref70
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref70
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref71
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref71
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref71
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref72
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref72
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref72
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref72
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref73
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref73
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref73
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref74
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref74
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref74
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref74
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref75
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref75
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref75
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref76
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref76
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref76
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref77
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref77
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref77
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref77
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref77
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref78
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref78
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref78
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref78
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref78
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref79
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref79
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref79
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref79
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref80
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref80
http://refhub.elsevier.com/S0959-4388(25)00027-3/sref80
www.sciencedirect.com/science/journal/09594388

	Diverse synaptic mechanisms underlying learning and memory consolidation
	Introduction
	Induction of synaptic plasticity upon learning
	Novel optical tools for the observation and manipulation of LTP
	BTSP: a new form of synaptic plasticity

	Synaptic plasticity during the offline consolidation
	Offline synaptic plasticity in local circuits
	Offline synaptic plasticity in brain-wide regions
	Non-neuronal regulation of synaptic plasticity

	Conclusion
	Author contributions
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


