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The LIM-domain-containing protein kinases (LIMK1 and LIMK2) are key regulators of the actin cytoskeleton by affecting
the actin-binding protein, cofilin. Additionally, LIMK1 is implicated in the regulation of gene expression through its
interaction with the cAMP-response element-binding protein (CREB). Accumulating evidence indicates that LIMKs are
critically involved in brain function and dysfunction.
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| 1. Introduction

Long-term modifications in the efficacy of signal transmission at excitatory synapses, such as long-term potentiation (LTP)
and long-term depression (LTD), are considered to be the major cellular mechanisms that contribute to the plasticity of
neuronal circuits underlying learning and memory RIZIBI4IEIE One of the key mechanisms for LTP and LTD involves
postsynaptic modifications, including changes in the size and number of dendritic spines, as well as synaptic trafficking of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptors (AMPARS), the principal mediators of
excitatory synaptic transmission [AEIRIIOLIAISN14]AS]IE] |n the mammalian central nervous system, most excitatory
synapses are located on small dendritic protrusions called dendritic spines, which represent the major postsynaptic
component of these synapses W18 Although dendritic spines can be found in various shapes and can alter their
morphology during development and synaptic plasticity, mushroom spines with a narrow, short neck and a large
distinguishable round head represent the major form of mature spines 2229, |n addition to mushroom spines, spines may
also exhibit other shapes, such as thin spines which lack a clear distinction between the head and neck and stubby
spines, with no distinguishable neck. Thin spines represent young, immature spines that are more likely to undergo
structural changes L1819 pendritic filopodia are protrusions that are believed to actively search for presynaptic
partners to initiate neuronal connections during synaptogenesis and are considered precursors of dendritic spines 24122
The unique shape of the mature dendritic spine (e.g., large head and narrow neck) is thought to be critical for
compartmentalizing local electrical and chemical signals within the spine and restricts diffusion of synaptic molecules out
of the spines [2A[231[24][25](26][27]  gpine changes, including spine enlargement and shrinkage, are closely associated with
LTP, LTD, and memory formation Q131201281291 pendritic spines possess a dense structure called the postsynaptic
density (PSD), which is enriched with various synaptic molecules, including AMPARs and associated proteins, allowing for
the conversion of electrical signals at synapse into biochemical responses to maintain basal synaptic transmission and
promote synaptic plasticity LUILZRABARIISZISS]  sjnce the actin cytoskeleton is the major structural component of dendritic

spines, many studies have shown that actin reorganization plays a central role in spine formation, maintenance, and
dynamic changes under both basal conditions and activity-dependent neural plasticity [BLS2IS4ISS|SE]S738]39]140] There
are two distinct pools of actin filaments within the spine 2, including a stable and dynamic pool. The stable pool is
typically located at the base of the spine head and is important for the stability of the spine neck. Conversely, the dynamic
pool, localized at the tip of the spine and can generate an expansive force by actin polymerization to mediate activity-
dependent enlargement of the spine 28], As key regulators of the actin cytoskeleton, LIM-domain kinase proteins (LIMKS)
play a critical role in synaptic development and plasticity. In addition, studies suggest that LIMK1 may regulate synaptic
plasticity and memory by actin-independent mechanisms. Abnormalities in LIMK1 signaling have been reported in multiple
neurological and mental disorders (Table 1).

Table 1. Summary of key studies on LIMK1.
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the gene promoter cAMP-response elements, it was shown that the activation of LIMK1 by basic fibroblast growth factor in
immortalized hippocampal progenitor cells led to increased CREB phosphorylation and CREB-responsive promoter
activity 82, Nurrl is an orphan member of the nuclear receptor family that regulates gene transcription via hormone
response elements B9, Purification of Nurrl-binding proteins from immortalized mesencephalic neurons identified LIMK1
as a binding partner, and further analysis revealed that LIMK1 phosphorylated Nurrl and reduced its transcriptional
activity 68, Therefore, although cofilin is the best characterized LIMK substrate, there are multiple pathways by which
LIMKs exert their effects in neurons. This will be further discussed in later sections.
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filaments in the spine head of LIMK1 KO neurons were reduced and not significantly greater than those of adjacent
dendritic areas, as opposed to wild-type neurons where actin filaments were highly enriched in the spines 79, These data
suggest that LIMK1 is critical for the assembly of actin filaments within spines and that abnormalities in the actin
cytoskeleton underlie the abnormal spine morphology in LIMK1 KO mice. This conclusion was supported by changes in
the activity of cofilin in LIMK1 KO mice, where both basal and activity-dependent cofilin phosphorylation were reduced 79,
Consistent with the genetic study, recent studies using shRNA knockdown showed that LIMK1, specifically LIMK1
palmitoylation at Cys 7/8, plays an important role in actin turnover and spine regulation [, In this study, impairment in
spine actin turnover was detected immediately following LIMK1 knockdown in hippocampal neurons. In addition, the
chronic loss of LIMK1 resulted in spine elimination and reduced spine density by approximately 40%. Reintroduction of
wild-type LIMKZ1, but not a palmitoylation-deficient mutant, rescued both actin turnover and spine density 4. Although no
changes in spine density were detected in LIMK1 KO mice, it is possible that compensatory mechanisms may have
occurred in these mice. As discussed earlier, although LIMK1 and LIMK2 have different expression patterns and
subcellular localization, they show significant structural and functional similarities, including protein domain organization
and their ability to regulate actin dynamics through cofilin 2472 |ndeed, it has been shown that LIMK1 and LIMK2 double
KO mice had more severe deficits in cofilin phosphorylation and synaptic function than LIMK1 and LIMK2 single KO mice,
suggesting that LIMK2 may be able to compensate for the loss of LIMK1 28], Further studies are needed to investigate
this possibility.

In addition to its role in basal spine properties, LIMK1 is also required for the activity-dependent changes in dendritic
spines . The knockdown of LIMK1 induced by the focal activation of glutamate receptors using 2-photon (2P) uncaging
of glutamate reduced dendritic spine enlargement by 20% 28171741 | |MK1 palmitoylation was also shown to be required
for this spine enlargement /Y. How LIMK1 regulates these spine changes during synaptic plasticity remains unknown;
however, studies have suggested that the cofilin-dependent actin reorganization may play a key role. It has been shown
that following glutamate uncaging, cofilin underwent spine translocation and this process appears to be regulated by
cofilin phosphorylation 2781, Spine accumulation of cofilin and its subsequent effect on local actin filaments may reduce
the density of membrane-proximal actin and triggers new membrane protrusions as shown in other systems 2. Similarly,
the activation of glutamate receptors has been shown to induce accumulation and stabilization of LIMK1 to the
juxtamembrane of the dendritic spines through a palmitoylation-dependent mechanism (4.

Other evidence supporting the role of LIMK1 in spine regulation comes from manipulations of its upstream regulators,
including PAKs, ROCKs, RhoA, and Racl. For example, although PAK1 or PAK3 single KO mice showed no structural
deficits in spines or synapses 878 PAK1/3 double KO mice featured longer, thinner spines similar to the ones detected
in LIMK1 KO 9B simijlarly, studies using antisense and RNA interference to inhibit PAK3 activity revealed abnormalities
in dendritic spines, with increased levels of filipodia-like protrusions by approximately 500% and immature spines in rat
organotypic slice culture by more than 100% 1. In addition, PAK2 heterozygous mice had a 30% reduction in spine
density that was associated with reduced LIMK1 and cofilin phosphorylation as well as impaired actin polymerization in
the cortex and the hippocampus 2. Cortical neurons in the dominant-negative PAK1 transgenic mice exhibited
approximately 20% fewer spines and an increase in the proportion of larger synapses 83 These data suggest that PAKs
regulate dendritic spines through LIMK1-dependent mechanisms. Another LIMK1 activator, ROCK2, can also regulate
dendritic spines through LIMK1 and cofilin. In one study, using cultured mouse hippocampal slices, neurons treated with
the ROCK inhibitors Y-27632 were found to have longer spines (spine length increased by 50%), similar to spines
detected in LIMK1 KO neurons B4, ROCK2 KO mice had reduced synaptic density (by 30%), increased spine length (by
40%), and filipodia-like protrusions, and these spine abnormalities were associated with altered spine actin filaments and
reduced cofilin phosphorylation 85,

Numerous studies have shown that the downstream effector of LIMKSs, cofilin, is involved in both basal spine properties
and spine plasticity 8. For example, overexpression of a constitutively inactive form of cofilin in hippocampal cultures led
to the formation of more mature spines and elevated spine density, whereas overexpression of a constitutively active form
of cofilin induced the formation of immature spines 4. In cofilin conditional KO mice, hippocampal neurons showed a
small increase in synapse density (10%) and spine size (20%) 88 and these changes were more pronounced in actin-



depolymerization factor (ADF) and cofilin-1 double KO mice . Therefore, the PAK/ROCK-LIMK1-cofilin signaling
pathway may represent a key mechanism to regulate basal spine properties and activity-dependent spine plasticity. It is
important to note that the results from the manipulations of LIMK1 upstream and downstream regulators only provided
indirect evidence that suggests the involvement of LIMK1 in spine regulation. Further studies, such as LIMK1 rescue
experiments, are needed to determine whether the effects of these proteins are mediated by LIMK1.
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