
PersPective | FOCUS

1Interdisciplinary Institute for Neuroscience, UMR 5297, University of Bordeaux, Bordeaux, France. 2Interdisciplinary Institute for Neuroscience, UMR 
5297, Centre National de la Recherche Scientifique, Bordeaux, France. 3Bordeaux Imaging Center, UMS 3420 CNRS - University of Bordeaux, US4 INSERM, 
Bordeaux, France. e-mail: yann.humeau@u-bordeaux.fr; daniel.choquet@u-bordeaux.fr

Long-term forms of synaptic plasticity (SP) were discovered 
in the 1970s, and have since been extensively studied at vari-
ous synapse subtypes, with the objective of understanding 

whether and how they mediate the modifications in brain activ-
ity that underlie behavioral adaptation. Ex vivo, very diverse SP 
mechanisms have been identified, including presynaptic and/or 
postsynaptic induction and expression mechanisms elicited in 
response to a variety of neuronal activity patterns. In the 1980s 
and 90s, the global concept that long-term SP is essential for 
learning and memory emerged: the ‘synaptic plasticity and mem-
ory’ theory1,2. This was mainly supported by the observation that 
in  vivo pharmacological targeting of key players of SP, such as 
NMDA receptors (NMDARs) or downstream signaling pathways, 
induced memory impairments in behavioral tests3,4.

Learning and memory have since long been proposed to be 
multistep phenomena comprising, at least, an encoding and a 
consolidation phase, respectively occurring during wake and 
sleep states. However, the causal link between given specific forms 
of SP and given phases of learning or memory remains poorly 
established experimentally. In our view, this results from (i) the 
paucity of available tools that can efficiently and specifically block 
SP without perturbing basal neurotransmission, (ii) the complex-
ity of studying functional and structural synaptic changes in the 
behaving animal, (iii) the difficulty in observing the spatial and 
temporal dynamics of the memory engrams eventually gener-
ated by behavioral protocols that mix encoding and consolidation 
memory phases, and (iv) the discrepancies in stimulus–response 
time scales between ex vivo and in vivo studies.

Thus, a main challenge is to determine the rules that enable the 
formation of a coherent memory engram from seemingly random 
independent synaptic contacts. It will require understanding how 
and when specific neuronal populations are activated during differ-
ent memory phases, how they engage in region-specific brain oscil-
lations, and their functional consequences on both local and remote 
synaptic populations.

To achieve this goal, we urgently need to develop new tools that 
enable SP changes to be detected at the single contact level, but sam-
pled in large populations. Based on the accumulating knowledge of 
the molecular and physiological mechanisms allowing bidirectional 
SP, we must also invent new strategies to manipulate SP in a specific 
manner. With these tools in hand, we should be in a position to test 

directly the necessity of SP for learning and memory and to vali-
date or invalidate the numerous theories describing learning at the  
synaptic, cellular and network levels.

A framework for linking SP to memory
The vast majority of our knowledge about learning and memory at 
the synaptic and cellular levels results from the seminal discovery 
of maintained forms of synaptic potentiation (long term poten-
tiation or LTP) in the rabbit hippocampus following repeated 
stimulations of the perforant path5. The repeated identification of 
contingencies between memory formation and SP mechanisms, 
such as the involvement of numerous signaling cascades in SP (for 
example, CaMKII or PKM kinase, or rho and rac GTPase activa-
tions), and the decreased behavioral performance of mice when 
these are inactivated6,7, have reinforced this link. A key endur-
ing question has been whether the molecular and structural syn-
aptic changes that occur during SP constitute the memory trace 
itself, or whether they generate the conditions allowing informa-
tion storage that accompanies memory formation2. Indeed, while 
we would all agree that behavioral adaptation must derive from 
a combination of synaptic, cellular and network modifications, 
their respective contributions remain to be disentangled.

Validating a link between SP and memory requires three types 
of tests: necessity (i.e., requirement of SP for a given memory), satu-
ration or occlusion (i.e., suppression of SP capacity after acquisi-
tion of a memory and vice a versa) and erasure (i.e., a transiently 
applied agent that attacks a putative SP leads to persistent erasure of 
previously induced memory). This mimics the proposal by Lisman8 
to validate the involvement of given molecules in both LTP and 
learning. For example, a notable occlusion experiment in the hip-
pocampus showed that one-trial inhibitory avoidance learning in 
rats produced the same changes in glutamate receptors as induc-
tion of LTP with high-frequency stimulation and caused a spatially 
restricted increase in the amplitude of evoked synaptic transmission 
in CA1 in vivo9. However, of note, some erasure experiments do not 
establish the need for LTP in memory10.

To date, the strongest evidence for the role of LTP and long term 
depression (LTD) in mammalian associative learning expression 
likely comes from experiments using cued fear-conditioning para-
digms. Cued fear conditioning is an implicit associative memory 
that is easily generated within minutes by the temporal association 
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between an unconditioned stimulus, such as a foot shock, and a con-
ditioned stimulus (a sensory stimulus, often a sound)11. Subsequent 
presentation of the conditioned stimulus alone then induces a con-
ditioned fear response. It has been shown that optogenetic stimula-
tion of auditory inputs targeting the amygdala that induces LTD and 
LTP inactivated or reactivated the memory12. These experiments 
fulfill both the criteria of erasure and necessity. However, this sim-
ple form of memory does not recapitulate the sequence of events 
associated with explicit memories that require multiple learning 
sessions to apprehend the complex rules that govern animal choices 
toward goals or to avoid danger. In the rest of this review we will 
concentrate on these more complex memory processes, focusing in 
particular on NMDAR-dependent SP in hippocampal and cortical 
pyramidal neurons.

Memory encoding from synapses to networks. The encoding 
process aims at generating a memory engram, here defined as a 
neuronal ensemble whose reactivation will be sufficient to express 
the learned memory13–16. SP and especially spike-timing depen-
dent plasticity (STDP) may be important for encoding17,18. In vitro, 
STDP can be induced by introducing millisecond delays between 
pre- and postsynaptic activations. This leads to the stable decrease 
(LTD) or increase (LTP) of postsynaptic responses. The direction 
of STDP plasticity can be well predicted by the level of intracel-
lular Ca2+ that is generated in the postsynaptic compartment upon 
neuronal activation19 and mediated predominantly by NMDARs20. 
Downstream of Ca2+ transients, a number of molecular cascades 
are activated, mediating early functional and morphological syn-
aptic changes (Fig. 1 and see ref. 20). These rapid, local, but labile 
modifications are proposed to also generate a synaptic tagging21 
that allows later consolidation—synaptic capture—by subsequent 
neuronal activations21. In reward-based learning, synaptic tag-
ging depends on dopamine, which is proposed to regulate the gain 
of NMDAR-dependent Hebbian plasticity via CaMKII activity, 
forming an eligibility trace that determines the time window for  
reward action22–24.

STDP could be translated in vivo through network activity. In 
the hippocampus, spatial memory encoding is associated with 
brain activities of moderate frequencies (theta, 8–12 Hz, and the 
low gamma range, 15–40 Hz)25,26. Importantly, these oscillations 
allow repeated, phase-locked activations of neuronal populations 
within the network, a mechanism that is efficient in producing 
SP in vitro27, and they potentially add a pre- or postsynaptic mil-
lisecond delay that could enable the orientation of SP toward LTP 
or LTD. Spatial learning processes also depend on theta-locked 
hippocampal sharp wave ripples (SPW-Rs): at rest and during wait 
periods, forward or backward place cell reactivation sequences are 
initiated within SPW-Rs to code the next trajectory or recall pre-
vious trajectories, respectively28. Interfering with awake SPW-Rs 
delays working memory-based spatial rules29. Furthermore, upon 
learning, there is a trial-by-trial dynamic remodeling of hip-
pocampal place cells and cortical grid cells toward the salient 
rewarded places. This phenomenon seems temporally uncoupled 
from animal behavior adaptation30, but is essential31. A likely 
hypothesis is thus that SP is at play to allow generating and orga-
nizing these specific network reactivations. However, SP forms 
involved in the encoding of spatial explicit memories remain to 
be fully identified, and they may not be restricted to canonical 
bidirectional plasticity24,32,33.

Overall, although the concept of an involvement of activity-
dependent associative SP in memory encoding and consolidation 
is strongly anchored in the field and supported by computational 
models, it is still poorly demonstrated experimentally. In our view, 
two key steps in linking SP to learning and memory must be devel-
oped: (i) the ability to measure synaptic strength at individual, spec-
ified synapses in experimental conditions of learning; and (ii) the 

ability to control and/or perturb SP to measure its specific impact 
during identified learning steps. In the next section, we will discuss 
the advantages and limitations of the state of the art strategies in the 
development of these tools.

Visualizing synaptic strength at the single-synapse level 
in vivo
Electrophysiological recordings of synaptic currents have since 
long been the gold standard for measuring the efficacy of synaptic 
transmission. However, despite their proven power to unravel the 
molecular and physiological properties of synapses, they lack spatial 
resolution and high-throughput capacity. Other than at well-organized  
inputs such as the Schaeffer collateral to CA1 pyramidal neurons in 
the hippocampus, measuring synaptic strength in vivo using extra-
cellular techniques is nearly impossible. Alternatively, intracellular 
and patch-clamp approaches are limited to recording only a handful 
of cells simultaneously, very far from the hundreds to thousands of  
neurons involved in any given learning event13–16. The advent of  
single-unit recordings and other silicon probes has greatly enhanced 
the multiplexing recording capacity of neuronal activity, but these 
extracellular approaches do not yet achieve clear synaptic resolution 
(but see ref. 34 for a state-of-the-art analysis of single-connectivity 
analysis in vivo). The same applies for most conventional calcium-
based in  vivo imaging of somatic neuronal activities. Only high- 
resolution optical imaging has the potential to measure synaptic activ-
ity with high enough precision and throughput capacity to envision a 
direct correlation between synaptic strength and a learning event.

Structural readouts: synapse size as an index for SP. Since their 
early characterization by Ramon y Cajal35, dendritic spines have 
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Fig. 1 | Scheme of the synapse, illustrating key functional and molecular 
steps that allow observing and acting on SP. Left: a list of synaptic 
elements and means used to evaluate the status of a given synaptic 
contact. At the presynaptic level, neurotransmitter release can be 
assessed by detecting synaptic vesicle fusion events and the presence 
of extracellular neurotransmitters. Postsynaptic proxies of synaptic 
strength include synapse size and the amount of scaffold proteins or 
neurotransmitter receptor numbers. Postsynaptic activity can be visualized 
by calcium dynamics and local membrane potential; plasticity induction 
can be visualized by the activation of signaling cascades such as CaMKII 
or Rac. Right: a list of some tools presently used to manipulate these key 
elements. BoTx, botulinum neurotoxin B; CALI, chromophore-assisted 
light inactivation; PA, photoactivated; GECAI, genetically encoded calcium 
indicator; GENS, genetically encoded neurotransmitter sensor; GEVI, 
genetically encoded voltage indicator.
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been demonstrated to undergo changes in size, density and shape, 
and they are postulated to underlie the anatomical locus of plas-
ticity36,37. The size of a dendritic spine has long been considered a 
proxy for synaptic strength, as it is proportional to the size of its 
postsynaptic density (PSD) and number of glutamate receptors 
that, in large part, define the efficacy of synaptic transmission38–40. 
Indeed, large PSDs and spines have been observed to contain more 
AMPA and NMDA receptors than small ones41,42.

A major advance for the in vivo visualization of spines has been 
the development of two-photon imaging43 and the use of Thy1 
transgenic mice expressing fluorescent proteins in a sparse sub-
set of neurons44. A breadth of studies reported spine turnover and 
experience-dependent structural plasticity of spine size and shape 
in the adult brain37,45–47. This has led to the conclusion that sen-
sory experience drives the formation and elimination of synapses  
and that these changes might underlie adaptive remodeling of  
neural circuits.

Further refinement of spine morphological imaging has been 
achieved through stimulated emission depletion microscopy in liv-
ing brain slices48 and in vivo49. The visual and motor cortices have 
been extensively used to study sensory-related structural plastic-
ity due to the ease of access to two-photon imaging and relatively 
straightforward stimulus–response coupling. For example, monocu-
lar deprivation episodes double the rate of spine formation, thereby 
increasing spine density. This establishes a link between functional 
plasticity and specific synaptic rearrangements, revealing a mecha-
nism for how prior experiences could be stored in cortical circuits50,51. 
Similarly, structural spine plasticity occurs within the barrel cortex 
during the initial phases of whisker-dependent learning52.

Structural plasticity in the hippocampus, where SP is proposed 
to mediate explicit spatial memory (see above), has been harder to 
access due to its depth. Removing the overlaying cortex and using 
two-photon stimulated emission depletion microscopy allowed 
measuring up to 40% spine turnover in the dorsal hippocampus 
within 4 days49. New avenues will be opened with the recent devel-
opments of two-photon endoscopes that achieve single spine reso-
lution in live behaving mice53,54.

Most reports of structural plasticity in  vivo refer to relatively 
slow stimulus–response pairs, occurring over the course of tens of 
minutes to hours or days. This time scale is quite at variance with 
the ex vivo studies of structural plasticity observed during high fre-
quency stimulation leading to LTP or its postsynaptic proxy using 
glutamate uncaging55. Although this protocol has been a gold mine 
for progress in our understanding of the molecular mechanisms 
of activity-dependent SP at identified spines56, it is still relatively 
unclear when and how changes in spine morphology contribute to 
in vivo experience-dependent SP, especially on the short-term time 
scales related to memory encoding. In this context, it is particularly 
important to develop more acute, specific and faithful alternative 
readouts of synaptic efficacy.

Structural readouts: scaffold and receptor numbers. A more rep-
resentative readout of synaptic strength than mere spine size is the 
number of AMPA receptors (AMPARs) in the postsynapse, which 
directly scales with the amplitude of postsynaptic currents (Fig. 1). 
Early work has demonstrated that synaptic potentiation is associ-
ated with increased AMPAR numbers at synapses57,58. Measurement 
of this parameter in vivo by imaging AMPAR subunits tagged with 
pHluorin (a pH-sensitive GFP variant that fluoresces only on the 
cell surface) has allowed the visualization of NMDAR-dependent 
AMPAR SP in  vivo in the mouse somatosensory barrel cortex59 
(Fig. 2). Acute whisker stimulation led to a significant increase 
in the intensity of surface AMPAR GluA1 subunits (sGluA1) in 
both spines and dendritic shafts, but only a small increase in spine 
size relative to pre-stimulation values59,60. This further indicates a 
potential disconnect between functional and structural plasticity 

and suggests that spine size may not always be a reliable proxy for 
SP. Chemical labeling for visualizing native AMPARs in live neu-
rons based on a covalent chemical graft of small fluorophores to 
AMPARs61 also has the potential to longitudinally track the amount 
of synaptic receptors. A more indirect molecular correlate to syn-
aptic strength is the number of PSD-95 molecules, which play a key 
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role in anchoring AMPARs at synapses62,63. Although PSD95 levels 
seem indeed central to set synaptic strength, and rapid changes in 
synaptic PSD95 content have been reported in vivo64,65, a direct cor-
relation between PSD95 levels at identified synapses and learning 
is still missing. Of note, the AMPAR—and, even less so, scaffold 
protein—content of a synapse is only an approximation of synapse 
strength and does not take into account other variables such as 
changes in transmitter release or local nanoscale pre- and/or post-
synaptic organization66–68. The latter are unlikely to be observable in 
the brains of behaving mice in the near future due to current techni-
cal limitations of super-resolution approaches.

Functional postsynaptic readouts. There is still, at present, a 
serious lack of adequate readouts of functional synaptic strength 
in vivo with individual spine resolution (see review in ref. 69). The 
current gold standard high-throughput functional readout of cellu-
lar activity in vivo is arguably intracellular calcium levels measured 
by genetically encoded calcium sensors. These are now extensively 
used to image cellular activity in wide-fields and volumes in vivo, 
in concert with various behavioral tasks. Spine calcium levels can 
also be measured in  vivo using calcium indicators70,71. However, 
basal transmission does not always trigger detectable changes in 
spine calcium levels, and increases in spine calcium are dependent 
on the opening of NMDARs or voltage-dependent calcium chan-
nels. Hence, this readout is of relatively limited use when trying 
to measure fine changes in synaptic strength that could occur as a 
substrate of learning. Ideally, one would like to directly image volt-
age changes with spine resolution. Recent improved near-infrared 
voltage indicators and targeted gene expression schemes enable 
simultaneous in vivo recordings of supra- and subthreshold volt-
age dynamics in multiple neurons in the hippocampus of behaving 
mice72. Tremendous progress has been made in imaging SP-related 
signaling cascades, from CaMKII activation73 to a whole biochemi-
cal cascade during SP56, but these are nevertheless indirect corre-
lates to synaptic strength.

An alternative strategy is to measure the occurrence of SP in 
ex vivo acute slices prepared from animals that have undergone 
behavioral tasks. There, the whole breadth of approaches that allow 
ex vivo SP measurements becomes available (Fig. 2), such as mea-
suring NMDAR/AMPAR ratios12,74,75 or incorporation of GluA1 
AMPAR subunits at dedicated synapses. This strategy has, for 
example, been used at thalamic excitatory projections to the lateral 
amygdala after fear conditioning76. These complement other strate-
gies to explore the level of AMPAR function at synapses such as 
LTP occlusion, miniature analysis or input–output curves77,78. In 
any case, these physiological measurements in ex vivo preparations 
all share the same limitations of being temporally decoupled from 
behavioral learning. However, their combination with engram cel-
lular labeling methods—such as CaMPARI79—may still be useful to 
validate the existence of learning-associated SP at specified synapses  
in the future.

Functional presynaptic readouts. Measuring vesicular release has 
long represented a way to track the activity of specific neuronal 
outputs independent of postsynaptic processing and as a proxy to 
measure synaptic strength (Fig. 1). Some of these approaches are 
now maturing to reach synapse resolution in vivo. In cultured neu-
rons, imaging pHluorin-tagged members of the release machinery 
or transmitter transporters has been the technique of choice to 
measure vesicular release80. However, to our knowledge, the poor  
signal-to-noise ratio of pHluorin has precluded its use in  vivo. 
Vesicle cycling in vivo can be assessed using SynaptoZip, a genetically 
encoded bait moiety deployed in the vesicular lumen designed to 
capture a labeled alien peptide, Synbond, upon exocytosis81 (Fig. 2).

Fluorescent false neurotransmitters provide a first means for 
optical imaging of synaptic vesicular content release, for example 

at individual dopaminergic presynaptic boutons, and an approach 
for studying SP in brain slices82 and in vivo83. This approach has 
been extended to several other transmitters, including norepi-
nephrine, in  vivo84. An important step forward in measuring 
endogenous transmitter release has been achieved through the 
development of genetically encoded fluorescent sensors. The 
development of the glutamate sensor iGluSnFR85,86 has opened 
the way to measuring synaptic transmission in vivo at the single-
synapse level with a high signal-to-noise ratio. A similar strategy 
has been used for developing sensors for dopamine87,88 and ace-
tylcholine89. These sensors could be employed to access the roles 
of neuromodulatory circuits, or other co-transmitters, in shaping 
glutamatergic SP and learning, and possibly also in linking them 
with memory deficits like Alzheimer’s disease, especially with an 
acetylcholine sensor. Ideally, a combination of sensors simulta-
neously measuring AMPAR content and glutamate release levels 
would allow a perfect monitoring of presynaptic release and syn-
apse strength.

Manipulating SP in vivo
To investigate the relationship between SP and learning requires 
that techniques to manipulate synaptic transmission on demand 
are used in complement to those assessing synaptic strength 
(Figs. 1 and 2). Ideally, these should be specific for given forms 
of plasticity and cell type, would not affect basal transmission, 
and should allow precise spatiotemporal control. To date, two 
broad categories of tools have been used: pharmacological and  
genetically engineered.

Optopharmacology. A recent refinement in the pharmacologi-
cal approach to spatiotemporal control of synaptic activity lies in 
the manipulation of receptor activity with light-sensitive receptor 
switches (optopharmacology). All three of the iGluR subtypes have 
been targeted with photoswitchable agonists or antagonists (refer-
ences in ref. 90). Optogenetic control of SP by controlling NMDARs 
would be more useful for studying the link with memory, as basal 
transmission is not affected. A strategy combining unnatural amino 
acids and azobenzene photochemistry was recently developed 
to reversibly control the potential of a set of synapses to undergo 
NMDAR-dependent plasticity91. Other more drastic methods have 
been developed to specifically and irreversibly inactivate homo-
meric GluA1 AMPARs in  vivo using chromophore-assisted light 
inactivation92, suggesting a direct link between the incorporation 
of GluA1 homomers at potentiated synapses and fear memory. If 
refined to target specific AMPAR complexes or release processes93, 
these approaches may prove powerful to study the link between SP 
and learning.

Preventing synapse activity. A radical approach has been devel-
oped to destroy potentiated synapses with a synaptic optoprobe, 
AS-PaRac1 (activated synapse-targeting photoactivatable Rac1) 
that labels generated or potentiated spines and induces their selec-
tive shrinkage upon illumination94. In vivo imaging of AS-PaRac1 
revealed that a motor-learning task induced substantial synaptic 
remodeling in a small subset of neurons. The acquired motor learn-
ing was disrupted by the optical shrinkage of the potentiated spines. 
On the presynaptic side, botulinum neurotoxin B has been engi-
neered to be activated with blue light95 and could optically disrupt 
excitatory neurotransmission (Fig. 2). These approaches may be 
useful to precisely localize the ‘synaptic engram’ of a given learning 
task. A more specific and reversible control of spine activity could 
be achieved through manipulations of their electrical potential by 
activity-dependent expression of channel rhodopsin using a hybrid 
RNA–protein approach96. This enables selective tagging of potenti-
ated spines following the encoding of a novel context in the hip-
pocampus. This approach, if generalized to express depolarizing 
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and hyperpolarizing opsins at the postsynaptic site, would provide a 
lever to manipulate STDP threshold in situ during identified mem-
ory processes.

Manipulating signaling. SP depends on a set of complex signaling 
cascades that eventually lead to changes in synaptic receptor content 
and type or to variations in transmitter release properties. A major 
effort is devoted to developing light-sensitive probes to measure and 
control these signaling cascades to establish the link between SP and 
learning. Initial work used plain dominant–negative or dominant–
positive variants of a variety of kinases. Knock-out of CaMKII-α, 
the central kinase to SP6, or knock-in of a mutant form that can-
not autophosphorylate (T286A)97 or is catalytically dead (K42 M)98 
greatly reduces LTP and memory, reinforcing the link between 
plasticity and memory. Memory erasure experiments have similarly 
confirmed a critical role of CaMKII in memory storage99. Light-
sensitive inhibitors of CaMKII have been recently developed100. 
These tools could prove invaluable to block NMDA-dependent SP 
at identified synapses and at defined memory steps. The differen-
tial and time gated use of other photoswitchable kinases101 is likely 
to enlighten our understanding of the link between the different 
phases of SP and memory, respectively.

On another side, a breadth of studies has identified various post-
translational modifications of AMPAR subunits102 or associated 
auxiliary proteins103 that have regularly been correlated to phases of 
learning. For example, calcium-permeable AMPAR dynamics have 
been proposed to mediate fear-memory erasure104, while LTP and 
memory formation, but not basal transmission, are substantially 
impaired in mice lacking CaMKII phosphorylation sites of TARP 
γ-8105. Developing tools to specifically image or modify these post-
translational events at identified synapses would be invaluable to 
link SP to learning.

Receptor trafficking. A key paradigm shift in understanding the 
molecular basis of SP emerged at the end of the 90s through the 
discovery that AMPARs are not stable in the PSD, but are constantly 
exchanged through trafficking between the PSD, extrasynaptic 
membrane and intracellular compartments106. These trafficking 
pathways involve lateral diffusion in the plane of the plasma mem-
brane and vesicular trafficking between intracellular compartments 
and the neuronal surface. Synaptic strength, as set by the num-
ber and organization of AMPARs in the PSD, thus results from a 
dynamic equilibrium of AMPARs between sub-compartments and 
their reversible stabilization at the PSD through interactions with 
scaffold elements. Importantly, most processes of SP at the post-
synapse seem to involve either regulation of these trafficking path-
ways102,106–108 or of one of the AMPAR stabilization mechanisms103, 
while there seems to exist a clear separation between the molecular 
pathways involved in the control of basal transmission and those 
engaged for SP. This creates opportunities for specific exogenous 
control of plasticity.

Three main trafficking pathways have been targeted to modulate 
SP. AMPAR exocytosis was first identified as playing an important 
function in increasing AMPAR numbers at synapses for LTP109, 
thanks to the use of the SNARE-targeting botulinum toxin. Twenty 
years later, the first light-sensitive botulinum toxin was designed95 
to block transmitter release. This type of tool will be of great interest 
to those studying the role of AMPAR exocytosis in the control of 
synaptic potentiation and its link to memory processes. Identifying 
the molecular machinery involved in regulated AMPAR exocyto-
sis110,111 will allow development of tools to refine the link between 
plasticity and learning.

Conversely, AMPAR endocytosis has been extensively involved 
in LTD112, and recent work has correlated the endocytic pathway 
involved in LTD with forgetting113. Manipulating endocytosis could 
thus prove as valuable as exocytosis in studying the links between 

plasticity and learning. Recent work using a new optogenetic tool, 
PhotonSABER, which acutely inhibits AMPAR endocytosis during 
LTD, shows that it plays a direct role in motor learning at parallel 
fiber–Purkinje cell synapses in the cerebellar flocculus in vivo114.

Finally, the now widely accepted model of AMPAR dynamic 
equilibrium posits that endo- and exocytosis processes occur mostly 
at extra-PSD sites107. The corollary is that receptors enter and exit 
the PSD through lateral diffusion in the plane of the membrane. As 
synaptic stabilization of receptors encompasses regulated interac-
tions with intracellular, extracellular and transmembrane targets, 
the concept of reversible and regulated diffusion trapping is becom-
ing center stage for the control of receptor numbers at the PSD106,115. 
We proposed that a straightforward and powerful way to prevent 
receptor addition or loss to and from the PSD during plasticity, 
respectively, would be to prevent their surface movement. This is 
a priori easier said than done, as surface movement depends strictly 
on Brownian forces that can only be controlled by temperature and 
viscosity of the plasma membrane, so we developed approaches to 
prevent receptor surface diffusion through addition of cross-linking 
elements (antibodies, avidin, etc.). Because around 50% of receptors 
are naturally immobile—bound to scaffold or extracellular or trans-
synaptic partners—upon addition of an exogenous cross-linker, 
mobile receptors become linked to the most proximal endogenously 
immobile receptors. The important consequence is that upon addi-
tion of a cross-linker, the spatial distribution of receptors will not be 
sizably affected. We demonstrated that acute cross-linking of sur-
face AMPARs or NMDARs does not noticeably affect their distribu-
tion or basal transmission115–117. Of note, however, longer exposure 
(i.e., hours to days) to cross-linking antibodies, in particular patho-
logical ones generated in autoimmune diseases, does modify recep-
tor function, distribution and basal transmission118,119. With shorter 
exposures within the window of innocuous effect of cross-linkers 
on basal transmission, we showed that AMPAR immobilization 
completely blocks LTP up to 1 h after induction, likely due to the 
inability of extrasynaptic receptors to accumulate at synapses tagged 
for potentiation115. In parallel experiments, we showed that appli-
cation of the same cross-linker in vivo to the dorsal hippocampus 
drastically decreases fear conditioning, suggesting that AMPAR-
mobility-dependent SP is required for this learning paradigm.

This cross-linking tool thus appears to have great potential to 
allow specific blockade of activity-induced changes in synaptic 
strength without modifying basal transmission. Refining this tool, 
making it cell-specific and light-sensitive, thus holds great prom-
ise for studying the implication of given modifications in synaptic 
strength at identified synaptic contacts in diverse networks and 
behavioral paradigms. At present, one drawback of this approach 
is that it cannot differentiate between synaptic potentiation and 
depression, as it likely ‘freezes’ receptor exchange in both directions. 
Future developments using extrasynaptic or synapse-specific cross-
linkers may overcome this limitation.

outlook
The causal link between the various forms of SP (pre- or postsyn-
aptic, potentiating or depressing, short-term or long-term, etc.) and 
learning and memory is still hard to establish. This results from 
several factors, including that the description of brain activities and 
oscillations generated in particular brain regions in a given animal 
state are still patchy and on-going, and that such activities and oscil-
lations are not yet aligned with the more comprehensively described 
repertoire of SP in ex vivo systems. A new generation of techniques 
and methods combining genetically driven expression of molecu-
lar tools aimed at visualizing and manipulating synaptic strength 
in vivo is needed and emerging.

The detection of memory-related synaptic changes requires 
measures of morphological, functional and biochemical charac-
teristics of synaptic contacts without a  priori issues. Most actual 
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proxies for synaptic function and plasticity in vivo are linked to flu-
orescent reporters. Actual limitations in synaptic studies in behav-
ing animals reside in (i) emitted photon detection due to tissue 
scattering and detector sensitivity, (ii) recording stability in spatial 
and temporal dimensions, and (iii) the size and weight of ‘onboard’ 
imaging devices, especially in small rodents. The progressive devel-
opment of transgenic rats, CRISPR–CAS9 gene editing, and minia-
turization of recording devices will allow progress. However, we do 
urgently need technical breakthroughs in reporters and detectors to 
increase their quantum efficiency and signal-to-noise ratios. This 
will improve the resolution and decrease phototoxicity for efficient 
longitudinal, high-resolution and exhaustive synaptic recordings. In 
addition to technical developments, new generation probes have to 
go further in the infrared to allow deeper imaging. Development 
of a direct fluorescent reporter of AMPAR activation would allow 
a direct readout of synaptic strength, as there should be more (or 
less, respectively) AMPAR activation following synaptic potentia-
tion (or depression), regardless of the mechanism. More generally, 
new reporters of surface receptor density to replace the somewhat 
outdated super-ecliptic pHluorin are urgently needed. In that direc-
tion, the development of unnatural amino acid incorporation in 
receptors seems particularly attractive to add on fluorophores  
on demand120.

It is also important to continue identifying the molecules 
involved in SP and their time courses, particularly as these signals 
could also potentially be used to mark synapses that have under-
gone or are available to undergo plasticity. Many current reporters 
use Förster resonnance energy transfer (FRET), which is difficult 
to use in vivo, and hence development of direct fluorescent report-
ers of signaling pathways, such as the ones based on circularly 
permutated GFP, would be useful. In another line of exploration, 
there is mounting evidence66 for a coherent and reciprocal dialog 
between pre- and postsynaptic compartments based on changes in 
trans-synaptic protein–protein interactions during SP. The design 
of probes reporting for pre- and postsynaptic protein interactions 
could therefore be of interest to test for the potentiation or depres-
sion status of a given synapse. It will then remain to apply these 
novel tools in behavioral tests that allow different memory phases 
to be clearly separated.

Finally, a key milestone will be reached when the spatial and 
temporal resolution of these tools is sufficient to operate at the time 
scale of associative LTP and LTD induction, in a cell-specific man-
ner and with minimal deleterious effects on basal synaptic trans-
mission and globally on brain homeostasis and physiology.
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