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The loss of excitatory synapses is known to underlie the cognitive deficits in Alzheimer’s disease (AD). Although much is
known about the mechanisms underlying synaptic loss in AD, how neurons compensate for this loss and whether this pro-
vides cognitive benefits remain almost completely unexplored. In this review, we describe two potential compensatory mecha-
nisms implemented following synaptic loss: the enlargement of the surviving neighboring synapses and the regeneration of
synapses. Because dendritic spines, the postsynaptic site of excitatory synapses, are easily visualized using light microscopy,
we focus on a range of microscopy approaches to monitor synaptic loss and compensation. Here, we stress the importance of
longitudinal dendritic spine imaging, as opposed to fixed-tissue imaging, to gain insights into the temporal dynamics of den-
dritic spine compensation. We believe that understanding the molecular mechanisms behind these and other forms of synap-
tic compensation and regeneration will be critical for the development of therapeutics aiming at delaying the onset of

cognitive deficits in AD.

Introduction
It is well established that the cognitive deficits characteristic of
Alzheimer’s disease (AD) are strongly associated with synaptic
dysfunction and loss in human patients (DeKosky and Scheff,
1990; Terry et al., 1991; Klein, 2006; Scheff et al., 2006, 2007;
Spires-Jones and Knafo, 2012; Tzioras et al., 2023) and in AD
animal models (Selkoe, 2002; Penzes et al., 2011; Boehm, 2013;
Herms and Dorostkar, 2016). In particular, it has been consis-
tently shown that AD preferentially targets dendritic spines —
the postsynaptic sites of excitatory synapses. Toxic amyloid 8
oligomers (ABo0) colocalize and directly associate with dendri-
tic spines and the postsynaptic density (PSD) both in vitro and
in vivo (Lacor et al., 2004; Takahashi et al., 2004; Koffie et al.,
2009; Roselli et al., 2009). Mechanistically, A B o trigger the acti-
vation of both NMDARs and metabotropic glutamate receptors
(mGluRs), and the activation of calcium-dependent signaling
pathways that (1) facilitate LTD and (2) prevent LTP of synap-
tic transmission (Snyder et al., 2005; Hsieh et al., 2006; Shankar
et al., 2007; Renner et al., 2010; Wei et al., 2010). Structurally,
the activation of NMDAR- and mGluR-dependent signaling
promotes F-actin depolymerization, which in turn results in
spine shrinkage and retraction (Zhou et al., 2004; Knobloch
and Mansuy, 2008) and ultimately, in the loss of dendritic
spines (Hsieh et al., 2006; Shankar et al., 2007).

Because dendritic spine plasticity is strongly correlated with
memory formation (Xu et al., 2009; Yang et al., 2009; Fu et al,,
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2012; Lai et al, 2012; Hayashi-Takagi et al., 2015), the ABo-
mediated disruption of dendritic spine structure and function
inevitably leads to cognitive deficits in AD animal models.
Crucially, the restoration of dendritic spine density in AD animal
models is sufficient to normalize cognitive function (Roy et al.,
2016). In humans, the preservation of dendritic spine integrity
strongly correlates with cognitive resilience to AD — the ability
to remain cognitively normal despite the presence of significant
amyloid and tau pathology (Arnold et al.,, 2013; Boros et al,
2017; King et al., 2023). In this context, a comprehensive under-
standing of the compensatory and repair mechanisms counter-
acting synaptic loss will be crucial for restoring cognitive
function in AD (Jackson et al., 2019; Neuner et al., 2022; Pham
and Dore, 2023).

Synaptic compensation following the loss of dendritic spines
in AD

Although much is known about the cellular and molecular
mechanisms underlying synaptic loss in AD, the synaptic com-
pensatory and repair mechanisms to counter this loss remain
largely unexplored.

Because the early stages of AD are associated with the local
loss of synapses — most prominently in the proximity of amyloid
plaques (Spires et al., 2005; Bittner et al., 2012) — it is likely that
compensation will be initially implemented locally at the synap-
tic or dendritic level. As the loss of a few local inputs would pre-
sumably have no major impact on the neuronal firing rate, it is
unlikely that global forms of homeostatic plasticity, such as
upscaling, are implemented at this stage (Turrigiano, 2008).

As shown in Figure 1, local synaptic compensation could
potentially be implemented (1) via an enlargement of the
remaining neighboring dendritic spines in an LTP-like manner
or (2) via an increase in the de novo formation of dendritic spines
(spinogenesis). If fully integrated into the circuit, either of these
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Figure 1.

Synaptic compensation following dendritic spine loss in AD. Schematic representation of a hippocampal or cortical pyramidal neuron covered with dendritic spines, the postsynaptic

sites of excitatory synapses (4,B). To effectively maintain the excitatory drive of a dendritic branch at a constant level, dendritic spine loss in AD (C; red arrows) could potentially be compen-
sated by either the structural enlargement of surviving preexistent spines (D; green arrows) or by an increase in the generation of new spines (E; green arrows). It is worth noting that the
enlargement of dendritic spines might represent an intermediate step for the generation of new dendritic spines (broken line arrow). Figure was created with Biorender.com.

Table 1. Synaptic compensation via the enlargement of surviving dendritic spines

AD model Brain region Microscopy technique Reference

Human Hippocampus EM Bertoni-Freddari et al., 1990; Neuman et al,, 2015; Scheff and Price, 1998, 2006; Scheff et al., 2007
Human Entorhinal cortex EM Dominguez-Alvaro et al., 2021

Human Frontal cortex EM Davies et al., 1987; DeKosky and Scheff, 1990; Scheff et al., 1990

Human Cingulate cortex EM Scheff and Price, 2001

Human Temporal cortex EM Davies et al., 1987; Scheff and Price, 1993

APP/PST mouse Hippocampus EM Alonso-Nanclares et al., 2013

APP/PS1 mouse

APP/PS1 mouse

APP/PS1 knock-in mouse
5XFAD mouse

oA injection Rhesus monkey
P301S mouse

Hippocampus Confocal

Hippocampus Stimulated emission depletion
Hippocampus EM

Hippocampus EM

Frontal cortex confocal

Somatosensory cortex  In vivo two-photon

Smith et al., 2009

Viana da Silva et al., 2016
Androuin et al., 2018
Neuman et al., 2015
Beckman et al., 2019
Hoffmann et al., 2013

compensatory mechanisms would be sufficient to restore the
excitatory drive of the affected dendritic region.

Synaptic compensation via the enlargement of remaining
dendritic spines

Although there is no direct evidence that synaptic loss in AD
leads to the enlargement of the neighboring dendritic spines,
there are several studies pointing in this direction (Table 1).
Some of the earlier reports demonstrating loss of synapses in
postmortem AD human samples also showed that the remain-
ing synapses were enlarged (Davies et al, 1987; Bertoni-
Freddari et al., 1990; DeKosky and Scheff, 1990; Scheff et al.,
1990). Because these studies imaged synapses using electron
microscopy (EM), it was shown that the degree of PSD enlarge-
ment was tightly correlated with the degree of synaptic loss —
to such an extent that the total synaptic area in control and AD
patients remained the same (DeKosky and Scheft, 1990; Scheff
et al, 1990). The enlargement of surviving synapses has been

observed in the hippocampus (Bertoni-Freddari et al., 1990;
Scheff and Price, 1998, 2006; Scheftf et al., 2007; Neuman et al.,
2015), entorhinal cortex (Dominguez-Alvaro et al., 2021), and
most of the neocortical regions examined. This includes the
Brodmann area 9 (BA9) of the frontal cortex (Davies et al,,
1987; DeKosky and Scheft, 1990; Scheff et al., 1990) but not
BA46 (Boros et al., 2017; Pickett et al., 2018), the temporal cor-
tex (Davies et al., 1987; Scheff and Price, 1993), and the cingu-
late cortex (Scheff and Price, 2001). The robust and consistent
enlargement of the surviving synapses across multiple brain
regions suggests that this form of structural plasticity might
correspond to a bona fide compensatory mechanism.

In accordance with these human AD studies, several studies
in amyloidosis AD mouse models have shown indirect evidence
of synaptic compensation (Smith et al., 2009; Viana da Silva et
al,, 2016). These studies have relied on the imaging of dendritic
spines labeled with soluble or membrane-bound fluorophores.
For instance, Smith et al. (2009) used confocal microscopy to
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image dendritic spines labeled with lipophilic Dil dyes in fixed
hippocampal sections of the APP/PS1 transgenic mouse model.
Similar to human AD, they found that dendritic spine loss was
accompanied with an increase in the size of the remaining den-
dritic spines, both in the spine area and head diameter (Smith
et al., 2009). These findings in the APP/PS1 transgenic mouse
have been confirmed at the ultrastructural level using EM
(Alonso-Nanclares et al., 2013) and more recently, using stimu-
lated emission depletion super-resolution imaging of immunola-
belled dendritic spines (Viana da Silva et al., 2016). In addition,
the same EM findings have been reported in other amyloidosis
AD mice models, including a novel APP/PS1 knock-in mouse
(Androuin et al, 2018) and the 5XxFAD transgenic mouse
(Neuman et al., 2015).

Interestingly, a similar enlargement in the surviving spines
have been reported in a recent study using a rhesus monkey
model of AD, wherein soluble A3 oligomers were exogenously
administered in the lateral ventricle (Beckman et al., 2019).
Using confocal microscopy to image dendritic spines of neu-
rons labeled via intracellular injection of Alexa-568 in fixed sec-
tions of the PFC, the authors showed that the loss of spines was
also concomitant with an increase in the size of the remaining
spines (e.g., spine head diameter).

The fact that the enlargement of surviving dendritic spines is
conserved across species, including humans, monkeys, and mice,
further highlights the robustness and potential relevance of this
putative compensatory mechanism.

It is worth noting that the enlargement of the remaining
dendritic spines might also be attributed to a preferential elimi-
nation of small spines — while sparing large ones — in AD.
Increasing the fraction of large spines might be sufficient to
account for the increased average spine size observed at the
population level. Although further investigations using longitu-
dinal imaging of the same dendritic region before and after syn-
aptic loss will be necessary to settle this issue (see below), this
possibility is inconsistent with a number of studies showing
that, in human AD (Scheff and Price, 1993) and in AD animal
models (Alonso-Nanclares et al., 2013; Viana da Silva et al.,
2016), there is a shift across the entire distributions of synaptic
sizes, rather than a selective loss of small spines. In the same
line, dendritic spines classified as thin are not selectively vulner-
able in human and AD animal models, (Spires et al., 2005;
Rozkalne et al., 2011; Boros et al., 2017; but see Beckman et al,,
2019), despite belonging to a category of spines characterized
by their small sizes (Holtmaat and Svoboda, 2009). All in all,
these studies are inconsistent with the notion that the increase
in synaptic sizes in AD is because of a preferential loss of small
synapses.

In addition to amyloidosis animal models of AD, the com-
pensatory enlargement of surviving spines has also been
observed in a tauopathy AD animal model. Using in vivo two-
photon microscopy of YFP-expressing neurons in the cortex of
the P301S transgenic mouse, it was shown that the loss of syn-
apses is also concomitant with an increase in the size of the
remaining spines (Hoffmann et al., 2013).

Together, these findings raise the intriguing possibility that
this putative compensatory mechanism might be independent
of the original insult (amyloid or tau pathology) leading to syn-
aptic loss. More generally, this compensatory mechanism might
potentially be implemented following synaptic loss in other
neurodegenerative diseases, such as frontotemporal dementia,
Parkinson’s and Huntington’s disease (Herms and Dorostkar,
2016), or neuropsychiatric disorders, such as schizophrenia and
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depression (Penzes et al., 2011). This concept is also in line
with studies showing that synaptic loss driven by insults unre-
lated to AD, such as deafferentation, ischemia, and malnutri-
tion, also trigger the enlargement of the remaining synapses
(Chen and Hillman, 1980, 1982; Hillman and Chen, 1984; Fiala
et al.,, 2002; Barnes et al., 2017). For instance, using EM imaging
of excitatory synapses, it was shown that the enlargement of the
remaining synapses was sufficient to keep the total PSD area at
a constant level following deafferentation (Hillman and Chen,
1984).

Notwithstanding the robustness of local synaptic compensa-
tion, the mechanisms by which it is achieved are completely
unknown. It is likely that the enlargement of the surviving synap-
ses might be because of (1) the insertion of PSD components
from a preexisting extrasynaptic pool in the adjacent dendritic
shaft and/or (2) a shift in the normal turnover of PSD compo-
nents to favor their production (e.g., protein synthesis). Another
intriguing possibility corresponds to the relocation or recycling
of PSD components from the lost dendritic spine to the compen-
sated spines, which indeed is the most parsimonious explanation
for maintaining the constant postsynaptic contact area (Hillman
and Chen, 1984).

To be functional, the enlargement of the surviving spine
should be accompanied by an increase in AMPARs — the main
mediators of synaptic transmission — in an LTP-like manner
(Opazo and Choquet, 2011; Huganir and Nicoll, 2013; Nicoll,
2017). Accordingly, AMPARs are significantly increased in the
CA1 region of the hippocampus of the 5xFAD transgenic mouse
during a period of heightened synaptic compensation as demon-
strated using immunogold electron microscopy (Neuman et al.,
2015).

Although there is strong indirect evidence for the implemen-
tation of synaptic compensation following loss in AD, the major-
ity of studies mentioned above were not intended to investigate
synaptic compensation per se but synaptic loss in control versus
AD samples. As such, these studies have mostly relied on imaging
snapshots of control versus AD samples in fixed preparations.
Although these were informative, it is now critical to design longitu-
dinal imaging experiments to monitor the emergence of synaptic
compensation over time following synaptic loss in AD models. In
this context, microscopy modalities compatible with live imaging —
rather than those that rely on fixed-preparations, such as EM or
immunofluorescence — are likely to provide further insights into
synaptic compensation. In particular, the advent of two-photon
laser scanning microscopy has been critical for our current under-
standing of the temporal dynamics of dendritic spines, both in vitro
and in vivo (Denk et al.,, 1990; Denk and Svoboda, 1997; Helmchen
and Denk, 2005; Svoboda and Yasuda, 2006). By imaging the same
dendritic branches in vivo before and after different learning para-
digms, two-photon microscopy has revealed that dendritic spine
turnover (both formation and elimination) strongly correlates with
memory formation (Xu et al., 2009; Yang et al., 2009; Fu et al., 2012;
Lai et al,, 2012). As opposed to conventional confocal microscopy,
two-photon microscopy utilizes near infrared wavelengths which
provide better penetration in brain tissue. Moreover, by localized
excitation of fluorophores in the focal plane, two-photon micros-
copy significantly reduces tissue photodamage, allowing imaging of
the same dendritic branch over weeks and even months.

As expected, two-photon microscopy has also been essen-
tial in investigating dendritic spine loss in AD animal models
(Subramanian et al., 2020), particularly when double-crossed
with the H and M lines of Thyl-YFP transgenic mice. For
instance, by simultaneously labeling amyloid plaques with
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Table 2. Synaptic compensation via an increase in dendritic spinogenesis

AD model Brain region Microscopy technique  Reference

mhAPP mouse  Entorhinal cortex Bright field Criscuolo et al., 2017
APP/PS1 mouse  Hippocampus cortex  Bright field Megill et al., 2015
APP/PS1 mouse  Hippocampus Confocal Knafo et al., 2009

APP/PS1 mouse
APP/PS1 mouse
APP/PS1 mouse
J20 mouse

1Tg4510 mouse

Motor cortex
Visual cortex
Barrel cortex
Somatosensory cortex
Somatosensory cortex

Tsai et al., 2004
Liebscher et al., 2014
Heiss et al., 2017
Stephen et al., 2019
Jackson et al., 2017

In vivo two-photon
In vivo two-photon
In vivo two-photon
In vivo two-photon
In vivo two-photon

Methoxy-X0O4, it has been demonstrated that only dendrites
in close proximity of amyloid plaques (<50 um) showed sig-
nificant spine loss (Klunk et al., 2002; Spires et al., 2005;
Liebscher et al., 2014). In addition to studying the structure
of dendritic spines, in vivo two-photon microscopy has been
used for investigating the dynamics of fluorescently labeled
GluA2 and PSD-95 under basal conditions or following
learning paradigms (Gray et al., 2006; Zhang et al., 2015;
Roth et al., 2020), and it will also be critical to understand
the potential contribution of synaptic protein redistribution
to compensation.

Together, two-photon microscopy is the ideal approach to
confirm the occurrence and timeline of synaptic enlargement fol-
lowing the loss of synapses near amyloid plaques in the living
intact brain; and critically, to investigate the synaptic protein dy-
namics underlying compensation.

Synaptic compensation via an increase in synaptogenesis

As depicted in Figure 1, an additional mechanism by which synap-
tic loss in AD may be compensated for is by the de novo genera-
tion of new spines. Presumably, the regeneration of dendritic
spines might constitute a more robust form of compensation than
the enlargement of neighboring dendritic spines, as it would nor-
malize dendritic spine density and restore neuronal connectivity.

In principle, the ability to increase dendritic spine formation
could offset the increase in spine elimination in AD and enable
continued neuronal function. Although there is no direct evi-
dence that synaptic loss in AD leads to an increase in the rate of
spine formation, several studies provide convincing evidence
that this is the case in the early stages of AD (Table 2).

In the APP/PS1 transgenic mouse, dendritic spine visualiza-
tion using Golgi staining revealed that, at a very young age
(1 month old), total spine density is increased in both hippocam-
pal CAl and cortical layers II/III (Megill et al., 2015). Because
spine density eventually decreased by 6 months of age, these
results suggest that not only was there compensation early on,
but also that this homeostatic mechanism might fail at later
stages of the disease. Also using Golgi staining, a similar increase
in spine density in the entorhinal cortex at a young age (2 month
old) was reported in a different AD animal model expressing a
mutant form of human APP (mhAPP) (Criscuolo et al., 2017).

Although there is an overall loss of dendritic spines in old
APP/PSI1 animals (Megill et al,, 2015), Knafo et al. (2009) found
that dendritic spine density in 12- to 14-month-old transgenics
depended on the location relative to amyloid plaques. Using con-
focal microscopy to image dentate gyrus neurons individually
microinjected with Alexa594, they found that, although dendrites
passing within an amyloid plaque have a reduced dendritic spine
density, those in contact with the plaque periphery have a signifi-
cantly increase levels of spines, even when compared with free-pla-
que regions (Knafo et al., 2009). In addition to providing further
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evidence for increased spinogenesis in AD models, this study sug-
gests that such a putative compensatory mechanism might still be
implemented in old animals, though in a spatially restricted
manner.

As mentioned above, however, to best assess the presence of
compensatory spinogenesis, in vivo two-photon microscopy is
the methodology of choice. Using longitudinal imaging of YFP-
labeled dendrites in the superficial layers of the cortex in the tri-
ple APP/PS1/YFP transgenic animal at 6 months of age, it was
reported that dendrites passing near plaques (<15 pm) have an
increased rate of spine formation, as well as the expected increase
in spine elimination, as opposed to those away from plaques
(Tsai et al., 2004), possibly reflecting both the pathologic loss of
spines and the effort to compensate via spinogenesis. Similarly,
Liebscher et al. (2014) chronically imaged layer V pyramidal
neurons in the visual cortex of the APP/PS1/YFP model at
3-4months of age, and found both an increase in spine elimina-
tion, as well as an increase in the rate of spine formation in den-
drites close to AB plaques (<50 pm). Similarly, longitudinal
imaging of layer II/IIl pyramidal neurons of the barrel cortex in
the APP/PS1 model at similar stages (3.5 months old) also revealed
that spine elimination is accompanied by significantly increased
rates of spine formation (Heiss et al., 2017). Interestingly, in this
study, the rate of spine formation in 10-month-old APP/PS1 ani-
mals decreased to basal levels while the rate of spine elimination
remained elevated. Again, these findings suggest that, at the early
stages of disease progression, the upregulation of spinogenesis
can compensate for increased losses, but such a putative com-
pensatory mechanism eventually fails as disease pathogenesis
continues (Heiss et al., 2017).

Two-photon longitudinal imaging in an alternative mouse
model (J20 model, containing a double APP mutation) (Tosh et
al., 2018) provides further evidence of compensatory increases in
spinogenesis. Pyramidal neurons in the somatosensory cortex of
“young” J20 mice were imaged from ~7 to 10 months old, reveal-
ing elevated turnover which was driven by an increase in spine
formation, maintaining overall spine density despite plaque depo-
sition (Stephen et al., 2019).

Interestingly, similar to compensation via spine enlargement,
there is also evidence of spinogenic compensation in a tauopathy
mouse model. Jackson et al. (2017) used the rTg4510 mouse
model to demonstrate that spine turnover was significantly ele-
vated versus WT in pyramidal neurons of the somatosensory
cortex. This was observed in animals at an earlier “intermediate”
stage of tau pathology (5 months old) before an overt decrease in
spine density, and reflected both elevated rates of spine forma-
tion and loss. Such an increase in spine formation failed to main-
tain total spine density at later stages (6.5 months old) which was
reduced versus controls.

Because spinogenic compensation may be an early compensa-
tory mechanism in disease progression, care needs to be taken
when comparing evidence from different mouse models which
may develop pathology at different rates. This is further exacer-
bated when different studies conduct imaging in different corti-
cal areas (as AB pathology may be present in certain cortical
areas earlier than others) and whether imaging is performed in
close proximity of A plaques (and how proximity is defined if
s0). Together, this can lead to variable reports of spine elimina-
tion and formation in AD animal models, and consequently in
the dynamics of dendritic spine compensation. For instance,
contrary to what has been observed in the visual cortex, Bittner
et al. (2012) found that an increase in spine elimination in young
APP/PS1 mice was not compensated for by increases in spine
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formation in the somatosensory cortex. Similarly, Spires-Jones et
al. (2007) showed that the increase in dendritic spine elimination
in Tg2576 animals (single APP mutation), a slower model of am-
yloidosis, was not paralleled by increases in dendritic spine for-
mation in the somatosensory cortex. Given these potential
sources of variability, to draw clear conclusions about the exis-
tence of spinogenic compensatory mechanisms, we need further
work attempting a more comprehensive characterization of spine
turnover taking all these variables into consideration.
Interestingly, similar to spine size compensation, an increase
in spine formation may be a more general mechanism of homeo-
stasis following synapse loss. Evidence from a Huntington’s dis-
ease model (Murmu et al., 2013), as well as a mouse model of
stroke (Brown et al., 2007) shows that significant increases in
spine loss are also compensated for by elevated spinogenesis.

Discussion

Although we have learned a great deal about the mechanisms
underlying synaptic loss in AD (Spires-Jones and Hyman, 2014;
De Strooper and Karran, 2016; Tzioras et al., 2023), how neurons
compensate for this loss remains almost completely unexplored.
At the early stages of AD, synaptic loss is local and gradual, so it
is unlikely this triggers classical forms of homeostatic plastic-
ity, such as upscaling, which require profound and pro-
longed decreases in neuronal activity (Turrigiano, 2008). It is
more likely that early synaptic loss sets in motion local com-
pensatory mechanisms, such as the ones described in this
review: the enlargement of preexistent spines and the de
novo formation of spines. In addition, it is possible that, similar
to the structural plasticity of dendritic spines occurring during
LTP (Engert and Bonhoeffer, 1999; Yuste and Bonhoeffer, 2001;
Matsuzaki et al., 2004), these two compensatory mechanisms are
implemented at different time scales: spine enlargement might
be rapidly implemented following spine loss, while spinogenesis
might be a delayed, yet more robust, form of spine compensa-
tion. For instance, synaptic loss in the hippocampus triggered by
deafferentation is known to promote synaptic enlargement in the
short-term but a complete regrowth of synapses 1 month after
the insult (Parnavelas et al., 1974; Chen and Hillman, 1982). The
temporal dissociation of these two compensatory mechanisms
raises the intriguing possibility that they occur in tandem: the
synaptic enlargement of surviving synapses precedes and is nec-
essary for the increase in spinogenesis (Fig. 1). As during LTP,
the enlargement of activated dendritic spines may generate a
“hot spot” for the emergence of new dendritic spines (De Roo et
al., 2008). However, although it is clear that synaptic loss coexists
with these putative compensatory mechanisms, it remains to be
shown whether they are causally related. As mentioned above,
longitudinal two-photon microscopy will be critical for starting
to assess this question. Ideally, one could longitudinally image
the same dendritic region in an animal model of AD before and
after the appearance of an amyloid plaque using in vivo two-pho-
ton microscopy, as in Bittner et al. (2012). In such a scenario,
spine loss as a result of proximity to a nascent amyloid plaque
should promote the enlargement of neighboring surviving spines
and/or an increase in spinogenesis over time. Because the sto-
chastic nature of amyloid deposition makes this experiment chal-
lenging, a more feasible approach would be to image the same
dendritic branch before and after the local injection of ABo
directly into the cortex (Zott et al., 2019), to monitor both den-
dritic spine loss and the subsequent emergence of compensation
over time. In addition, this longitudinal experiment will provide
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a definitive answer to whether the enlargement of the surviving
dendritic spines observed in AD corresponds to a bona fide com-
pensatory mechanism or is simply an artifact because of the pref-
erential loss of small spines.

Although we have provided examples of structural spine
compensation in AD, it will be critical to assess whether these are
accompanied by functional changes. Because of the tight correla-
tion between the structure and function of dendritic spines
(Matsuzaki et al., 2004), it is most likely that compensation
because of the enlargement of remaining spines is paralleled by
increases in synaptic transmission in an LTP-like manner.
During compensation via spinogenesis, however, it is less evident
that the newly formed spines will be connected to a presynaptic
partner, particularly because of protracted nature of synapto-
genesis (Knott et al., 2006; Négerl et al., 2007). Simultaneously
imaging the structure and function of dendritic spines using ge-
netically encoded calcium indicators and structural markers
will ultimately reveal whether these changes are functionally
integrated in the circuit.

Most importantly, it will be crucial to determine whether these
putative compensatory mechanisms are indeed beneficial to the
animal, possibly through restoration of cognitive function in AD.
Because small (or thin) spines are much more plastic than large
spines and as such, thought to correspond to “learning” spines
(Kasai et al.,, 2003; Matsuzaki et al., 2004; Bourne and Harris,
2007; Holtmaat and Svoboda, 2009), it is difficult to attribute
direct cognitive benefits to the enlargement of the surviving
spines in AD. This is in line with aging studies showing that large
spines in the PFC are associated with lower cognitive function, both
in humans (Boros et al., 2019) and nonhuman primates (Dumitriu
et al, 2010; Morrison and Baxter, 2012). It is possible that the
enlargement of surviving dendritic spines corresponds to a protec-
tive mechanism to simply preserve spines, as large spines tend to be
more stable and long-lasting than small spines (Holtmaat et al.,
2005; Majewska et al., 2006; Holtmaat and Svoboda, 2009), in the
face of continuous spine loss. In other words, the enlargement of
surviving spines may correspond to a trade-off between preserving
synaptic connectivity at the expenses of synaptic plasticity. As men-
tioned above, another possibility is that the enlargement of dendri-
tic spines represents a transitory and intermediate step necessary
for the generation of new dendritic spines. Because newly formed
spines tend to be small (or thin) and thus highly plastic (Holtmaat
et al,, 2005; Holtmaat and Svoboda, 2009), spinogenesis may corre-
spond to the cognitively relevant compensatory mechanism. This is
consistent with recent studies showing that cognitive resilience to
AD — the ability to remain cognitively normal despite the presence
of significant amyloid and tau pathology — is associated with an
increase in the population of thin spines (Boros et al., 2017), which
might correspond to the population of newly formed spines.
Interestingly, the same study showed that spines in the cognitive
resilient population displayed an elongated morphology (Boros et
al,, 2017, 2019). This finding raises the possibility that these elon-
gated spines may signify newly generated spines actively seeking
out presynaptic connections (Holtmaat et al., 2005; Holtmaat and
Svoboda, 2009).

In conclusion, because in AD the accumulation of amyloid
pathology precedes by several decades the onset of clinical de-
mentia, it is possible that a range of compensatory mechanisms,
including the ones described in this review and potentially others
like the formation of multisynapses (Martinez-Serra et al., 2022),
are implemented to delay the onset of cognitive deficits. This is
particularly relevant when considering that synaptic plasticity
corresponds to the cellular basis of cognition; and that synaptic
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dysfunction and loss are the main correlate of cognitive deficits
in AD. Consistent with this notion, the preservation of dendritic
spine integrity and key synaptic proteins, such as PSD95,
strongly correlates with cognitive resilience to AD (Arnold et al.,
2013; Perez-Nievas et al., 2013; Scheff et al., 2016; Boros et al,,
2017; Walker and Herskowitz, 2021). In this context, a compre-
hensive understanding of the compensatory and repair mecha-
nisms counteracting synaptic loss will be crucial for the
development of therapeutics aiming to delay the onset of cogni-
tive deficits in AD.
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