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Dysregulation of dendritic spine dynamics, a process essential for synaptic plasticity and memory, is a hallmark of Alzheimer’s
disease (AD). Actin dynamics, largely regulated by the LIMK1-cofilin pathway, are central to maintaining structural and functional
stability in neurons. In healthy brains, the LIMK1-cofilin-actin axis modulates actin polymerization within dendritic spines,
supporting spine growth and plasticity. However, in AD, this pathway is altered, leading to both actin and synaptic dysfunction.
Studies report conflicting findings, with some indicating LIMK1 hyperactivation leading to cofilin inactivation, while others observe
elevated cofilin activity, suggesting divergent regulatory mechanisms depending on the disease stage or neuronal environment.
The paradoxical effects of LIMK1-cofilin signaling in AD may result from a context-dependent regulation influenced by factors such
as amyloid-beta (AB) and tau protein accumulation, which disrupt actin dynamics and promote synaptic degeneration. The
presence of cofilin-actin rods and Hirano bodies in AD highlights the role of aberrant actin stabilization and its impact on
neurodegenerative processes. This review synthesizes current findings on LIMK1-cofilin-actin signaling in AD, emphasizing the dual
role of cofilin in stabilizing and severing actin filaments. Targeting the LIMK1-cofilin-actin axis presents a promising therapeutic
approach to restore dendritic spine dynamics and mitigate cognitive decline. However, resolving inconsistencies in cofilin

regulation is essential to developing effective treatments for AD.

Cell Death and Disease (2025)16:431; https://doi.org/10.1038/s41419-025-07741-7

FACTS

® LIMK1 play a key role in structural plasticity phosphorylating
substrates like cofilin, thereby regulating actin filament
dynamics in spines.

® The balance between phosphorylated (inactive) and depho-
sphorylated (active) cofilin is crucial for regulating actin
dynamics, synaptic plasticity, and structural changes in
spines.

® Dysregulation of LIMK1-cofilin-actin axis has been impli-
cated in AD pathology.

® Targeting cofilin regulation through LIMK1 inhibitors or SSH
activators presents a promising therapeutic strategy for AD.

OPEN QUESTIONS

® What are the molecular mechanisms driving the biphasic
pattern of cofilin phosphorylation in AD progression?

® How does LIMK1-cofilin-actin dysregulation impact dendritic
spine dynamics across different stages of AD?

® (Can LIMK1 inhibitors be safely used in humans without
disrupting essential physiological processes involving actin
dynamics?

INTRODUCTION

Among neurodegenerative disorders, Alzheimer’s disease (AD) is
characterized by progressive cognitive decline and memory loss
[1, 2]. Indeed, a significant pathological feature of AD is the loss of
dendritic spines, especially in brain areas involved in cognitive
functions, such as the hippocampus [3]. Dendritic spines are small,
actin-rich protrusions on neuronal dendrites containing glutama-
tergic receptors that mediate excitatory synaptic transmission and
plasticity [4, 5]. Dynamic modulation of actin polymerization within
spines is crucial for the structural changes associated with volume
enlargement and the parallel increase of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPAR) on the post-
synaptic site. Indeed, filamentous actin (F-actin) crosslinks with
surface receptors and integral post-synaptic proteins, such as
Drebrin and PSD95 [6], play a key role in determining spine
structure. Dynamic modulation of actin polymerization in spines is
closely linked to learning and memory [7]. Thus, actin-mediated
structural plasticity and functional long-term potentiation (LTP),
which involve activity-dependent enhancement of neuronal com-
munication, are strictly related [8]. Dysregulation of these processes
has been implicated in AD [9]; however, the exact mechanisms
remain unclear. The canonical molecular pathway responsible for
dendritic spine plasticity encompasses dozens of proteins (most of
them summarized in Table 1) that are compartmentalized within
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Table 1. Major proteins involved in spine dynamics.
Protein  Physiological role Pathological role
Drebrin Actin-binding protein that stabilizes F-actin [92]. Decreased levels of Drebrin in temporal and frontal cortex of AD brains
[93]
TIAM1 Regulates Rac1 GDP/GTP exchange inducing Rac1 activation ~ Tiam1 KO mice correlate with reduced dendritic spine density and
[94] arborization and reduced excitatory synaptic transmission [95]
Rac1 Promotes LIMK1 activation via PAK phosphorylation [8, 11]. Increased Rac1 expression in cortex of AD brain [96]
Cdc42 Promotes LIMK1 activation via PAK phosphorylation [8, 11]. Increased Cdc42 expression in cortex of AD brain [96]
PAK Phosphorylation and activation of LIMK1 at Thr-508 [8, 11]. Loss of PAK1in hippocampus of AD brain and loss of Pak3 both in
hippocampus and cortex in AD brain [97]
RhoA Promotes LIMK1 activation via ROCK phosphorylation [8, 11].  Hyperactivation of RhoA pathway increases f-secretase and y-secretase
activity [98]
RhoA pathway overactivation promotes abnormal tau protein
phosphorylation [98]
ROCK Phosphorylates and activates LIMK1 at Thr-508 [8, 11]. Hyperactivation of ROCK pathway increases p-secretase and y-secretase
activity [98]
ROCK pathway overactivation promotes abnormal tau protein
phosphorylation [98]
LIMK1 ADF/Cofilin phosphorylation on Ser-3 promoting the LIMK1 hyperphosphorylation is associated with dystrophic neurites [17].
stabilization of dendritic spines [8, 11].
Cofilin Induces actin filament stabilization when phosphorylated by ~ Formation of cofilin rods (Barone et al.,, 2014); Ap- and tau interaction
LIMK1 on Ser-3 (inactive form) [8, 11]. inducing mitochondrial and synaptic dysfunctions [72, 73].
Hirano bodies [22, 24].
F-actin Regulates spine remodeling (i.e. enlargement) due to its Cofilin-actin rods [66]
polymerization [8, 11].
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Fig. 1 Synaptic and structural plasticity in healthy and AD neurons. A Pathway diagram of canonical signaling involved in structural

plasticity of dendritic spines. In AD, this pathway is disrupted, leading to compromised synaptic and structural plasticity (modified from Ripoli
et al. [90]). B lllustration of a healthy neuron and its spine density. Dendritic spine schematic representation on the right shows high spine
density and synaptic growth during LTP in healthy neurons, indicating robust structural plasticity. C Cartoon of an AD neuron and its reduced
spine density compared with A. The presence of amyloid-f (Ap) protein and tau oligomers is depicted, which contributes to impaired
structural plasticity of dendritic spines, leading to diminished synaptic connections and plasticity. Created with BioRender.com.

these structures, thereby facilitating localized signal transduction
[10]. Within this intricate molecular network, an actin regulatory
protein plays a crucial role: the serine/threonine LIM (Lin-11/Isl-1/
Mec-3) domain-containing protein kinase 1 (LIMK1), which can
inactivate the actin-severing protein cofilin, preventing the cleavage
of F-actin, stabilizing the actin cytoskeleton, and promoting actin
polymerization and spine enlargement [11] (Fig. 1A, B). The activity
of LIMK1 is regulated by Rho family GTPases, including Ras-related
C3 botulinum toxin substrate 1 (Rac1), Cell division cycle 42 (Cdc42),
and Ras homolog family member A (RhoA). These GTPases exert
their effects through the activity of specific effectors, Rho-
associated protein kinase (ROCK) and p21-activated kinase (PAK1),
which phosphorylate LIMK1 at threonine 508 (T508) within its
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activation loop, thereby activating LIMK1 [12] (Fig. 1A). Ca**influx
through N-methyl-D-aspartate receptors (NMDAR) induces the
activation of Rho-GTPases, which become permeable when the
high-frequency activity of pre- and post-synaptic neurons coincides,
subsequently triggering Ca®*/calmodulin-dependent protein kinase
Il (CaMKII) [13].

Activated LIMK1 then phosphorylates cofilin at serine 3
(Ser3),the major cytoskeleton protein within dendritic spines,
and the LIMK1-cofilin interaction is a critical process for the
modulation of spine structure and function (Fig. 1A). This
phosphorylation, leading to cofilin inactivation, is reversed by
the F-actin-associated protein phosphatase Slingshot-1 (SSH1),
leading to the reactivation of cofilin [14].
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LIMK1-cofilin-actin axis dysregulation has been implicated in AD
[15, 16]; however, experimental studies have led to inconsistent
results and different conclusions. Therefore, whether the axis is
inactivated or hyperactivated in AD pathology remains unclear.
Notably, an abnormal increase in phosphorylated LIMK1, which
enhances cofilin phosphorylation and inhibits its activity, thus
potentially promoting actin polymerization, has been linked to
neuronal dystrophy observed in the brain regions of patients
affected by AD (Fig. 1C) [17]. Similarly, pharmacological inhibition
of LIMK1 has been shown to provide dendritic spine resilience
against amyloid- (AB) protein, the main constituent of amyloid
plaques and one of the core hallmarks of AD, together with
neurofibrillary tangle accumulation, consisting of hyperpho-
sphorylated tau protein [18]. In contrast, AB oligomers have been
shown to promote cofilin dephosphorylation, leading to synaptic
protein loss, deficits in LTP, and altered contextual memory in
APP/PS1 mice, an experimental model of AD [19]. Additionally,
AB42-induced spine loss, observed after a 10-day exposure to AR
oligomers, can be blocked by the expression of constitutively
inactive cofilin (53D, in which Ser3 is replaced by the phospho-
mimetic amino acid aspartate) [20]. Kim et al. [21] found
significantly reduced levels of phosphorylated cofilin in the frontal
cortex of patients with AD compared to healthy controls,
suggesting elevated cofilin activity [21], which appears to contra-
dict the findings of Heredia and colleagues [17].

Of note, cofilin is one of the main components of Hirano bodies,
which are intracellular rod-shaped inclusions found in both
neurons and glia of the central nervous system [22]. These
structures primarily consist of actin, cofilin, and other cytoskeletal
proteins, such as tau, middle molecular weight neurofilament
subunits, and a C-terminal fragment of (-amyloid precursor
protein (APP) [23]. Hirano bodies are commonly associated with
neurodegenerative diseases, especially AD, and are often located
in brain regions regulating memory and cognitive function, such
as the hippocampus [22, 24]. Similarly, cofilin-actin rods, such as
Hirano bodies, are also found in AD brains [25, 26], indicating a
possible causal or consequential dysfunction of cofilin and actin in
neurons of patients with AD. These rod-like inclusions suggested
that the normal dynamics of actin regulation were disrupted,
leading to abnormal cytoskeletal structures. The presence of these
assemblies in brain samples suggests that dysregulation of actin
and cofilin could play a key role in the pathogenesis of AD, either
as a trigger for further neuronal damage or as a response to the
degenerative process. This review explores the current literature
and examines apparently contradictory findings regarding the
activation and inactivation of the LIMK1-cofilin-actin axis in
dendritic spine pathology associated with AD. Specifically, we
explored the roles of both activation and inactivation within this
pathway, underscoring its complexity and importance in disease
progression, suggesting a potential compensatory mechanism,
and identifying possible therapeutic targets within this pathway.

ROLE OF LIMK1 IN DENDRITIC SPINE DYNAMICS
The LIMK family consists of two members: LIMK1 and LIMK2,
playing a crucial role in neuronal growth and morphology,
synaptic functions, learning and memory [27, 28]. LIMK1 and
LIMK2 differ in terms of expression, subcellular localization, and
regulatory mechanisms [29]. Due to a palmitoyl motif that ensures
its localization and anchoring within the spines, LIMK1 has a
unique role in the structural plasticity of dendritic spines, unlike
LIMK2 [30]. Indeed, although LIMK2 shares 50% identity overall
(70% identity in the kinase domain) with LIMK1 and is present in
the brain, it cannot replace LIMK1, as highlighted by the presence
of spine abnormalities and cognitive deficits observed in LIMK1
knockout mice and humans with LIMK1 mutations [8, 30-32].
LIMK1 is a ~70 kDa protein that contains a variety of domains,
each contributing to its multifaceted role in cellular processes.
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The two N-terminal LIM domains, which are zinc finger-like
structures, are primarily involved in protein-protein interactions
and are known to be critical for the ability of the protein to
mediate signal transduction and cytoskeletal organization [33].
Removal of N-terminal LIM domains or mutating conserved
cysteines in these domains led to a significant increase in LIMK1
kinase activity, suggesting that the N-terminal LIM domain
negatively regulates the kinase activity of LIMK1 by directly
interacting with the kinase domain [34].

The two leucine-rich Nuclear Export Signals (NES), short amino
acid sequences (236 LDEIDLL; 249 LLQLTL), facilitate the transport
of proteins from the nucleus to the cytoplasm. The presence of the
Nuclear Localization Signals (NLS) (499 KKPDRKKR) indicates that
LIMKT may shuttle between nuclear and cytoplasm compart-
ments, allowing it to participate in both nuclear and cytoplasmic
functions, which could be pivotal for its role in cellular signaling
pathways [35]. Indeed, LIMK1 interacts with the cyclic AMP
response element-binding protein (CREB) and regulates its activity
[28]. This interaction is involved in synaptic plasticity and memory
formation. LIMK1 knockout mice show altered long-term memory
and synaptic plasticity, which are rescued by enhancing CREB
activity [36]. Similarly, basic fibroblast growth factor (bFGF)
induces the binding between LIMK1 and CREB, leading to the
phosphorylation of CREB, enhancing its ability to stimulate cAMP-
responsive element-mediated gene transcription, which is crucial
for neuronal differentiation [28].

Additionally, the interaction domains with 14-3-3-C protein
highlight its regulatory significance, particularly in response to
phosphorylation events [37]. The 14-3-3 proteins (seven 14-3-3
identified, i.e, B, v, & n, o, T and () are regulatory molecules
interacting with phosphorylated serine/threonine residues on
their target proteins, influencing various cellular processes such as
apoptosis, cell cycle control, and signal transduction [37, 38].

The PDZ domain within LIMK1 aids in anchoring the protein to
specific cellular locations, acting as a scaffold for assembling
signaling complexes [35].

The serine-threonine kinase domain is pivotal for its enzymatic
activity, allowing LIMK1 to phosphorylate substrates like cofilin,
thereby regulating actin filament dynamics in spines [8, 30, 32].
Thus, the high specificity of LIMK1 for Ser3 cofilin phosphorylation
highlights its critical role in modulating actin dynamics and
dendritic spine morphology [11].

Through its diverse domains and interactions with proteins such
as 14-3-3, cofilin, Rac and Rho GTPases, ROCK, PAK, a-actinin, and
others, LIMK1 orchestrates critical cellular functions, including
motility, division, differentiation, and signal transduction.

Of note, the high specificity of the LIMK1-cofilin interaction
involves unique features absent in other kinase-substrate pairs
[39]. Indeed, the general mechanism of action of the kinase with a
substrate involves the presence of two motif interactions: a distal
“docking motif” and a phosphosite “linear motif” with the kinase
catalytic cleft (Fig. 2) [40]. Distal docking interactions occur outside
the kinase catalytic cleft and involve specific binding sites on both
the kinase or through regulatory proteins and their substrate [40].
This specificity is achieved through highly selective binding sites
that recognize distinct sequences or motifs on the substrate,
positioning the substrate in an optimal alignment for phosphor-
ylation, thereby increasing the efficiency of the reaction. The linear
motif interactions occur between an extended peptide encom-
passing residues N- and C-terminal of the phosphoacceptor site
and a region adjacent to the kinase catalytic center (Fig. 2).

Hamill and colleagues revealed through co-crystallization
studies that LIMK1 interaction with cofilin-1 deviates from these
established interaction paradigms. Specifically, LIMK1 does not
utilize a typical linear motif nor does it exhibit docking interactions
involving additional domains. Instead, LIMK1 directly phosphor-
ylates cofilin at Ser3, located at the N-terminus, without extensive
engagement of adjacent residues. The Ser3 residue is precisely

SPRINGER NATURE
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Fig. 2 Mechanisms of cofilin regulation and its role in actin dynamics through LIMK1-mediated Ser3 phosphorylation. A Cartoon
representation of a kinase interacting with a substrate. The kinase engages with the substrate through distal docking and a linear motif,
leading to phosphorylation (P) of the substrate. B Cartoon of LIMK1 interacting with cofilin. LIMK1 phosphorylates cofilin at Ser3 in the
absence of a linear motif, highlighting the peculiarity of its activity. A, B Modified from Hamil et al. [39]. C Schematic diagram of cofilin
regulation and its impact on actin dynamics. Active cofilin (unphosphorylated) promotes actin severing. Phosphorylation by LIMK1 inactivates
cofilin, leading to actin polymerization (highlighted in yellow) and enhanced structural plasticity. SSH1 dephosphorylates cofilin, restoring its

actin-severing activity. Created with BioRender.com.

positioned within the catalytic site through a complementary
interaction between the LIMK1 C-lobe and the cofilin a5 helix,
forming a “molecular drill jig” that secures the substrate residue in
an optimal orientation for phosphotransfer. This unique mechan-
ism underpins the extraordinary specificity of LIMK1 for cofilin
proteins, providing insights into how kinases can achieve high
fidelity in substrate selection through specialized structural
adaptations [39].

ROLE OF COFILIN IN DENDRITIC SPINE DYNAMICS

Cofilin is a small (~20 kDa) protein identified in the 1980s for its
capability to bind actin [41]. The two isoforms of cofilin, cofilin-1
and cofilin-2 are prominent members of the actin-depolymerizing
factor (ADF)/cofilin family [42]. These isoforms play distinct roles in
cellular processes, with cofilin-1 (non-muscle cofilin) and cofilin-2
(muscle cofilin) exhibiting differential expression and functions
[43]. Cofilin-1 plays a pivotal role in the function and plasticity of
dendritic spines [44, 45]. Accumulation of cofilin-1 in sub-spinous
regions controlling actin filament dynamics, influences spine
density, morphology, trafficking of AMPA receptors, and ultimately
LTP and its opposite functional phenomenon, long-term depres-
sion (LTD), which are key mechanisms underlying learning and
memory [42]. LTP and LTD are two key forms of synaptic plasticity,
involving the strengthening and weakening of synaptic connec-
tions, respectively. Cofilin-mediated regulation of actin dynamics
is essential for both LTP and LTD, as the structural changes in
dendritic spines depend on the controlled assembly and
disassembly of actin filaments [46].

Cofilin binds to actin filaments and promotes their disassembly,
a process critical for the dynamic restructuring of the actin
cytoskeleton [47]. This actin remodelling is necessary for structural
support and enabling changes in spine shape and size, the growth
and retraction of dendritic spines, and processes that are
fundamental to synaptic plasticity [48].

At low binding densities, cofilin interacts with actin filaments (F-
actin) in a way that destabilizes the structure [49]. Cofilin attaches
to the sides of the actin filaments and induces a twisting motion.
This mechanical stress weakens the bonds between actin subunits,
making the filament more susceptible to breaking. As a result, the
filament severs into smaller fragments. These fragments can then
undergo further disassembly or potentially be reassembled
depending on the cellular context and the presence of other
regulatory proteins. This severing activity is crucial for the dynamic
reorganization of the actin cytoskeleton, which is essential for
various cellular processes such as motility, division, and changes in
cell shape [50]. Conversely, when cofilin binds to actin filaments at
high densities, the scenario changes dramatically. Instead of
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promoting disassembly, cofilin stabilizes the filaments. In this
situation, a high ratio of cofilin molecules to actin subunits leads
to the formation of a cofilin-actin complex. This complex stabilizes
the filament structure, preventing further severing and disassem-
bly. The stabilization effect arises because the extensive binding of
cofilin covers the actin filament protectively, shielding it from the
mechanical stresses that would otherwise cause it to break apart
[51]. This dual role of cofilin is a fine example of how a single
protein can have multiple, context-dependent functions within
the cell. At low concentrations, cofilin primary role is to promote
the turnover and remodelling of actin filaments, which is vital for
quick cellular responses to environmental changes. At high
concentrations, cofilin helps to maintain the integrity and stability
of actin structures, ensuring that the cytoskeleton remains robust
enough to support cellular architecture and function [52]. The
ability of cofilin to switch roles based on its binding density adds a
layer of regulatory complexity to the control of the actin
cytoskeleton, allowing cells to finely tune their structural dynamics
according to their specific needs [53].

The ability of cofilin to promote actin assembly or disassembly
also depends upon the relative concentrations of other actin-
binding proteins [54, 55]. Among these, the Actin-interacting
protein 1 (Aip1) can enhance the depolymerizing activity of cofilin,
favoring the generation of actin monomers [56]. Moreover, a rise
of Aip1 concentration at the dendritic spine has been observed
immediately after structural long-term potentiation (sLTP) induc-
tion [8], suggesting its synergistic interaction with cofilin in
disassembling actin filaments in the early phases of sLTP.

During LTP synapses are strengthened, often resulting in the
enlargement of dendritic spines. Cofilin activity must be precisely
regulated to allow for the addition of new F-actin, which supports
spine growth [47]. In fact, cofilin concentration rapidly increases
during the first 20s after sLTP induction, and, unlike other
proteins, its amount remained highly enriched in the spine for up
to 30 min. Given that total actin concentration also increases in
the spine head during the first seconds/minutes of sLTP [8, 57],
cofilin severing activity has been suggested as a key effector
facilitating F-actin assembly and spine growth [58-60].

Conversely, during LTD, synapses are weakened, and dendritic
spines may shrink or be eliminated. Cofilin facilitates the
disassembly of actin filaments, aiding in the retraction of spines
and an increase in cofilin-dependent actin severing (depho-
sphorylation) has been observed to cause spine shrinkage during
LTD [61, 62].

Cofilin activity in dendritic spines is regulated by phosphorylation
and dephosphorylation processes. When LIMK1 phosphorylates
cofilin at Ser3, it becomes inactive and cannot bind to actin (Fig. 3).
This phosphorylation is a critical regulatory mechanism that

Cell Death and Disease (2025)16:431
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prevents cofilin from promoting actin filament disassembly. On the
other hand, cofilin is reactivated by dephosphorylation through the
action of SSH. These phosphatases remove the phosphate group
from cofilin, restoring its ability to bind to and sever actin filaments.
The balance between LIMK-mediated phosphorylation and SSH-
mediated dephosphorylation ensures that cofilin activity is finely
tuned in response to cellular needs [63]. This balance between
phosphorylated (inactive) and dephosphorylated (active) cofilin is
crucial for maintaining normal cellular function. In its inactive,
phosphorylated state, cofilin cannot interact with actin filaments,
thus preventing unnecessary filament disassembly (Fig. 3). Con-
versely, when cofilin is dephosphorylated and active, it can promote
the turnover of actin filaments, facilitating necessary cellular
processes such as synaptic plasticity, cell motility, and structural
remodeling [64].

The role of cofilin in AD pathology

Several evidence support the critical role of cofilin in the
pathophysiology of AD, indicating that the cofilin activation/
inactivation regulatory mechanism is involved in the cytoskeletal
alterations observed in AD [65]. Cofilin accumulation in senile
plaques of AD patients and in AD mouse model tissues has been
observed [25]. Additionally, the active (dephosphorylated) cofilin
can affect axonal trafficking by forming “cofilin rods”, which are
aberrant cofilin-actin aggregates contributing to synaptic plasticity
deficits [66-68]. Cofilin rods closely colocalized with extracellular
AB plaques, and subnanomolar concentrations of A dimers/
trimers can promote cofilin rod formation [19, 25, 69, 70]. More-
over, it has been suggested that cofilin can coprecipitate with tau
and/or other microtubule-associated proteins (MAPs) in cofilin-
actin rods [71]. Additionally, both tau and cofilin play a role in
mediating mitochondrial and synaptic dysfunction induced by AR,
and cofilin or tau decreased expression can rescue synaptic
plasticity and memory alterations in an APP transgenic mouse
model [72, 73].

Besides cofilin rods being constituted by active (dephosphory-
lated) cofilin, cofilin aberrant phosphorylation has also been
implicated in AD pathology. Increased levels of ROCK and
corresponding elevated levels of inactive p-cofilin have been
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observed in AD patient brains and in tissues of APP-expressing
mouse models [66, 74, 75]. Collectively, these studies indicate that
the regulation of cofilin phosphorylation/dephosphorylation
machinery exerts a pivotal role in the synaptotoxic damage
observed in neurodegenerative disorders.

ACTIVATION OF THE LIMK1-COFILIN-ACTIN AXIS IN AD
Several studies have highlighted alterations in the activation of
the LIMK1-cofilin-actin axis in AD.

Barone et al. [66] corroborate the activation of the LIMK1-cofilin-
actin axis in AD, showing increased cofilin phosphorylation and
inactivation in both AD patients and mouse models [66]. This
process is linked to an age-dependent rise in LIMK1 activity,
contributing to synaptic dysfunction. Their study also reveals that
inhibiting y-secretase can prevent cofilin inactivation by activating
SSH1, suggesting that y-secretase not only drives amyloidogenic
processes but also modulates cytoskeletal dynamics through the
LIMK1-cofilin-actin pathway. In APP/PS1 transgenic mouse brains,
p-cofilin levels exhibit a biphasic pattern, with a reduction
observed at 4 months of age (corresponding to early pathology)
and an increase at 10 months of age (reflecting mid-to-late
pathology) [66].

Cofilin function within neurons in AD is complicated by its dual
ability to either sever or stabilize actin filaments depending on
phosphorylation status [65]. Inactivation of cofilin through LIMK1-
mediated phosphorylation leads to actin stabilization, which can
protect synapses temporarily, yet excessive stabilization results in
pathological structures such as Hirano bodies and cofilin-actin
rods. In AD, Hirano bodies and cofilin-actin rods are abundant in
regions with severe neurodegeneration, implicating disrupted
actin dynamics as a key factor in synaptic impairments and
cognitive decline [22, 25].

Interestingly, Schratt et al. [76] identified a miRNA (miR-134),
localized in dendritic spines, regulating the expression of LIMK1,
thereby controlling dendritic spine size. Indeed, in the absence of
synaptic activity, miR-134 can suppress LIMKT mRNA translation,
while synaptic stimulation by BDNF lead to an opposite effect,
with enhanced LIMK1 protein synthesis and spine growth [76].

SPRINGER NATURE
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cofilin phosphorylation observed in AD may initially act as a compensatory mechanism to restore disrupted actin polymerization. However, persistent
dysregulation of the LIMK1-cofilin axis over time can exacerbate synaptic impairment and contribute to further cognitive decline.

Considering that LIMK1 phosphorylates and activates the CREB/
BDNF pathway, a possible role of LIMK1/CREB pathway disregula-
tion in AD can be hypothesised.

Indeed, the role of CREB in cognitive processes is well
established: once activated, CREB facilitates the transcription of
key proteins necessary for activity-dependent plasticity [77],
including BDNF [78], which has been observed to be reduced in
AD brains [79, 80]. In addition, CREB has been shown to interact
with LIMK1 in cultured cell line [28] and to colocalize with LIMK1 in
both hippocampal cultured neurons and brain sections [36].
Notably, it has been shown that LIMK1 deletion in LIMK1 knockout
(LIMK1~"7) mice is associated with long-term memory deficits,
probably due to reduced plasticity-dependent CREB activation
[36]. Notably, manipulating CREB, but not cofilin, is sufficient to
restore LTP and long-term memory deficits in LIMK1™~ mice,
suggesting a mechanism linking LIMK1 and CREB in modulating
synaptic plasticity that is independent of the conventional actin
regulation process [36]. In the context of neurodegeneration, it
could be hypothesised that LIMK1 regulates hippocampal synaptic
plasticity and memory functions through two distinct mechanisms
mediated by cofilin/actin and CREB, respectively, thus affecting
not only spine dynamics but also synaptic plasticity through the
modulation of CREB/BDNF pathway.

The interaction between A and the LIMK1-cofilin axis
Several evidence suggest a link between AR and the activation of
the LIMK1-cofilin-actin axis within the context of AD. Heredia and
colleagues were the first to demonstrate the hyperactivation of
the LIMK1 protein, emphasizing its role in AB-induced neurode-
generation [17]. The study reveals that the interaction between
fibrillar AB (fAB) and murine neuronal cells triggers the canonical
phosphorylation of LIMK1, which in turn phosphorylates and
inactivates cofilin. This process is implicated in the structural
neuronal abnormalities observed in AD pathology, particularly in
the formation of dystrophic neurites, pathological features closely
associated with cognitive decline in AD (Fig. 4).

The authors provide evidence that this pathway is not only
activated in response to AR in vitro but also in AD patient brains.
Interestingly, the study reports a highly significant increase in the
number of neurons positive for phosphorylated LIMK1 in areas of
the human brain rich in AB accumulation.

In contrast, only few neurons showed a positive staining for
phosphorylated LIMK1 in areas free of AD pathology within the
same cortex. This highlights a strong association between LIMK1
activation and AD, suggesting the potential role of this pathway in
the disease progression. However, it is important to note that the
study does not provide data regarding the genetic backgrounds of
the selected sporadic AD patients, such as ethnicity, gender,

SPRINGER NATURE

genetic risk scores, APOE genotype, age, AD Braak stage, and
Clinical Dementia Rating (CDR) at the time of biopsy. This lack of
genetic background information could be a limitation in under-
standing the broader applicability and significance of the findings.
The elevated levels of phosphorylated LIMK1 observed by Heredia
et al. suggest a shift towards greater cofilin phosphorylation,
thereby increasing the proportion of inactive cofilin in the brain.
This shift likely disrupts normal actin dynamics by preventing the
necessary turnover of actin filaments. As a result, the structural
plasticity of dendritic spines is compromised, probably leading to
synaptic dysfunction and contributing to the cognitive deficits
characteristic of AD.

Activated cofilin (dephosphorylated) is required for its translo-
cation to mitochondria, where it induces mitochondrial dysfunc-
tion, a process associated with apoptosis in AD neurons. AB1-42
oligomers are known to increase mitochondrial oxidative stress
and cell death, events largely prevented by siRNA knockdown of
cofilin or SSH1, illustrating that the oxidative environment in AD
accelerates cofilin’s role in neurotoxicity [81, 82]. Upon oxidation,
cofilin undergoes disulfide bridging, which reduces its affinity for
actin and promotes mitochondrial swelling and cytochrome c
release—events that initiate apoptosis [83]. Mitochondrial dys-
function triggered by cofilin activity has downstream effects on
cellular energy balance, further implicating cofilin as a contributor
to neuronal apoptosis and synaptic dysfunction in AD [19].

Short-term AR exposure can increase cofilin phosphorylation,
promoting actin stabilization, yet impairing synaptic plasticity [84].
This biphasic pattern suggests that cofilin alternates between
states of inactivation and hyperactivation, each stage contributing
to neurodegeneration through unique mechanisms. Similarly,
Henderson and colleagues [18] demonstrated that A oligomers
activated the ROCK pathways, specifically influencing the ROCK2
isoform [18]. This activation leads to the phosphorylation of LIMKT1,
which in turn phosphorylates and inactivates cofilin. The
inactivation of cofilin results in the stabilization of actin filaments,
contributing to the degeneration of dendritic spines and the
subsequent synaptic dysfunction characteristic of AD [18]. In
primary rat hippocampal neurons and in hAPPJ20 transgenic mice,
the study showed that increased levels of ROCK2 and phosphory-
lated LIMK1 correlated with reduced spine density and structural
plasticity in neurons. Interestingly, the authors found that
treatment with a LIMK1 inhibitor could prevent AP42-induced
spine loss, highlighting the potential role of LIMK1 as a therapeutic
target for protecting synapses from AP toxicity. Moreover, live-cell
imaging and multielectrode array (MEA) analyses demonstrated
that the inhibition of LIMK1 not only preserved dendritic spine
density but also protected neurons from AB-induced hyperexcit-
ability, which is associated with cognitive decline in AD [18]. This
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research aligns with the findings from Herskowitz et al. [75] on
ROCK2 inhibition, further underscoring the therapeutic potential
of targeting specific pathways involved in AB-induced synaptic
damage. Both studies highlight the critical role of ROCK2 and its
downstream effects in the progression of AD, suggesting that
selective inhibition of these pathways could offer new strategies
for mitigating synaptic and cognitive impairments typical of AD.

Beside ROCK2, also p21-activated kinase 1 (PAKT), an upstream
regulator of LIMK1, has been implicated in AP signaling and AD
pathology. Zhao et al [85] demonstrated that PAK signaling in
markedly reduced in post-mortedm brains of AD patients,
together with altered cofilin and debrin expression, suggesting
that the defects in this actin-regulatory machinery could be has a
key role in dendritic and synaptic dysfunction in AD. Additionally,
the same authors, using both in vitro and in vivo models,
demonstrates that the abnormalities of PAK1/cofilin/debrin path-
way are causally related with AR pathology. Indeed, the authors
showed that AP oligomers can be responsible for PAK defects,
leading to cofilin and drebrin alterations and, further, that the
expression of active PAK can exert a protective effect against the
AB oligomers [85].

The interplay between LIMK1 activation, cofilin phosphoryla-
tion, and actin stabilization or severing reflects an adaptive, yet
ultimately maladaptive, response to AD-specific stressors [86].
Studies suggest that LIMK1 activation in AD might initially serve a
compensatory function aimed at mitigating cofilin activity, a
process that limits cofilin’s potential to destabilize actin structures
[16]. Increased LIMK1 activity leads to the phosphorylation and
inactivation of cofilin, promoting actin stabilization, a vital
response for maintaining synaptic integrity in neurons subjected
to AB-induced stress. This inactivation is particularly relevant in
early AD, where the brain response to amyloid stress may favor
mechanisms that stabilize dendritic spines, thereby preserving
essential synaptic structures [87].

In cellular studies, 31-integrin, a receptor crucial for synaptic
maintenance, has been shown to mediate AB-induced cofilin
dephosphorylation through the activation of SSH. This depho-
sphorylation leads to cofilin activation and actin severing, yet the
observed compensatory increase in LIMK1 activity in AD brains
appears to counteract this activation, suggesting that the pathway
regulation is context-dependent [19]. AB1-40 and AP25-35 fibrils
specifically activate LIMK, leading to cofilin inactivation in
dystrophic neurites, a mechanism that may serve to prevent
excessive actin severing during initial stages of AB pathology [17].
This points to a biphasic, region-specific activation pattern, where
in early AD, the LIMK1-cofilin axis potentially stabilizes actin to
limit initial synaptic disruption and maintain dendritic spine
integrity.

In AD, however, cofilin-actin rod formation, often triggered by
AB dimers and trimers, is markedly increased. These rod-like
structures accumulate in dendritic spines, impairing synaptic
function and contributing to memory deficits [67]. The fourfold
increase in cofilin rods observed in AD correlates with tauopathy
severity, indicating that the LIMK1-cofilin pathway may link A
and tau pathologies to synaptic dysfunction in AD [88].

The role of LIMK1 and cofilin in AD is complicated by context-
dependent regulatory mechanisms, with observed differences in
pathway activity likely influenced by factors such as disease stage,
neuronal type, and local concentrations of neurotoxic proteins. For
example, areas of the brain with high AB concentrations might
experience heightened cofilin activation due to SSH-mediated
dephosphorylation, leading to localized actin destabilization and
synaptic damage [70, 81]. Conversely, other regions may exhibit
increased LIMK1 activity, which promotes cofilin inactivation and
actin stabilization, potentially forming protective but ultimately
pathological cofilin-actin aggregates [21].

Further complicating the role of the LIMK1-cofilin-actin axis is
evidence suggesting a biphasic regulation pattern throughout AD
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progression. In early disease stages, increased LIMK1 phosphor-
ylation of cofilin may represent an adaptive response to
AB-induced stress, stabilizing actin filaments to preserve synaptic
function [17]. However, as the disease burden increases, this
pathway may shift towards cofilin hyperactivation, leading to actin
severing and the loss of synaptic plasticity [82].

The interplay between cofilin and Tau

The link between cofilin and tau, two proteins that both regulate
microtubule and actin cytoskeleton dynamics, is central to
understanding AD pathology. While cofilin destabilizes actin
filaments, tau stabilizes microtubules, yet in AD, both proteins
contribute to neurodegeneration through the formation of
pathological aggregates [15]. In mouse models, tau and cofilin
interactions appear to displace tau from microtubules, inhibiting
tau-induced microtubule assembly and axonal transport, mechan-
isms critical for neuronal communication and synaptic integrity
[89]. The study by Woo et al. [15] offers significant insights into
how tau mutations can lead to cofilin dysregulation. Using the
P301S tauopathy mouse model, the researchers demonstrated
that tau mutations associated with tauopathies, such as AD, result
in aberrant regulation of cofilin. In the P301S mouse model, the
presence of mutant tau led to increased levels of phosphorylated
cofilin, indicating an imbalance towards the inactive form of
cofilin. This was accompanied by a reduction in actin filament
turnover, which is crucial for maintaining the dynamic restructur-
ing required for proper synaptic function [15].

In another recent study, the authors investigated how activated
cofilin influences tau pathology through its effects on microtubule
dynamics. One of the key findings is that activated cofilin
competes with tau for binding to microtubules [15]. Normally,
tau stabilizes microtubules, which are essential for maintaining
neuronal structure and function. However, when cofilin is
activated, it binds to microtubules and displaces tau, leading to
destabilization of the microtubule network. This displacement
impairs tau capability to promote microtubule assembly, thereby
contributing to the degeneration of neurons observed in AD. The
study also demonstrates that reducing cofilin levels in a mouse
model of tauopathy (Tau-P301S mice) can mitigate the harmful
effects of tau on microtubules. In these mice, genetic reduction of
cofilin restored normal microtubule dynamics, reduced tau
pathology, and improved neuronal function [15]. This was
evidenced by the recovery of neurite outgrowth and axonal
transport in neurons, as well as the reduction of synaptic deficits
and movement impairments in transgenic C. elegans expressing
human tau. It was found that only the active form of cofilin, not
the inactive form, binds to microtubules and disrupts their
stability. This finding suggests that the activation state of cofilin
is crucial for its role in promoting tauopathy, and targeting this
activation could be a potential therapeutic strategy for AD and
related tauopathies [15].

INHIBITION OF THE LIMK1-COFILIN-ACTIN AXIS IN AD
Targeting cofilin regulation through LIMK1 inhibitors or SSH
activators presents a promising therapeutic strategy for AD;
however, significant challenges remain in translating these
findings into clinical approaches, particularly because other
scientific evidence suggests the opposite, that is the excessive
inactivation of the LIMK1-cofilin-actin axis may be responsible for
the adverse effects observed in AD neurons. This dual perspective
underscores the complexity of the pathway and the need for a
nuanced approach when considering therapeutic interventions.
In 2007, Shankar and colleagues focused on how different forms
of AB, i.e, monomeric and oligomeric (dimeric and trimeric) forms
of the protein, induced a progressive loss of synapses [20]. In rat
hippocampal slices, the authors observed that exposure to
oligomeric AB led to a marked decrease in the density of dendritic
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spines [20]. This spine loss was accompanied by a reduction in the
number of electrophysiologically active synapses, suggesting that
AB oligomers directly compromise synaptic integrity [20]. Inter-
estingly, the study also found that this synapse loss was reversible
in the presence of AP-specific antibodies or small-molecule
inhibitors of AP aggregation [20]. AB oligomers exerted their
deleterious effects through NMDARs, reducing Ca®* influx, a
critical signal for synaptic strength and stability. The involvement
of other molecules, such as calcineurin and cofilin, further pointed
to a specific signaling pathway through which AB oligomers
mediate their effects, aligning with pathways known to be
involved in synaptic depression and LTD, a process that leads to
the weakening and removal of synaptic connections [20].

Of note, the study found that expression of the S3D
phosphomimetic mutant of cofilin, which renders it constitutively
inactive, prevented the loss of dendritic spines typically induced
by AR oligomers [20]. By rendering cofilin inactive, the authors
effectively blocked the cascade that leads to actin depolymeriza-
tion and subsequent spine shrinkage and loss, which are
characteristic of LTD.

A recent study [16], investigated the effects of overexpressing
LIMKT in the hippocampal excitatory neurons of APP/PS1 mice, a
commonly used model for AD, which exhibits significant reduced
levels of phosphorylated cofilin [16], potentially leading to
destabilization of the actin cytoskeleton and contributing to
synaptic degradation. The overexpression of LIMK1, obtained
using AAV vectors, increases significantly cofilin phosphorylation.
By increasing LIMK1 levels, the study effectively inactivated cofilin
through phosphorylation, thereby stabilizing the actin cytoskele-
ton and preserving synaptic structures. Moreover, electrophysio-
logical studies showed that APP/PS1 mice, which normally exhibit
impaired synaptic plasticity as evidenced by reduced LTP,
experienced a restoration of LTP to near-normal levels following
LIMK1 overexpression [16]. This suggests that the dysregulation of
the cofilin pathway, which contributes to synaptic dysfunction in
AD, can be corrected by enhancing LIMK1 activity. Indeed,
behavioral tests further demonstrated that the overexpression of
LIMK1 in the hippocampus of APP/PS1 mice resulted in improved
performance in memory tasks, which are typically impaired in AD
models. Interestingly, while the overexpression of LIMK1 in wild-
type mice did not adversely affect synaptic plasticity, it did lead to
some unexpected effects on social behavior, such as reduced
performance in social memory tasks. This finding suggests that
while LIMK1 modulation can be beneficial in the context of AD, it
must be carefully balanced, as excessive LIMK1 activity might have
unintended consequences on social behaviors. This highlights that
the development of new strategies able to obtain a controlled
spatiotemporal protein expression (i.e., by using a chemogenetic
approach) is crucial from a translational point of view [90].
Notably, a downregulation of LIMK1-cofilin activity has been
recently observed in human neurons derived from reprogram-
ming skin biopsy from sporadic AD patients [91].

Woo et al. investigated the role of RanBP9, a scaffolding protein,
in the pathogenesis of AD, particularly focusing on its interaction
with cofilin [70]. RanBP9 is crucial in mediating the neurotoxic
effects of AB, indeed, its overexpression increased A production
in both cell lines and transgenic mouse models, exacerbating AD
pathology [70]. RanBP9 was found to promote the activation of
cofilin through the regulation of SSH1. Once dephosphorylated
and activated, cofilin translocates into the mitochondria, leading
to mitochondrial dysfunction and to the formation of cofilin-actin
rods, which are associated with synaptic damage and neurode-
generation [70]. Thus, reducing RanBP9 levels, either through
genetic manipulation or RNA interference, significantly decreased
cofilin activation, prevented its translocation to mitochondria, and
minimized the formation of cofilin-actin rods in neurons. These
changes were associated with a reduction in synaptic loss and a
partial rescue of synaptic plasticity, as evidenced by
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improvements in LTP in brain slices from APP/PS1 transgenic
mice with reduced RanBP9 levels. Behavioral assessments
revealed that reducing RanBP9 levels in APP/PS1 mice partially
rescued deficits in contextual memory, a hippocampus-dependent
cognitive function [70]. By modulating the RanBP9-SSH1-cofilin
pathway, it may be possible to alleviate the synaptic and cognitive
deficits associated with the disease. The study also showed that
RanBP9 reduction protected against neuroinflammation and
decreased the accumulation of AR plaques in the brains of APP/
PS1 mice. This was accompanied by a reduction in the loss of
postsynaptic proteins, such as PSD95 and Drebrin, which are
critical for maintaining synaptic integrity and function. Findings
suggest that targeting RanBP9 could be a promising therapeutic
strategy for treating AD, particularly in its early stages. The study
highlights the complex interplay between actin dynamics,
mitochondrial function, and synaptic health in the progression
of AD and underscores the potential of RanBP9 as a critical target
for intervention.

Similarly, very recently, Cazzaro et al. [81] demonstrated how
SSH1 affected the neuroprotective functions of Nuclear factor
erythroid 2-related factor 2 (Nrf2), a redox-sensitive transcription
factor playing a pivotal role in oxidative stress regulation [81].
Indeed, Nrf2 responds to oxidative stress by translocating into the
nucleus, where it induces the expression of an array of antioxidant
response element (ARE)-dependent genes. Authors demonstrated
that in experimental models of AD, SSH1 becomes abnormally
activated and binds to Nrf2, preventing it from entering the
nucleus and performing its protective functions.

CONCLUSIONS

In this review, we summarized current findings on LIMK1-cofilin-
actin signaling in regulating spine dynamics, focusing on its role in
AD pathology and emphasizing the dual role of cofilin in
stabilizing and severing actin filaments. The LIMK1-cofilin-actin
pathway presents a complex and dynamic role in the pathogen-
esis of AD, where it appears to mediate both neuroprotective and
neurodegenerative mechanisms across different stages of disease
progression. Interestingly, cofilin inactivation, marked by increased
phosphorylation, may also contribute to AD pathology in a
biphasic manner. This biphasic pattern suggests that cofilin
alternates between states of inactivation and hyperactivation,
each stage contributing to neurodegeneration through unique
mechanisms. This regulatory axis, critical for actin cytoskeleton
stability and synaptic plasticity, can function in opposite ways
depending on environmental factors within the brain, disease
stage, neuronal type, and regional variations in A and tau
accumulation (Fig. 4). Modulating this pathway, particularly by
inhibiting cofilin activation, may offer a means to protect against
the synaptic and cognitive impairments characteristic of AD.

REFERENCES

1. DeTure MA, Dickson DW. The neuropathological diagnosis of Alzheimer’s disease.
Mol Neurodegener. 2019;14:32.

2. Tzioras M, McGeachan R, Durrant CS, Spires-Jones TL. Synaptic degeneration in
Alzheimer disease. Nat Rev Neurol. 2023;19:19-38.

3. Rao YL, Ganaraja B, Murlimanju BV, Joy T, Krishnamurthy A, Agrawal A. Hippo-
campus and its involvement in Alzheimer's disease: a review. 3 Biotech.
2022;12:55.

4. Bourne JN, Harris KM. Balancing structure and function at hippocampal dendritic
spines. Annu Rev Neurosci. 2008;31:47-67.

5. Suratkal SS, Yen Y-H, Nishiyama J. Imaging dendritic spines: molecular organi-
zation and signaling for plasticity. Curr Opin Neurobiol. 2021;67:66-74.

6. Cingolani LA, Goda Y. Actin in action: the interplay between the actin cytoske-
leton and synaptic efficacy. Nat Rev Neurosci. 2008;9:344-56.

7. Basu S, Lamprecht R. The role of actin cytoskeleton in dendritic spines in the
maintenance of long-term memory. Front Mol Neurosci. 2018;11. https://doi.org/
10.3389/fnmol.2018.00143.

Cell Death and Disease (2025)16:431


https://doi.org/10.3389/fnmol.2018.00143
https://doi.org/10.3389/fnmol.2018.00143

12.
13.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Bosch M, Castro J, Saneyoshi T, Matsuno H, Sur M, Hayashi Y. Structural and

molecular remodeling of dendritic spine substructures during long-term poten-
tiation. Neuron. 2014;82:444-59.

. Penzes P, VanLeeuwen J-E. Impaired regulation of synaptic actin cytoskeleton in

Alzheimer’s disease. Brain Res Rev. 2011;67:184-92.

. Nabavi S, Fox R, Proulx CD, Lin JY, Tsien RY, Malinow R. Engineering a memory

with LTD and LTP. Nature. 2014;511:348-52.

. Saneyoshi T, Hayashi Y. The Ca2+ and Rho GTPase signaling pathways underlying

activity-dependent actin
2012;69:545-54.

Lynch MA. Long-term potentiation and memory. Physiol Rev. 2004;84:87-136.
Morris RGM, Anderson E, Lynch GS, Baudry M. Selective impairment of learning
and blockade of long-term potentiation by an N-methyl-D-aspartate receptor

antagonist, AP5. Nature. 1986;319:774-6.

remodeling at dendritic spines. Cytoskeleton.

. Kaji N, Ohashi K, Shuin M, Niwa R, Uemura T, Mizuno K. Cell cycle-associated

changes in slingshot phosphatase activity and roles in cytokinesis in animal cells.
J Biol Chem. 2003;278:33450-5.

. Woo J-AA, Liu T, Fang CC, Cazzaro S, Kee T, LePochat P, et al. Activated cofilin

exacerbates tau pathology by impairing tau-mediated microtubule dynamics.
Commun Biol. 2019;2:1-15.

. Zhang H, Ben Zablah Y, Liu A, Lee D, Zhang H, Meng Y, et al. Overexpression of

LIMK1 in hippocampal excitatory neurons improves synaptic plasticity and social
recognition memory in APP/PST mice. Mol Brain. 2021;14:121.

. Heredia L, Helguera P, de Olmos S, Kedikian G, Sold Vigo F, LaFerla F, et al.

Phosphorylation of actin-depolymerizing factor/cofilin by LIM-kinase mediates
amyloid beta-induced degeneration: a potential mechanism of neuronal dys-
trophy in Alzheimer’s disease. J Neurosci. 2006;26:6533-42.

. Henderson BW, Greathouse KM, Ramdas R, Walker CK, Rao TC, Bach SV, et al.

Pharmacologic inhibition of LIMK1 provides dendritic spine resilience against
B-amyloid. Science Signal. 2019;12:eaaw9318.

. Woo JA, Zhao X, Khan H, Penn C, Wang X, Joly-Amado A, et al. Slingshot-Cofilin

activation mediates mitochondrial and synaptic dysfunction via A ligation to f1-
integrin conformers. Cell Death Differ. 2015;22:921-34.

Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, Sabatini BL.
Natural oligomers of the Alzheimer amyloid-beta protein induce reversible
synapse loss by modulating an NMDA-type glutamate receptor-dependent sig-
naling pathway. J Neurosci. 2007,27:2866-75.

Kim T, Vidal GS, Djurisic M, William CM, Birnbaum ME, Garcia KC, et al. Human
LilrB2 is a B-amyloid receptor and its murine homolog PirB regulates synaptic
plasticity in an Alzheimer’'s model. Science. 2013;341:1399-404.

Furgerson M, Clark JK, Crystal JD, Wagner JJ, Fechheimer M, Furukawa R. Hirano
body expression impairs spatial working memory in a novel mouse model. Acta
Neuropathol Commun. 2014;2:131.

Hirano A. Hirano bodies and related neuronal inclusions. Neuropathol Appl
Neurobiol. 1994;20:3-11.

Galloway PG, Perry G, Gambetti P. Hirano body filaments contain actin and actin-
associated proteins. J Neuropathol Exp Neurol. 1987;46:185-99.

Bamburg JR, Bernstein BW. Actin dynamics and cofilin-actin rods in alzheimer
disease. Cytoskeleton. 2016;73:477-97.

Rahman T, Davies DS, Tannenberg RK, Fok S, Shepherd C, Dodd PR, et al. Cofilin
rods and aggregates concur with tau pathology and the development of Alz-
heimer’s disease. J Alzheimers Dis. 2014;42:1443-60.

Mao R, Deng R, Wei Y, Han L, Meng Y, Xie W, et al. LIMK1 and LIMK2 regulate
cortical development through affecting neural progenitor cell proliferation and
migration. Molecular Brain. 2019;12:67.

Yang EJ, Yoon J-H, Min DS, Chung KC. LIM Kinase 1 Activates cAMP-responsive
element-binding protein during the neuronal differentiation of immortalized
hippocampal progenitor cells. J Biol Chem. 2004;279:8903-10.

Sumi T, Hashigasako A, Matsumoto K, Nakamura T. Different activity regulation
and subcellular localization of LIMK1 and LIMK2 during cell cycle transition. Exp
Cell Res. 2006;312:1021-30.

George J, Soares C, Montersino A, Beique J-C, Thomas GM. Palmitoylation of LIM
Kinase-1 ensures spine-specific actin polymerization and morphological plasti-
city. eLife. 2015;4:206327.

Frangiskakis JM, Ewart AK, Morris CA, Mervis CB, Bertrand J, Robinson BF, et al.
LIM-kinase1 hemizygosity implicated in impaired visuospatial constructive cog-
nition. Cell. 1996;86:59-69.

Meng Y, Zhang Y, Tregoubov V, Janus C, Cruz L, Jackson M, et al. Abnormal spine
morphology and enhanced LTP in LIMK-1 knockout mice. Neuron. 2002;35:121-33.
Brown S, Coghill ID, McGrath MJ, Robinson PA. Role of LIM domains in mediating
signaling protein interactions. IUBMB Life. 2001;51:359-64.

Nagata K, Ohashi K, Yang N, Mizuno K. The N-terminal LIM domain negatively
regulates the kinase activity of LIM-kinase 1. Biochem J. 1999;343:99-105.

Yang N, Mizuno K. Nuclear export of LIM-kinase 1, mediated by two leucine-rich
nuclear-export signals within the PDZ domain. Biochem J. 1999;338:793-8.

Cell Death and Disease (2025)16:431

F. Paciello et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Todorovski Z, Asrar S, Liu J, Saw NMN, Joshi K, Cortez MA, et al. LIMK1 regulates
long-term memory and synaptic plasticity via the transcriptional factor CREB. Mol
Cell Biol. 2015;35:1316.

Birkenfeld J, Betz H, Roth D. Identification of cofilin and LIM-domain-containing
protein kinase 1 as novel interaction partners of 14-3-3 zeta. Biochem J. 2003;369:45.
Gohla A, Bokoch GM. 14-3-3 Regulates actin dynamics by stabilizing phos-
phorylated cofilin. Current Biol. 2002;12:1704-10.

Hamill S, Lou HJ, Turk BE, Boggon TJ. Structural basis for noncanonical substrate
recognition of cofilin/ADF proteins by LIM kinases. Mol Cell. 2016;62:397-408.
Miller CJ, Turk BE. Homing in: mechanisms of substrate targeting by protein
kinases. Trends Biochem Sci. 2018;43:380.

Bamburg JR, Harris HE, Weeds AG. Partial purification and characterization of an
actin depolymerizing factor from brain. FEBS Lett. 1980;121:178-82.

Rust MB. ADF/cofilin: a crucial regulator of synapse physiology and behavior. Cell
Mol Life Sci. 2015;72:3521-9.

Robaszkiewicz K, Ostrowska Z, Marchlewicz K, Moraczewska J. Tropomyosin
isoforms differentially modulate the regulation of actin filament polymerization
and depolymerization by cofilins. FEBS J. 2016;283:723-37.

Bamburg JR, Minamide LS, Wiggan O, Tahtamouni LH, Kuhn TB. Cofilin and actin
dynamics: multiple modes of regulation and their impacts in neuronal devel-
opment and degeneration. Cells. 2021;10:2726.

Medina C, de la Fuente V, Tom Dieck S, Nassim-Assir B, Dalmay T, Bartnik |, et al.
LIMK, Cofilin 1 and actin dynamics involvement in fear memory processing.
Neurobiol Learn Mem. 2020;173:107275.

Kremneva E, Makkonen MH, Skwarek-Maruszewska A, Gateva G, Michelot A,
Dominguez R, et al. Cofilin-2 controls actin filament length in muscle sarcomeres.
Dev Cell. 2014;31:215-26.

Mobhri K, Ono K, Yu R, Yamashiro S, Ono S. Enhancement of actin-depolymerizing
factor/cofilin-dependent actin disassembly by actin-interacting protein 1 is
required for organized actin filament assembly in the Caenorhabditis elegans
body wall muscle. MBoC. 2006;17:2190-9.

Ono S. Cofilin-induced structural changes in actin filaments stay local. Proc Natl
Acad Sci USA. 2020;117:3349-51.

Goto A, Bota A, Miya K, Wang J, Tsukamoto S, Jiang X, et al. Stepwise synaptic
plasticity events drive the early phase of memory consolidation. Science.
2021;374:857-63.

Hotulainen P, Paunola E, Vartiainen MK, Lappalainen P. Actin-depolymerizing
factor and cofilin-1 play overlapping roles in promoting rapid F-actin depoly-
merization in mammalian nonmuscle cells. Mol Biol Cell. 2005;16:649-64.

Lin M-C, Galletta BJ, Sept D, Cooper JA. Overlapping and distinct functions for
cofilin, coronin and Aip1 in actin dynamics in vivo. J Cell Sci. 2010;123:1329-42.
Paavilainen VO, Bertling E, Falck S, Lappalainen P. Regulation of cytoskeletal
dynamics by actin-monomer-binding proteins. Trends Cell Biol. 2004;14:386-94.
Elam WA, Cao W, Kang H, Huehn A, Hocky GM, Prochniewicz E, et al. Phospho-
mimetic S3D cofilin binds but only weakly severs actin filaments. J Biol Chem.
2017;292:19565-79.

Andrianantoandro E, Pollard TD. Mechanism of actin filament turnover by
severing and nucleation at different concentrations of ADF/cofilin. Mol Cell.
2006;24:13-23.

Van Troys M, Huyck L, Leyman S, Dhaese S, Vandekerkhove J, Ampe C. Ins and
outs of ADF/cofilin activity and regulation. Eur J Cell Biol. 2008;87:649-67.
Okreglak V, Drubin DG. Loss of Aip1 reveals a role in maintaining the actin monomer
pool and an in vivo oligomer assembly pathway. J Cell Biol. 2010;188:769-77.
Honkura N, Matsuzaki M, Noguchi J, Ellis-Davies GCR, Kasai H. The subspine
organization of actin fibers regulates the structure and plasticity of dendritic
spines. Neuron. 2008;57:719-29.

Bamburg JR, Bernstein BW. Roles of ADF/cofilin in actin polymerization and
beyond. F1000 Biol Rep. 2010;2:62.

Calabrese B, Saffin J-M, Halpain S. Activity-dependent dendritic spine shrinkage
and growth involve downregulation of cofilin via distinct mechanisms. PLoS ONE.
2014;9:e94787.

Kiuchi T, Ohashi K, Kurita S, Mizuno K. Cofilin promotes stimulus-induced
lamellipodium formation by generating an abundant supply of actin monomers.
J Cell Biol. 2007;177:465.

Okada K, Ravi H, Smith EM, Goode BL. Aip1 and cofilin promote rapid turnover of
yeast actin patches and cables: a coordinated mechanism for severing and
capping filaments. Mol Biol Cell. 2006;17:2855-68.

Zhou Q, Homma KJ, Poo M. Shrinkage of dendritic spines associated with long-
term depression of hippocampal synapses. Neuron. 2004;44:749-57.
Soosairajah J, Maiti S, Wiggan O, Sarmiere P, Moussi N, Sarcevic B, et al. Interplay
between components of a novel LIM kinase-slingshot phosphatase complex
regulates cofilin. EMBO J. 2005;24:473-86.

Nomura K, Hayakawa K, Tatsumi H, Ono S. Actin-interacting protein 1 promotes
disassembly of actin-depolymerizing factor/cofilin-bound actin filaments in a pH-
dependent manner. J Biol Chem. 2016;291:5146-56.

SPRINGER NATURE



F. Paciello et al.

10

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kang DE, Woo JA. Cofilin, a master node regulating cytoskeletal pathogenesis in
Alzheimer's disease. J Alzheimers Dis. 2019;72:5131-5144.

Barone E, Mosser S, Fraering PC. Inactivation of brain Cofilin-1 by age, Alzheimer’s
disease and y-secretase. Biochim Biophys Acta. 2014;1842:2500-9.

Davis RC, Marsden IT, Maloney MT, Minamide LS, Podlisny M, Selkoe DJ, et al.
Amyloid beta dimers/trimers potently induce cofilin-actin rods that are inhibited
by maintaining cofilin-phosphorylation. Mol Neurodegener. 2011;6:10.
Mendoza-Naranjo A, Contreras-Vallejos E, Henriquez DR, Otth C, Bamburg JR,
Maccioni RB, et al. Fibrillar amyloid-B1-42 modifies actin organization affecting
the cofilin phosphorylation state: a role for Rac1/cdc42 effector proteins and the
slingshot phosphatase. J Alzheimers Dis. 2012;29:63-77.

Walsh KP, Minamide LS, Kane SJ, Shaw AE, Brown DR, Pulford B, et al. Amyloid-3
and proinflammatory cytokines utilize a prion protein-dependent pathway to
activate NADPH oxidase and induce cofilin-actin rods in hippocampal neurons.
PLoS One. 2014;9:e95995.

Woo JA, Boggess T, Uhlar C, Wang X, Khan H, Cappos G, et al. RanBP9 at the
intersection between cofilin and AR pathologies: rescue of neurodegenerative
changes by RanBP9 reduction. Cell Death Dis. 2015;6:e1676.

Whiteman IT, Gervasio OL, Cullen KM, Guillemin GJ, Jeong EV, Witting PK, et al.
Activated  actin-depolymerizing factor/cofilin  sequesters phosphorylated
microtubule-associated protein during the assembly of alzheimer-like neuritic
cytoskeletal striations. J Neurosci. 2009;29:12994-3005.

Jin M, Shepardson N, Yang T, Chen G, Walsh D, Selkoe DJ. Soluble amyloid beta-
protein dimers isolated from Alzheimer cortex directly induce Tau hyperpho-
sphorylation and neuritic degeneration. Proc Natl Acad Sci USA. 2011;108:5819-24.
Roberson ED, Scearce-Levie K, Palop JJ, Yan F, Cheng IH, Wu T, et al. Reducing
endogenous tau ameliorates amyloid beta-induced deficits in an Alzheimer’s
disease mouse model. Science. 2007;316:750-4.

Henderson BW, Gentry EG, Rush T, Troncoso JC, Thambisetty M, Montine TJ,
et al. Rho-associated protein kinase 1 (ROCK1) is increased in Alzheimer's
disease and ROCK1 depletion reduces amyloid-f levels in brain. J Neurochem.
2016;138:525-31.

Herskowitz JH, Feng Y, Mattheyses AL, Hales CM, Higginbotham LA, Duong DM,
et al. Pharmacologic inhibition of ROCK2 suppresses amyloid- production in an
Alzheimer’s disease mouse model. J Neurosci. 2013;33:19086-98.

Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler M, et al. A brain-
specific microRNA regulates dendritic spine development. Nature. 2006;439:283-9.
Lee Y-S, Silva AJ. The molecular and cellular biology of enhanced cognition. Nat
Rev Neurosci. 2009;10:126-40.

Caccamo A, Maldonado MA, Bokov AF, Majumder S, Oddo S. CBP gene transfer
increases BDNF levels and ameliorates learning and memory deficits in a mouse
model of Alzheimer’s disease. Proc Natl Acad Sci USA. 2010;107:22687-92.
Hock C, Heese K, Hulette C, Rosenberg C, Otten U. Region-specific neurotrophin
imbalances in Alzheimer disease: decreased levels of brain-derived neurotrophic
factor and increased levels of nerve growth factor in hippocampus and cortical
areas. Arch Neurol. 2000;57:846-51.

Connor B, Young D, Yan Q, Faull RLM, Synek B, Dragunow M. Brain-derived
neurotrophic factor is reduced in Alzheimer's disease. Molecular Brain Res.
1997;49:71-81.

Cazzaro S, Woo J-AA, Wang X, Liu T, Rego S, Kee TR, et al. Slingshot homolog-1-
mediated Nrf2 sequestration tips the balance from neuroprotection to neuro-
degeneration in  Alzheimer's disease. Proc Natl Acad Sci USA.
2023;120:22217128120.

Liu T, Wang F, LePochat P, Woo J-AA, Bukhari MZ, Hong KW, et al. Cofilin-
mediated neuronal apoptosis via p53 Translocation and PLD1 Regulation. Sci
Rep. 2017;7:11532.

Klamt F, Zdanov S, Levine RL, Pariser A, Zhang Y, Zhang B, et al. Oxidant-induced
apoptosis is mediated by oxidation of the actin-regulatory protein cofilin. Nat Cell
Biol. 2009;11:1241-6.

Rush T, Martinez-Hernandez J, Dollmeyer M, Frandemiche ML, Borel E, Boisseau S,
et al. Synaptotoxicity in Alzheimer’s disease involved a dysregulation of actin
cytoskeleton dynamics through cofilin 1 phosphorylation. Journal Neurosci.
2018;38:10349.

Zhao L, Ma Q-L, Calon F, Harris-White ME, Yang F, Lim GP, et al. Role of p21-
activated kinase pathway defects in the cognitive deficits of Alzheimer disease.
Nat Neurosci. 2006;9:234-42.

Kim K, Lakhanpal G, Lu HE, Khan M, Suzuki A, Hayashi MK, et al. A temporary
gating of actin remodeling during synaptic plasticity consists of the interplay
between the kinase and structural functions of CaMKIl. Neuron. 2015;87:813-26.
Ben Zablah Y, Merovitch N, Jia Z. The role of ADF/cofilin in synaptic physiology
and Alzheimer’s disease. Front Cell Dev Biol. 2020;8:594998.

SPRINGER NATURE

88. Rahman MH, Akter R, Bhattacharya T, Abdel-Daim MM, Alkahtani S, Arafah MW,
et al. Resveratrol and neuroprotection: impact and its therapeutic potential in
Alzheimer’s disease. Front Pharmacol. 2020;11:619024.

89. Zempel H, Dennissen FJA, Kumar Y, Luedtke J, Biernat J, Mandelkow E-M, et al.
Axodendritic sorting and pathological missorting of Tau are isoform-specific and
determined by axon initial segment architecture. J Biol Chem. 2017;292:12192-207.

90. Ripoli C, Dagliyan O, Renna P, Pastore F, Paciello F, Sollazzo R, et al. Engineering
memory with an extrinsically disordered kinase. Sci Adv. 2023;9:eadh1110.

91. Sollazzo R, Li Puma DD, Aceto G, Paciello F, Colussi C, Vita MG, et al. Structural and
functional alterations of neurons derived from sporadic Alzheimer's disease
hiPSCs are associated with downregulation of the LIMK1-cofilin axis. Alzheimer’s
Res Ther. 2024;16:267.

92. Koganezawa N, Hanamura K, Sekino Y, Shirao T. The role of drebrin in dendritic
spines. Mol Cell Neurosci. 2017;84:85-92.

93. Shim KS, Lubec G. Drebrin, a dendritic spine protein, is manifold decreased in
brains of patients with Alzheimer’s disease and Down syndrome. Neurosci Lett.
2002;324:209-12.

94. YueY, Zhang C, Zhao X, Liu S, Lv X, Zhang S, et al. Tiam1 mediates Rac1 activation
and contraction-induced glucose uptake in skeletal muscle cells. FASEB J.
2021;35:21210.

95. Cheng J, Scala F, Blanco FA, Niu S, Firozi K, Keehan L, et al. The Rac-GEF Tiam1
promotes dendrite and synapse stabilization of dentate granule cells and restricts
hippocampal-dependent memory functions. J Neurosci. 2021;41:1191-206.

96. Akhtar SN, Tran TD, Chen Y-H, Lu Q. Spatial and planar profiling of Rac1/
Cdc42 signaling in Alzheimer’s disease brain. J Alzheimers Dis. 2024;102:670-82.

97. Ma Q-L, Yang F, Frautschy SA, Cole GM. PAK in Alzheimer disease, Huntington
disease and X-linked mental retardation. Cell Logist. 2012;2:117-25.

98. Cai R, Wang Y, Huang Z, Zou Q, Pu Y, Yu C, et al. Role of RhoA/ROCK signaling in
Alzheimer’s disease. Behav Brain Res. 2021;414:113481.

ACKNOWLEDGEMENTS
We would like to acknowledge the contribution of the Core Facility G-STeP
“Electrophysiology”, Fondazione Policlinico Universitario “A. Gemelli” IRCCS.

AUTHOR CONTRIBUTIONS

Conceptualization: FP, CR and CG; writing—original draft preparation: FP and CR;
writing—review and editing: CG; Figure preparation: MB, SM, CS, FrPa, RS. All authors
have read and agreed to the published version of the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Cristian Ripoli.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Cell Death and Disease (2025)16:431


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Role of LIMK1-cofilin-actin axis in dendritic spine dynamics in Alzheimer&#x02019;s disease
	Facts
	Open Questions
	Introduction
	Role of LIMK1 in dendritic spine dynamics
	Role of cofilin in dendritic spine dynamics
	The role of cofilin in AD pathology

	Activation of the LIMK1-cofilin-actin axis in AD
	The interaction between Aβ and the LIMK1-cofilin axis
	The interplay between cofilin and Tau

	Inhibition of the LIMK1-cofilin-actin axis in AD
	Conclusions
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




