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Synapses form trillions of connections in the brain. Long-term potentiation
(LTP) and long-term depression (LTD) are cellular mechanisms vital
for learning that modify the strength and structure of synapses. Three-
dimensional reconstruction from serial section electron microscopy reveals
three distinct pre- to post-synaptic arrangements: strong active zones (AZs)
with tightly docked vesicles, weak AZs with loose or non-docked vesicles,
and nascent zones (NZs) with a postsynaptic density but no presynaptic
vesicles. Importantly, LTP can be temporarily saturated preventing further
increases in synaptic strength. At the onset of LTP, vesicles are recruited
to NZs, converting them to AZs. During recovery of LTP from saturation
(1–4 h), new NZs form, especially on spines where AZs are most enlarged
by LTP. Sentinel spines contain smooth endoplasmic reticulum (SER), have
the largest synapses and form clusters with smaller spines lacking SER
after LTP recovers. We propose a model whereby NZ plasticity provides
synapse-specific AZ expansion during LTP and loss of weak AZs that
drive synapse shrinkage during LTD. Spine clusters become functionally
engaged during LTP or disassembled during LTD. Saturation of LTP or
LTD probably acts to protect recently formed memories from ongoing
plasticity and may account for the advantage of spaced over massed
learning.

This article is part of a discussion meeting issue ‘Long-term potentiation:
50 years on’.

1. Introduction
Since the discovery of dendritic spines and synapses, changes in their
structure and function have been proposed as the neural basis for learning
and memory [1–3]. Synaptic plasticity comprises changes in the synapse size
and molecular composition that result in the strengthening or weakening
of synapses. Long-term potentiation (LTP) and long-term depression (LTD)
are cellular mechanisms of learning and memory that modify spine and
synapse function, structure and composition [4–14]. Interestingly, when LTP
is induced on one part of a neuron, LTD can occur elsewhere, providing a
cell-wide homeostasis that averts excess excitation and seizures [15–22]. The
LTP-induced synapse enlargement is counterbalanced by shrinkage or stalled
outgrowth of distant spines on the same neuron [23,24]. Thus, LTP and LTD
could orchestrate memory formation and refinement by coordinating synaptic
efficacy via strengthening some synapses while weakening or eliminating
others. Retaining the specificity of new memories in the face of ongoing
plasticity requires a period of time when recently potentiated synapses are
temporarily unavailable for more potentiation [25–28]. Indeed, spaced or
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distributed learning produces longer-lasting memories than massed episodes of learning [29–32].
Structural synaptic plasticity is an essential feature of learning, LTP and LTD in the hippocampus [33–35]. While most

neuroscientists agree that synaptic structural changes are vital for learning and memory, the cellular and molecular mechanisms
that protect recent synaptic changes from being overwritten by ongoing plasticity remain ill-defined. A rich literature describes
the importance of trafficking glutamate receptors to and from synapses during LTP, LTD, homeostasis, learning and memory
[36–42]. Nanodomains are hypothesized to comprise postsynaptic slots where glutamate receptors could be inserted or removed
[43–45]. Nanocolumns form in these domains between postsynaptic glutamate receptors in complex with adhesion molecules
that bind to partner adhesion molecules emanating from presynaptic vesicle docking sites [46–48]. Here, we explore changes
in the positions of presynaptic vesicles that could underlie the saturation and recovery of the capacity for LTP and LTD and
propose models that are consistent with the structural findings.

2. Evidence for the saturation and recovery of LTP in hippocampus
Several independent studies have established that induction of LTP temporarily inhibits the induction of further LTP for a
period of time. For example, theta-burst stimulation (TBS) delivered at half-maximal response saturates LTP (figure 1) [24,49–
53]. In the hippocampus of adult Long–Evans hooded rats at 30 or 60 min after saturation, no additional LTP can be induced
(figure 1a). About 20% of slices recover from saturation and exhibit more LTP by 90 min, 50% by 120 min and 80% by 180 min,
and reliable recovery occurs by 4 h (figure 1b,c) [49]. Induction of LTP after recovery from saturation is blocked by 2-amino-5-
phosphonopentanoic acid (APV) (figure 1c), supporting that the recovered LTP was induced by the same N-methyl-d-aspartate
receptor (NMDAR)-dependent mechanisms as the initially saturated LTP [49].

3. Evidence that synapse enlargement during recovery of LTP is silent
In order to pinpoint the origin of LTP saturation, the effect of LTP induction on synaptic ultrastructure has been investigated.
Synaptic structure was evaluated in slices fixed after LTP was induced at one electrode and control pulses received at another
electrode located greater than 500 µm away to ensure independence of control and LTP synapse populations (figure 2a). Serial
sections were obtained at approximately 120 µm from the TBS and control stimulating electrodes. Dendrites were imaged and
synapses were reconstructed through serial section electron microscopy (figure 2b,c). Synapses reconstructed along dendrites
from control and LTP conditions revealed the time-lapse sequence of structural synaptic plasticity (figure 2d). At 5 or 30 min
after induction, the average postsynaptic density (PSD) area on individual spines was unchanged despite maximal potentiation.
By 2 h, the total PSD area was increased relative to all other times and conditions, and to perfusion-fixed hippocampus in vivo
[24,54]. This effect was greatest in dendritic regions of high spine density, namely, spine clusters, as discussed further below. The
PSD enlargement at 2 h occurred without additional potentiation and thus was effectively silent.

4. Evidence that nascent zone plasticity contributes to the timing and specificity of LTP
Our studies have identified that the induction of LTP is accompanied by the filling of presynaptic nascent zones (NZs). Three-
dimensional reconstruction from serial section electron microscopy (3DEM) distinguishes active zones (AZs) from NZs (figure
3a–e) [50]. AZs have docked, non-docked and reserved pool presynaptic vesicles, whereas we delineate NZs as comprising
a well-defined PSD but lacking presynaptic vesicles. The PSD of the NZ is morphologically indistinguishable from the PSD
located directly beneath the AZ. NZs are rich in scaffolding proteins containing open slots where glutamate receptors can insert
and where interaction with and stabilization of postsynaptic receptors and adhesion molecules leads to new trans-synaptic
nanocolumns [39,43,55–57].

The growth of NZs accompanies the functionally silent growth of the PSD (figure 3f–l). By 5 min after induction of LTP,
small dense core vesicles (DCVs), tethered with a cluster of synaptic vesicles, are recruited to presynaptic boutons (figure
3f,g). The tethering filaments comprise presynaptic scaffolding proteins, and the dense core contains cell adhesion molecules
[58,59]. Thus, the fusion of DCVs with the presynaptic membranes puts core adhesion molecules in the synaptic cleft, where
they can bind with postsynaptic receptors and stabilize them in a nanocolumn where they respond to subsequent release of
neurotransmitter. The surface of a single DCV and its tethered vesicles is sufficient to fill a whole NZ and convert it to an AZ
(figure 3h,i). At 5 min, the relative frequency of NZs in control and LTP conditions has not changed. By 30 min, NZs diminish as
AZs enlarge, while the average whole PSD area remains unchanged (figure 3j, see figure 2d). By 2 h, NZ enlargement accounts
for most of the PSD enlargement (figure 3k). Furthermore, the synapses that underwent the most AZ enlargement were also the
synapses that re-acquired NZ (figure 3l). These findings suggest that the filling of NZ saturates LTP and that the regrowth of
NZs underlies the recovery of the capacity for subsequent LTP, especially at the most enlarged synapses.

5. Effects of LTP on strong versus weak active zones as defined by presynaptic vesicle positions
In addition to the filling of NZs, LTP induction results in the conversion of weak AZs to mature AZs. EM tomography
reveals precise positions of docked presynaptic vesicles [60,61]. These vesicles have filamentous tethers to the AZ composed of
molecules involved in docking, priming and release. The position of vesicles at the AZ varies with functional status. Tightly
docked vesicles touch the presynaptic membrane (figure 4a–f) and are primed for the release of neurotransmitter. Loosely
docked vesicles (less than 8 nm) and non-docked vesicles (greater than 8 nm) comprise recycling and reserve pools (figure 4g–j).
The density of tightly docked vesicles is increased during LTP, but loose or non-docked vesicle densities are unchanged (figure
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4k). The tethering filaments are shorter for both tight and loose docked vesicles after LTP (figure 4l–p), supporting that more
vesicles are stabilized in the docked and primed state by 2 h during LTP [60].

6. Relationship of strong versus weak active zones to glutamate response profiles
Synaptic modelling suggests that the conversion of weak AZs to mature AZs is accompanied by synaptic strengthening. MCell
is a particle-based Monte Carlo simulator of biochemical reactions and diffusion that has been used to predict the number
of open α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) with distance from a vesicle release site
(figure 5a,b) [63–69]. The MCell model allows AMPARs to diffuse freely and form nanodomains of approx. 20–30 receptors [46].
Modelling based on experimental evidence shows that the probability of activating an AMPAR is only 0.4 beneath a release site
and falls off precipitously within 100 nm from the release site [62,63,70–72]. Thus, the response of AMPARs in nanodomains of
the AZ would be greatest where docked presynaptic vesicles are clustered [61,73–75].

The distance from docked vesicles to the NZ increases with LTP (figure 5c), further emphasizing the likelihood that the
NZ growth is silent during LTP, even if an AMPAR were to enter the NZ [62,71]. Thus, by these definitions, a strong AMPAR
response zone would constitute a 100 nm region surrounding the centre of docked vesicles, whereas weak AMPAR response
zones would be located beneath loose and non-docked vesicles [76–79]. NZs would be unlikely to have strong or weak AMPAR
response zones based on the absence of docked, loose or non-docked vesicles in them (figure 5g).

7. Molecular mechanisms underlying conversion of NZs to AZs at potentiated synapses
The cellular and molecular mechanisms that drive coordinated changes in pre- and post-synaptic structure and molecular
content during the saturation and recovery of LTP are not yet well defined. However, there are many clues in the literature
that give rise to a plausible sequence of events that we have outlined in figure 6. AZs contain filled AMPAR slots bound
to neuroligin via the PSD scaffolding proteins and to neurexin on the presynaptic side, thus positioning AMPARs directly
beneath presynaptic release sites (figure 6a). We propose that NZs contain empty AMPAR slots that are bound to neuroligin
and protected from non-specific capture of AMPAR, possibly by SynGAP, a GTPase-activating protein (figure 6a) [80]. Other cell
adhesion molecules that have been shown to be involved in LTP are located adjacent to the NZ at the perimeter of the synapse
[81–86]. Extrasynaptic AMPARs are located outside the NZ and AZ and are highly mobile in the spine membrane.

(a)

2

1.5

T
im

e
s 

B
a
se

li
n
e

2

1.5 1.5
1

0.5

1

TBS
0.5

0

0
T5T60

T5

T5T60T60 0.5

1

0
0 30 60 90 120

3.5

T
im

e
s 

B
a
se

li
n
e

3

2.5

2

(c)

%
 S

li
c
e
s 

w
it

h
 R

e
c
o
v
e
re

d
 L

T
P

100%

80%

60%

0 120

Time (min)

180 240 300

Time (min)

40%

20%

0%

30 60

interval (min)

*

*

90 120 150 240180

n: 88 17 22 22 7613

m
ice

+
A

P
V

(b)

60

6

Figure 1. Saturation and recovery of LTP in stratum radiatum of hippocampal CA1 from adult rats. (a) The first two bouts of theta-burst stimulation (1 TBS = 8 trains at
30 s intervals of 10 bursts at 5 Hz with 4 pulses/burst at 100 Hz, delivered at approximately half-maximal response of the field excitatory postsynaptic potential (fEPSP)
determined prior to baseline stimulation, red arrowheads) demonstrate saturation of LTP that lasts for at least 60 min (yellow and blue bars, eight slices with error
bars). (b) LTP recovery at 180 min (22 slices with error bars). (c) Timing of the recovery of LTP in rat and mouse hippocampal slices (n = number of slices). Adapted from
[49].
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Figure 2. Evidence that synapse enlargement is silent during the recovery of capacity for LTP. (a) LTP demonstrated from within-slice experiments. In separate
experiments, the slices were fixed at 5 min, 30 min or 2 h after the induction of LTP. (Inset shows electrode positions in CA1, stratum radiatum of an acute slice. TBS
was delivered to Stim. 1 or Stim. 2, to counterbalance for distance from area CA3. The tissue was sampled in the vicinity of the two stimulating electrodes to obtain
synapses that underwent TBS and induction of LTP versus control stimulation in the same slice.) (b) Electron microscopy image illustrating a dendrite (yellow) and
postsynaptic density (PSD, red). (c) Three-dimensional reconstruction of dendrite (yellow) with PSD areas (red) in a region of high spine density. (d) PSD sizes in the LTP
and control conditions when fixed at 5 min, 30 min or 2 h after the induction of LTP. PSDs were enlarged at 2 hr relative to all other conditions (p < 0.001). Control PSD
area is on average smaller by 2 h as new small spines emerged during control stimulation. This small spine outgrowth was stalled in favour of PSD enlargement during
LTP. (Adapted from [24,50].)
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Upon induction of LTP, the slot protector is released from empty slots in the PSD (figure 6b) [80]. A pressure-sensitive
signal is transduced as the spine enlarges, resulting in the aggregation of soluble N-ethylmaleimide fusion protein attachment
protein receptor (SNARE) proteins at new presynaptic release sites (figure 6b) [86,87]. DCVs release their contents, including
neurexin, which binds to neuroligin (figure 6b) [62,71]. Mobile AMPARs are then trapped in the slot beneath the newly
formed presynaptic AZ (figure 6c). These events happen within the first 30 min after the induction of LTP and are consistent
with prior studies on the mobility and capture of AMPAR to form new nanocolumns [39,47,88–91]. With time, new NZs are
formed, containing new slots for the capture of mobile AMPAR, and thus, LTP recovers from saturation (figure 6d). This model
is an extension of the slot model originally proposed by Lisman & Raghavachari [43]. Notably, our expanded model most
significantly differs in relative positioning of presynaptic vesicles before the induction of LTP. Although alternative mechanisms
are possible, we have chosen to highlight in our model novel mechanisms that have been discovered since the original model
was proposed.
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8. Effects of LTP resources that enable synapse enlargement and spine clustering
The largest synapses occur on dendritic spines that contain smooth endoplasmic reticulum (SER) (figure 7a–d). These SER-
containing spines are referred to as ‘sentinel spines’ because small spines cluster around them [54]. SER is a highly motile
organelle that regulates calcium and local trafficking of lipids and proteins and provides a site for post-translational modifica-
tion of proteins [92–94]. SER is a limited resource, entering less than 15% of hippocampal CA1 spines [54,95,96]. By 2 h after the
induction of LTP, the type of SER contained in spines shifts from a single tubule under control conditions to a fully elaborated
spine apparatus with LTP (figure 7c). Spines containing SER undergo substantial PSD enlargement during LTP (figure 7d). Most
synapses in hippocampal area CA1 occur on dendritic spines that contain no SER (figure 7e), and LTP has only a small effect on
the PSD area of spines lacking SER (figure 7f). Polyribosomes (PRs) have three or more ribosomes that form when mRNAs are
unmasked and made available for local protein synthesis (figure 7g) [97–100]. PRs indicate locations where the synthesis of
multiple copies of synaptic proteins occurs and where local circuits are enhanced, protected or refined during the saturation
and recovery of LTP, learning and memory [101–105]. During LTP, PSDs on spines with polyribosomes undergo some enlarge-
ment that is greater than on spines without SER, but less than on spines with SER (figure 7h) [54,106].

Dendritic spines are more likely to cluster in the vicinity of a large sentinel spine that contains SER than in the neighbour-
hood of spines lacking SER (figure 7i) [24,50,54]. Where the SER in the dendritic shaft branches or expands, trafficking slows
and ER exit sites deliver resources locally to support synapses in the clusters [94]. High-density spine clusters are longer and
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have more SER branches than low-density clusters (figure 7i,j). Following LTP, the density of spines in a cluster that contains
a sentinel spine remains high, and the total synapse area is elevated as these synapses enlarge (figure 7k). In contrast, spine
density in a cluster lacking sentinel spines remains low or is further reduced following LTP (figure 7l). In addition, fewer SER
branches remain in the high-density clusters around sentinel spines after LTP (figure 7m), possibly reflecting the consumption
of SER to support PSD growth and elaboration of the spine apparatus. This SER consumption may also contribute to the
saturation of LTP, and recovery might require SER to elaborate in the shaft or spines of the cluster to ready it for subsequent
recovery of LTP.
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Figure 6. Molecular mechanisms of NZ to AZ plasticity. (a) Starting synapse with active (AZ) and nascent (NZ) zones. (b) LTP is induced, the spine enlarges (large black
arrow), and a series of events are triggered resulting in (c) the capture of AMPAR to the previous NZ and the formation of a new AZ. (d) With time, a new NZ is created.
See text for detailed descriptions.
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9. Modelling AZ and NZ plasticity and spine clustering during saturation and recovery of LTP
Our model of structural synaptic plasticity that accompanies LTP accounts for the timing of the stages of saturation and
recovery during LTP (figure 8) [19,45,107–109]. At the start, synapses have strong AZs with docked vesicles forming
nanodomains with postsynaptic receptors, weak AZs with loosely tethered or non-docked presynaptic vesicles, and silent NZs.
Within minutes of induction, DCVs with tethered presynaptic vesicles are recruited to the NZs where they dock and convert
NZs to AZs, and LTP becomes saturated [50,60,61]. With time, new NZs are added and the capacity for LTP recovers. Ulti-
mately, the capacity for LTP at one synapse reaches a maximum, limited by synapse size and resources. Once a synapse reaches
maximal strength on a sentinel spine, continued strengthening of a local synaptic circuit would be achieved by engaging
neighbouring spines to form stronger, more effective synaptic clusters to overcome the limit and result in stronger spine clusters
[54,85,110–115]. Indeed, under some circumstances, new spines emerge near other spines to form clusters during LTP and
learning [110,116–128].
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Multiple postsynaptic mechanisms could mediate the recruitment of neighbours during LTP. In one such mechanism, the
SER could enable calcium signalling that propagates from the sentinel spine to the neighbouring spines via calcium-induced
calcium release from stores. Alternatively, the SER could generate lipids both for creating the spine apparatus and for enlarging
neighbouring spines. Notably, SER with ribosomes forming rough endoplasmic reticulum has been observed in some spines
and could provide local synthesis of membrane-spanning proteins such as AMPARs. Where the SER branches or forms a
spine apparatus, vesicles of Golgi outposts can be generated that deliver newly synthesized membrane-spanning proteins to
the surface. Retrograde signalling could also play a role in the recruitment of neighbouring spines during LTP saturation
and recovery. Presynaptic axons associated with other spines in the cluster would be primed for subsequent plasticity via the
spread of a retrograde signal, such as nitric oxide, making those axons more ready to engage in subsequent bouts of LTP
[85,113–115,129].

This model provides a solid framework to understand the specificity of synaptic plasticity and the local limits defining
structural mechanisms of LTP. Testing this model could serve as the basis of future work on synaptic plasticity in various animal
models that reveal the formation of memory engrams or disrupt learning, memory and behaviour [27,28,51,130–134].

10. Modelling the saturation and recovery of LTD and its impact on structural synaptic plasticity
It is an important consideration whether similar mechanisms of saturation of plasticity are at play during LTD of synaptic
strength. Notably, there is strong evidence in the literature that physiological LTD and LTD-associated spine shrinkage also
saturate [135–137]. Indeed, full saturation of LTD-associated spine shrinkage occurs 30 min post-LTD induction by low-
frequency glutamate uncaging at individual dendritic spines (figure 9a,b) [136]. Because LTD was induced in these experiments
using a low-frequency glutamate uncaging (LFU) [136,138], the induction of LTD and associated spine shrinkage bypasses
presynaptic stimulation and produces a spine-specific coordinated decrease in size and synapse strength. These findings
suggest that LTD saturation originates postsynaptically and is transmitted back to the presynaptic side through retrograde
messengers, bidirectional adhesive signalling or direct physical forces, as described for LTP above.

Based upon the dynamics and morphology of weak AZs (figure 4) [60], we propose a model in which LTD weakens synapses
and circuits by removal of weak AZs, which are less stable than strong AZs. Loss and endocytosis of AMPARs that become
untethered leads to the loss of slots and presynaptic vesicle docking sites, and ultimately the disassembling of nanocolumns
(figure 9c) [139–144]. Saturation of LTD would occur when all weak AZs are either converted to NZs or eliminated. Based on
the localization of weak AZs, we predict that the edges of the AZ are less stable than those located in the middle of an AZ.
We hypothesize that saturation will be released over time, and the capacity for additional LTD will recover as strong AZ are
weakened at their edges, thereby providing new weak AZ areas for disassembly. As this process continues, dendritic spines
will shrink, ultimately leading to spine loss and reduced cluster strength [145]. Future experiments will test this model through
examining the ultrastructural changes that accompany the saturation and recovery of LTD.

11. Summary
Evidence for the saturation and recovery of LTP and LTD via AZ and NZ plasticity is presented. Mechanistic and structural
models of this plasticity account for the time delays between saturation and recovery. Local spine clustering would provide
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Figure 9. Synaptic plasticity during saturation and recovery of the capacity for LTD. (a) Two-photon imaging of LTD-associated dendritic spine shrinkage induced by
low-frequency glutamate uncaging (LFU; 90 pulses of 0.2 mS at 0.1 Hz, adapted from [136]). (b) Demonstration of the saturation of LTD-associated dendritic spine
shrinkage: a second LFU fails to induce further spine shrinkage. (c) Model of LTD involving weak active zones, strong active zones, nascent zones and loss of dendritic
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8

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20230224

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

10
 J

un
e 

20
24

 



specificity while engaging spines in the neighbourhood of a large sentinel spine by sharing local resources, such as SER and
ribosomes postsynaptically and retrograde signalling to their presynaptic axons. This plasticity would provide a synaptic
mechanism for the advantage of spaced-over massed learning. New tools are under development to speed and refine the
analyses so that future work could test whether NZ plasticity coincides with spaced learning and associated behaviours. Testing
these models will provide new insights into synaptic plasticity mechanisms that protect and refine local circuits as a basis of
learning and memory and towards new targets for understanding and treating cognitive dysfunction.
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