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Synaptic modifications in learning and memory — a dendritic
spine story

Shaorong Ma,

Yi Zuo”

Department of Molecular, Cell and Developmental Biology, University of California Santa Cruz,
1156 High Street, Santa Cruz, CA 95064, U.S.A.

Abstract

Synapses are specialized sites where neurons connect and communicate with each other. Activity-
dependent modification of synaptic structure and function provides a mechanism for learning

and memory. The advent of high-resolution time-lapse imaging in conjunction with fluorescent
biosensors and actuators enables researchers to monitor and manipulate the structure and function
of synapses both /in vitro and in vivo. This review focuses on recent imaging studies on the
synaptic modification underlying learning and memory.
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1. Introduction

Learning and memory, one of the most complex and perplexing functions of the brain,

are essential for the survival of animals. From a neural circuit point of view, learning is a
process to transform a neural network to adapt to the environment, and memory is the state
of maintaining such a network. The neural network is made up by the constituent neurons
with their synaptic connections. Taking advantage of calcium (Ca) imaging and molecular
signals associated with neuronal activities (e.g., activation of immediate early genes [IEG]),
elegant studies have led to the identification of neuronal populations involved in memory
coding [1-7]. However, the mechanisms by which memory is allocated at the level of
synapses remain a major puzzle, largely due to their small size and the lack of techniques
(molecular, anatomical, or physiological) to identify learning-related synapses in behaving
animals.

Most excitatory synapses reside on dendritic spines, small protrusions from dendrites. The
appearance and disappearance of spines are good indicators of the formation and loss of
synaptic connections, and morphological changes of spines are associated with changes in
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the efficacy of synaptic transmission [8-10]. Importantly, spine formation, elimination, and
morphological changes have been observed in the context of various learning paradigms,
and spine stabilization is associated with long-lasting memory storage [11-13]. As many
excellent review articles have discussed the structure, function, and molecular signaling of
spines under physiological and pathological conditions [14-21], we will focus on /in vitro
and /n vivo studies on the dynamics and morphological changes of spines in response to
learning and memory.

2. Structural changes in dendritic spines in vitro

2.1

Morphological changes of dendritic spines

Various forms of synaptic plasticity, the persistent change in synaptic efficacy, are widely
believed to be the cellular substrate underlying learning and memory. Among them, long-
term potentiation (LTP) and long-term depression (LTD), two opposite forms of synaptic
plasticity, have been studied most extensively. LTP and LTD were initially discovered by
electrophysiological recording [22], but subsequent research has revealed accompanying
morphological changes in dendritic spines. In hippocampal slices, localized electrical
stimulation (/.¢e., high frequency stimulation [HFS] or theta burst stimulation [TBS]) or
two-photon (2P) glutamate uncaging at individual spines leads to robust enlargement of the
heads of targeted spines [23—-26]. Simultaneous electrophysiological recording of the same
postsynaptic neuron shows that spine head enlargement is accompanied by increased current
mediated by AMPA-type glutamate receptors (AMPAR). Moreover, glutamate uncaging-
induced spine head enlargement is transient in large spines but persistent in small spines
[23]. While activation of NMDA-type glutamate receptors (NMDAR) as well as signaling
mediated by molecules such as calmodulin and CaMKI|I are required for LTP-induced spine
enlargement [23, 26], protein synthesis is also important for the maintenance of the enlarged
spine head [25]. Furthermore, LTP induction increases the stability of nascent spines, and
their survival rate positively correlates with spine head enlargement [26].

On the other hand, localized low frequency stimulation (LFS, an LTD-induction protocol)
leads to persistent spine head shrinkage, which is coupled with the reduction of excitatory
postsynaptic potential (EPSP) slope recorded from the same neuron. While NMDAR blocker
and calcineurin inhibitor prevent both LTD induction and spine shrinkage, pretreatment

with an inhibitor of PP1/2A (a downstream effector of calcineurin) blocks LTD but not
LFS-induced spine shrinkage. These results suggest that LTD and morphological changes

of spines share some molecular signals, but the pathways later diverge [24]. Interestingly,
LTD-induced spine shrinkage is reversed by HFS-induced LTP, and LTP-induced spine
enlargement is reversed by LFS-induced LTD [24, 25], suggesting shared mechanisms
underlying synaptic LTP and LTD. It is noteworthy that an induction protocol that can elicit
LTD in vitro may not be effective in vivo[27, 28]. Such sensitivity to stimulation parameters
highlights the need to exercise caution when applying /n vitro results to explain the synaptic
mechanisms underlying learning and memory /n vivo.
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2.2. Spine formation and spine loss

2.3 Spatial

In The Organization of Behavior, Donald Hebb presented his famous postulate on the
activity-dependent plasticity of neuronal connections. It is noteworthy that his original
formulation of the postulate is not limited to changes in the efficacy of existing synapses
(asin LTP or LTD), but also encompasses the formation of new connections: ‘The most
obvious and I believe much the most probable suggestion concerning the way in which

one cell could become more capable of firing another is that synaptic knobs develop and
increase the area of contact between the afferent axon and efferent soma. (“Soma” refers

to dendrites and body, or all of the cell except its axon.)’ [29]. Indeed, in addition to
morphological changes that accompany LTP or LTD, spine formation and loss also occur
in vitro. Combining localized electric stimulation with 2P imaging, researchers have found
that new dendritic spines or filopodia (thin dendritic protrusions without enlarged heads)
emerge on the manipulated dendritic segement after the induction of long-lasting functional
enhancement [30-32], while spine loss follows LFS [31]. Taking advantage of the spatial
precision of 2P glutamate uncaging, Kwon et al. further induced de novo spine growth from
dendritic shafts of layer (L) 2/3 pyramidal neurons (PNs) in cultured cortical slices. Both
AMPAR- and NMDAR-mediated currents, as well as Ca influx, are detected in these new
spines, suggesting that they are functional. They also found that the success rate to induce a
new spine depends on both the frequency and the duration of the uncaging pulse, and some
of the newly formed spines persist [33].

rules

Excitatory synaptic transmission is accompanied by the influx of Ca2* ions into the
postsynaptic neuron. The sub-micron spatial resolution of 2P imaging in combination with
Ca indicators (molecules that drastically change their fluorescence upon binding to Ca2*
ions) enables researchers to monitor the activities of neighboring synapses simultaneously.
Earlier studies have shown that in hippocampal slices, nearby synapses are more likely to
be coactive than synapses located far away, and the prevalence of co-activation decreases

as the inter-synaptic distance increases [34, 35]. Similar phenomena have been observed in
L2/3 PNs in the sensory cortices of developing and adult mice /n vivo [35, 36]. Moreover,
the plasticity of an individual synapse influences its neighbors. Using glutamate uncaging to
induce LTP in hippocampal slices, Harvey and Svoboda showed that LTP induction at one
spine reduces the threshold of LTP induction of neighboring spines (within 10 um) in a short
time window (10 min) [37].

Obviously not all adjacent synapses are synchronously active. What happens to the synapses
“out-of-sync”? In the developing visual cortex, Winnubst et a/. showed that spines that

are not coactive with their neighbors exhibit reduced synaptic activities over time, and the
proBDNF/p75NTR signaling pathway is involved in this process. Intriguingly, the time
window that gives the optimal desynchronization-induced depression (/.e., 1.6 s) nicely
matches the duration of spontaneous waves in the retina and their correlated activity in

the visual cortex, suggesting that such mechanisms may be used to shape the developing
network /n vivo. In addition, a synapse’s transmission reliability decreases when its activity
is artificially desynchronized with that of its neighbors [36]. In cultured hippocampal slices,
another study shows that LTP induction at several spines along a dendritic segment results in
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the shrinkage and loss of functional AMPAR of unstimulated spines within the same region.
Such spine shrinkage is likely not due to a depletion of local resources by the adjacent spine
enlargement, as it cannot be prevented by blocking LTP-induced spine enlargement; rather
it is an active process involving calcineurin, IP3Rs, and group | mGluR-mediated signaling
[38].

3. Invivo studies of spine dynamics

3.1.

The capability to learn a new skill or association is crucial for the animal’s survival. It is
generally believed that learning shapes neural circuits through modifications of synapses.
Transgenic animals or viral labeling approaches allow selectively labeling of a subset of
neurons in the living brain [39, 40]. Furthermore, 2P laser scanning microscopy offers

deep penetration through thick opaque preparations, making it possible for live imaging

in the intact brain [41]. In comparison with earlier imaging studies in cultured systems,
imaging the living brain preserves the synapses’ natural environment and allows researchers
to investigate synaptic plasticity that is directly associated with a particular behavior such as
learning.

Motor skill learning

The motor cortex is indispensable for the acquisition of new motor skills in adult mice.
Synaptic remodeling has been found in many experiments using different motor learning
paradigms. Xu et al. trained the mouse with a single pellet reaching task, in which the mouse
learns to reach its forepaw through a narrow slit to grasp and retrieve a food pellet [42].
Using /n vivo 2P imaging, the researchers showed that significantly more new spines formed
along the apical dendrites of L5 PNs in the primary motor cortex (M1) of #1yZ-YFP-H line
mice. Such new spines formed rapidly (within an hour from the onset of the first training
session), and the rate of spine formation (the number of newly formed spines divided by
the total number of spines measured pre-training) during this training session positively
correlated with the number of successful reaches. Moreover, no additional spine formed in
mice that failed to learn the task, or in those tricked to do a lot of non-specific forelimb
movement (Fig. 1A, B) [42]. Studies using different forelimb-specific tasks (/.e., pasta
matrix or lever-press) have reported similarly elevated spine formation associated with the
improvement of motor performance [43, 44]. In all these studies, the initial increase in
spine formation was followed by enhanced spine elimination, so that the spine density only
increased transiently [42—-44], suggesting a remodeling of the existing circuit rather than
simple addition of new connections (Fig. 1C). The transient synaptogenesis after learning
has also been observed in the hippocampus in earlier EM studies [45, 46]. Besides forelimb
tasks, Yang et al. trained the mouse to run on an accelerating rotarod. As the mouse
gradually adapted to higher rotating speed, new spines formed along apical dendrites of L5
PNSs. In contrast, no additional spine formed in association with running on the rotarod with
steady speed [47].

Challenging mice with different motor tasks sequentially, researchers have shown that new
spines formed during motor training are task specific. For example, when a mouse that
had mastered the single pellet reaching task was trained later with either the single pellet

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 October 09.
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reaching task again or the pasta handling task (/.e., another forelimb-specific motor task),
only the latter enhanced spine formation [42]. Similarly, after the mouse had mastered
rotarod running, reversing the rotation direction could further induce spine formation [47].
These results suggest that different motor skills engage different neural circuits and require
the modification of distinct sets of synaptic connections (Fig. 1D).

Successful acquisition of a new motor skill requires practice and repetition. While elevated
spine formation is associated with the improvement of task performance, it is not observed
in the late phase of training when performance plateaus [42]. Furthermore, compared to
pre-existing spines, newly-formed spines are vulnerable to elimination [42], as they may
lack functional synapses [48] and may be eliminated in the selective stabilization process.
On the other hand, repetition of the newly-acquired motor task selectively stabilizes the
learning-induced new spines (Fig. 1C) [42], and a greater portion of learning-associated
new spines were eliminated if motor training was terminated prematurely [44]. Furthermore,
the survival of learning-associated new spines correlates with the later performance of

the motor skill [42, 44, 47]. It is worth mentioning that spine stabilization is not limited

to newly formed spines. Using the songbird zebra finches as a model system, another

study also showed that hearing a tutor song led to the rapid stabilization, accumulation,

and enlargement of dendritic spines in the hyperstriatum ventrale pars caudalis (HVC), a
forebrain nucleus necessary for sensorimotor integration and song learning, of juvenile birds
[49]. Thus, besides learning-induced synapse formation, learning-associated synapses also
need to be strengthened and stabilized for long-lasting neural circuit changes. Together they
provide a structural underpinning of motor memory. The formation and stabilization of
learning-associated new spines are accompanied by destabilization and loss of other spines
existing before learning starts (Fig. 1C). However, what determines spines to be eliminated
(e.g., local resource competition vs. global homeostatic regulation) and the functional roles
of eliminated spines remain unknown.

Perhaps not surprising, learning-associated spine remodeling is region- and cell type-
specific. However, the specificity varies among motor tasks. In the single pellet reaching
task, spine dynamics increase within 300 um of the functionally mapped forelimb M1
region contralateral to the trained limb, but remain unperturbed in the ipsilateral forelimb
M1, contralateral hindlimb M1 and contralateral sensory cortex [42]. Moreover, the same
group examined the dynamics of spines on apical dendrites of L2/3 PNs in the same

region labelled by /n utero electroporation, and found that, while spine density was
significantly higher than that of L5 PNs, motor training did not further enhance their
dynamics [50]. As most YFP+ neurons in thyZ-YFP-H mice are corticospinal neurons [51],
its selective synapse modification during fine skill learning may reflect the circuit rewiring
to orchestrate a complicate motor skill [52]. The lever-press task changes spine dynamics in
a compartmentalized manner: training elevates spine turnover on the distal dendrites of L2/3
PNs, but not on the perisomatic dendrites [43]. On the other hand, rotarod running seems to
be less selective, as elevated spine dynamics are found in both L2/3 and L5 neurons, with
comparable dynamics [53].

While spine imaging dominates /7 vivo studies for synapse remodeling during motor
learning, less is known about the presynaptic partners of formed or eliminated spines. A
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recent study follows the dynamics of presynaptic axonal boutons in superficial M1 when the
mouse is trained on an accelerating rotarod. They found that the formation of boutons on
axons projecting from secondary motor areas (M2) increases during mid-phase training (day
2-4), while the elimination of boutons on axons from the motor thalamus decreases in late
phase learning (day 4-7) [54]. Another study followed the presynaptic axonal varicosities
from parallel fibers in the cerebellum, whose synapses with Purkinje cells play crucial roles
in cerebellum-dependent learning, during acrobatic motor skill learning. The authors found
that the fraction of dynamic parallel fiber varicosities significantly decreases during motor
training, largely due to decrease addition of new varicosities [55]. Given the complex circuit
organization, it is difficult to directly compare the dynamics of dendritic spines and axonal
boutons from specific neuronal types. Thus, to understand circuit-specific modification

by motor learning, it is crucial to co-imaging of pre- and post-synaptic structures of

a specific neuronal connection. It can be achieved by co-imaging sparsely labeled pre-

and post-synaptic neurons and search for their putative connection, followed by post hoc
electron microscope (EM) confirmation of imaged synapses. Unfortunately, such data are
still missing in the motor learning studies.

Fear learning and extinction

The associative fear conditioning is another widely used paradigm to study learning and
memory. In auditory-cued fear conditioning, a specific tone is paired with an aversive
stimulus (7.e., foot shock) to elicit a conditioned response (/.e., freezing). While paired
conditioning increases spine formation, unpaired conditioning elevates spine elimination

in the auditory cortex (ACx) [56-58]. Such fear conditioning-elevated spine formation
transiently increases spine density (/.e., within 2h), which returns to the control level after 7
days [57]. Moreover, the amount of new spines formed during fear conditioning correlates
with the percentage of time the animal freezes in the chamber [58]. Compared to controls, a
significantly higher fraction of spines formed during conditioning persist over time. Memory
recall does not reduce spine formation, nor does it affect the survival of spines formed
during earlier conditioning [57], suggesting that reactivation of a fear memory doesn’t need
to modify the existing neural network at the level of synaptic structures.

While it is difficult to unlearn a motor skill, repetitive exposure to the conditioning

cue without foot-shock gradually diminishes the conditioned response, a process called
fear extinction. Opposite to the elevated spine formation during fear conditioning, spine
elimination increases in ACx during fear extinction. Extinction preferentially eliminates the
new spines induced by conditioning, suggesting that, rather than forming a new circuit,
extinction weakens the circuit that has been modified or strengthened by conditioning.
Furthermore, both conditioning-induced spine formation and extinction-induced spine
elimination are cue-specific. When the mouse is conditioned to freeze with two different
auditory tones (/.e., 4 kHz and 12 kHz), extinction with the 4 kHz tone preferentially
eliminates the spines formed during the 4 kHz conditioning [58].

Leveraging spectral variants of fluorescent proteins and post fioc spectral un-mixing to
coimage presynaptic axonal boutons and postsynaptic dendritic spines, Yang and colleagues
further demonstrated a selective remodeling of lateral amygdala (LA) to the ACx pathway

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 October 09.
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during auditory fear conditioning. They found that both spine formation on L5 PNs and
bouton formation on LA axons increased in ACx L1. In contrast, there is no change in the
bouton dynamics of axons projecting from the medial geniculate body (MG) or the anterior
cingulate cortex (ACC) to L1 of ACx. Intriguingly, they found that nearly all new synaptic
contacts were made by adding new partners to existing synaptic elements (/.e., new boutons
onto existing spines or new spines onto existing boutons) (Fig. 1 insert). This suggests that
fear learning likely modify existing circuits rather than forming new connections between
previously unconnected pairs of neurons through de novo formation of both pre- and post-
synaptic components [56].

Interestingly, fear conditioning-induced spine remodeling is not limited to the auditory
cortex. In both M1 and the frontal association cortex (FrA), fear learning remodels spines

in a way opposite to that in ACX, f.e., increased spine elimination during conditioning and
increased spine formation during extinction [59, 60]. Moreover, the percentage of spine
elimination positively correlates with the percentage of freezing after fear conditioning, and
the percentage of spine formation negatively correlates with the percentage of freezing after
fear extinction [59]. In another fear conditioning paradigm (a tactile variant of trace eyeblink
conditioning, TTEBC), 60 Hz whisker stimulation is paired with an air puff to the eye

to elicit eyeblink. In the barrel cortex, TTEBC leads to elevated spine elimination on the
apical dendrites of L5 PNs, leading to a progressive decrease in spine density [61]. Together,
these data suggest broad impact of fear learning on the brain network, with simultaneous
strengthening and weakening of distinct circuits.

rules underlying synapse remodeling

Cortical neurons have elaborated dendritic branches, on which most synapses reside.

Rather than passively funneling synaptic information, dendrites are believed to be the

basic organizational unit for integrating synaptic inputs [62]. Co-activation of synapses

over a short stretch of dendrite elicits dendritic spikes [63], which leads to stronger and
longer-lasting responses compared to ordinary EPSPs. Dendritic spikes may propagate into
the soma to influence the neuronal output; they may also act locally to induce synaptic
plasticity [64, 65]. Thus, synaptic inputs from distal dendrites can be non-linearly integrated,
dramatically increasing the information processing capacities of neurons [66, 67].

Indeed, structural dynamics of synapses during learning have been found to cluster along
dendrites. During accelerated rotarod training, sibling branches of L5 PNs in M1 exhibit
different rates of spine formation [68]. And forward and backward running activates
different dendritic branches of M1 L5 PNs [69]. More evidence suggests that clustered
synaptic changes occur over a shorter length scale. Training mice with the single pellet
reaching task, Fu et al. found that one third of the newly formed spines emerged in clusters
(7.e., within 10 pm along the dendritic segment). Moreover, the clustered new spines are
more likely to survive over time [70]. Interestingly, new spines in the same cluster are
usually formed during sequential training sessions, and formation of the second spine in
the cluster is accompanied by the head enlargement of the first spine [70]. As spine head
enlargement indicates synaptic strengthening [10], this finding suggests that clustered new
spines participate in the same neuronal circuit, which is activated by the specific motor

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma and Zuo

Page 8

task. Indeed, following surface AMPARs during the same forelimb task, Roth et a/. further
showed that training leads to an increase in AMPAR levels at a subset of spatially clustered
spines in M1 [71].

Simulation further shows that under control conditions new spines appear to avoid existing
stable spines, rather than being uniformly added along dendrites. However, succedent new
spines in clusters overcome this spatial constraint and form in close vicinity to neighboring
stable spines [70]. Recently, Frank et a/. also found that in the retrosplenial cortex learning-
related clustered spines were more likely to form at “hotspots”, 7.e., dendritic segments

with relatively high baseline spine turnover [72]. What is the spatial restraint of new

spine formation and why new spines can overcome it to be clustered? On one hand,
clustered spine formation may be due to the diffusion limit of synaptic signaling molecules.
2P fluorescence lifetime imaging (FLIM) studies have characterized the spread of many
synaptic molecules, such as Rho GTPase, in response to the stimulation of a single dendritic
spine, and shown that they modulate homo-synaptic and heterosynaptic plasticity [73, 74].
For example, after single spine LTP induction, the activity of Ras spreads ~10 um along the
dendrite and invades neighboring spines by diffusion, regulating local LTP threshold [37].
Alternatively, new spines may compete for existing pre-synaptic partners. Combining /in vivo
2P imaging and EM of new spines induced by fear conditioning, Yang et al. [56] found

that new spines are mostly formed onto existing axonal boutons, resulting in multisynapse
boutons (MSBs). This result corroborates the earlier finding of significantly increased MSBs
in rabbit hippocampal CA1 region in response to trace eyeblink conditioning, a form of
associative learning [75]. A related phenomenon is the learning-associated generation of
multisynapse spines (MSSs), namely, a spine forming synapses with two or more distinct
axonal boutons [46, 56, 76, 77]. Thus, in addition to de novo synapse formation, learning
also induces the formation of synapses with pre-existing synaptic components and creates a
fan-in or fan-out connectivity.

The advantage of clustered spine formation remains to be explored. New spines in clusters
appear more stable, hence with the potential to provide a structural basis for lasting memory
[70]. Position functionally-related synapses close to each other may also increase the
computational power of the neural network, as co-activation of neighboring synapses may
evoke dendritic spikes and allow non-linear integration of synaptic inputs [67, 78].

4. Summary and open guestions

In this review, we summarized /n vitro and /n vivo studies investigating the synaptic
mechanisms underlying learning and memory, with a focus on dendritic spines. While /n
vitro studies nicely demonstrate the correlation between addition, loss, and morphological
changes of dendritic spines with persist alterations in excitatory synaptic transmission, 7in
vivo studies depict a much complex story: learning-induced spine formation and elimination
are spatiotemporally regulated, as well as circuit- and task-specific.

Despite the significant progress in understanding the synaptic rules of learning, many
questions remain. Below we pick three interesting questions as a starter, with a discussion of
potential technical approaches to tackle them.

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma and Zuo

Page 9

What are the functional roles of spines formed or lost during learning?

Almost all studies on learning-induced spine changes focus on spine formation and
elimination; little is known about their functional roles. In particular, how are their synaptic
activities associated with learning-related behaviors? It is now possible to characterize

the Ca activities of individual spines in awake, behaving animals [79-81]. However,
learning-induced spine formation and elimination occur with a relatively low frequency

at unpredictable locations along the dendritic arbor. It implies that in order to capture

such dynamic spines, one needs to monitor a sufficiently large population of spines
simultaneously throughout the learning process. This calls for continuous volumetric
imaging with single spine resolution over at least many minutes, which would be achievable
with the steady improvement in volumetric 2P imaging techniques [82-84] and the
development of more photo-stable fluorescent biosensors of synaptic activities [85-88].

Does learning one task leave a synaptic trace that influences later learning?

Previous studies have revealed that the structural alterations induced by a sensory
manipulation impact the neural circuit’s response to subsequent manipulations. For example,
in the mouse visual cortex, spines formed during the first monocular deprivation (MD)
enlarge during the second MD, facilitating a rapid shift in the eye representation in the
binocular zone [89, 90]. As memory traces of distinct, but related, tasks are believed

to engage different but overlapping sets of synapses, how does learning one task affect
later learning at the synaptic level? Addressing this question requires the identification

of synaptic populations activated during different tasks, either by functional imaging

or molecular markers that specifically label active synapses (discussed below). When
sequentially trained on different tasks (e.g., different motor skills or associations), it is also
interesting to see if learning the second task destabilizes the synaptic connections formed
during the first task.

Can we manipulate memory at the synaptic level?

Taking advantage of IEGs, researchers have devised creative ways to synthesize or erase
memories in live animals [91-94]. Pushing this line of ideas to the synaptic level, Hayashi-
Takagi et al. engineered a protein AS-PaRacl (activated synapse targeting photoactivatable
Rac1) for light-induced manipulation of potentiated spines. Photo-stimulation of AS-PaRacl
shrinks the learning-potentiated spines, causing the mouse to lose the learnt skill (Fig.

1E) [95]. It is conceivable that a biomarker with high specificity to active synapses and
precise temporal control of expression may allow us to identify all synapses activated in a
learning process. Combination with optogenetics or pharmacogenetics will further enable us
to consolidate or erase a memory trace through direct manipulation at the synaptic level.
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Highlights
. Morphological changes of dendritic spines are associated with LTP and LTD
in vitro
. Learning induces spine formation and stabilization in a circuit-specific
manner
. Clustered synaptic modifications facilitate dendritic computation
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Figure 1.
Illustration of learning-related spine dynamics.

The animal is trained on a learning task (Task 1). (A) Learning is accompanied by

elevated spine formation beyond the basal level. (B) If the animal does not learn, basal

level spine dynamics persist. (C) Consolidation of learned Task 1 preferentially stabilizes
learning-related new spines and eliminates some pre-existing spines at an elevated rate.
Thus, learning only transiently increases spine density, but rewires the neural circuit.
Furthermore, new spines tend to emerge in clusters, which likely promotes their subsequent
survival. (D) Learning and consolidation of a different task (Task 2) induces the formation
and stabilization of a new set of spines. (E) Selectively shrinking Task 2-related spines

by optogenetic actuators disrupts Task 2 performance. Inset: a new spine shares the same
presynaptic bouton with an existing spine, resulting in a multispine bouton (MSB).
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