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Abstract: Actin and non-muscle myosins have long been known to play important roles in growth
cone steering and neurite outgrowth. More recently, novel functions for non-muscle myosin have
been described in axons and dendritic spines. Consequently, possible roles of actomyosin contraction
in organizing and maintaining structural properties of dendritic spines, the size and location of
axon initial segment and axonal diameter are emerging research topics. In this review, we aim to
summarize recent findings involving myosin localization and function in these compartments and to
discuss possible roles for actomyosin in their function and the signaling pathways that control them.
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1. Introduction

Neurons are highly specialized cells with an exceptional degree of spatial compartmentalization.
Despite of a large morphological and functional diversity of cell types, most neurons possess long,
thin processes known as axons and branched dendrites that can extend for distances several orders of
magnitude higher than the size of the cell body they emanate from. At the same time, this extreme
shape can persist for decades virtually unchanged. Clearly, axons, which are thousands of times longer
than they are in diameter, experience great mechanical stress. They must be sufficiently stiff to resist
mechanical tensions and not tear, but remain flexible enough to accommodate for structural plasticity
that may be required for their functional adaptability. Such mechanical and structural properties
are generated and maintained by the cytoskeleton in conjunction with force-generating molecular
motors. An especially prominent role is played here by actomyosin, a network of interconnected
actin filament bundles that are pulled together by myosin motors, especially non-muscle myosin 2
(NMIL Box 1). Actin and NMII are evolutionarily old molecules and both are ubiquitously expressed,
including the vertebrate central nervous system. NMII has a well-described role in neurite elongation,
axonal outgrowth and neuronal polarization, as is abundantly present in neuronal growth cones,
where it controls microtubule bundling and regulates the actin-rich lamellipodium and filopodia [1-4].
More recently, NMII has been localized to dendritic spines and the axonal initial segment (AIS) [5-10].
The topic of this review is actomyosin functions in these important neuronal subdomains which in
contrast to the growth cone are much less well understood.
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Box 1. Actomyosin in the nervous system.

The term actomyosin generally describes contractile bundles assembled of actin filaments that are
interconnected by bipolar bundles of myosin II. The motor domain of myosin II can execute a power stroke after
hydrolysis of ATP and release of phosphate, moving the myosin molecule relative to the actin cable towards its
barbed end in the process. This pulls the actin filaments on both ends of the myosin bundle closer together,
leading to contraction of the actomyosin structure. Binding of a new ATP molecule leads to unbinding of the
motor domain from actin and new binding further upstream the actin filament for progression of the movement.
This mechanism of contraction is the basis for muscle function and many mechanical processes in cells. Generally,
myosin II isoforms for the skeletal, cardiac and smooth muscle, which are specialized to function in elongated
thick bundles called sarcomers, are distinguished from three non-muscle myosin II (NMII) isoforms that execute
many different mechanical functions in cell biology. NMII exists as a hexamer that consists of two copies each
of elongated heavy chains bearing motor domains, two regulatory light chains and two essential light chains
that stabilize the heavy chain structure. These hexameric units with two motors on one end and an elongated
coiled coil on the other end further bundle both in a parallel and antiparallel manner into bipolar structures that
can pull actin filaments together. The essential light chain stabilizes the hexamer and phosphorylation of the
regulatory light chain at serine 19 is required for NMII to be able to execute its power stroke. The three NMII
isoforms NMIIA, -B and -C are encoded by the heavy chain genes MYH9, MYH10 and MYH14, respectively. All
these isoforms are expressed in most non-muscle cells and NMII A and B are expressed highly in the nervous
system. There is no detectable difference in actin binding or activation between non-muscle myosin II A, B
and C [11], but the isoforms differ in subcellular localization and some biochemical properties such as ATPase
activity and duty ratio. Most mammals have six actin genes, four of which are expressed mostly in muscle.
The cytoplasmic 3-actin (ACTB), a complex locus with 22 introns and 23 splice isoforms, and y-actin (ACTG1),
with 16 introns and 19 mRNAs that encode for 15 different isoforms in a highly tissue-specific manner, are both
expressed in the nervous system. In this review, when we use the term actomyosin, we refer to bundles and
networks of NMII and B-actin or y-actin.

2. Neuronal Morphology and Compartmentalization

Most neurons in the central nervous system undergo a defined developmental program that starts
with the growth of several processes from the cell body or soma. The microtubule cytoskeleton plays an
essential role in providing structural support for growing neurites, whereas a dynamic, branched actin
cytoskeleton enriched at their tips in so-called growth cones is important for giving the directionality
and further differentiation of the neuron. One of these processes poised to become the axon then
undergoes a period of quick continuous growth that requires the generation of bundles of microtubules
that are generated through de novo polymerization and microtubule transport [12], and the activity of
cdc42 [13,14]. As a result, the neuron is polarized into somato-dendritic and axonal compartments.
After a period of axonal outgrowth, the dendrites start to develop more and more complex branches
and form hundreds of contact sites with axons from other cells. Stabilization of these connections
between neurons and the recruitment of post-synaptic components, as well as pre-synaptic vesicles and
secretion machinery, leads to synapse formation and specialization in the membrane composition of
the pre- and post-synaptic sites. In mature neurons the majority of excitatory post-synapses are located
to the flattened tips of bulbous protrusions called dendritic spines, where ion channels, receptors and
adhesion molecules supported by scaffolding proteins are enriched in a membrane domain called the
post-synaptic density (PSD, Box 2). This PSD is organized in nanodomains and tightly apposed across
the synaptic cleft to a corresponding synaptic vesicle release machinery in the pre-synapse [15,16].
Dendritic spines can vary in their morphology, size and molecular composition, and the formation,
plasticity and stability of the synapse bearing spines is thought to be the physical correlate to learning
and memory formation. The shape and geometry of neurons are thus closely connected to their
function in the size range of neuronal compartments varies from elongated axons that can span many
centimeters to deliver action potentials to the low micrometer scale of dendritic spines. Their highly
branched and elongated processes reflect the network architecture of the nervous system and both the
tubular narrow shape of the axon as well as the thin neck of the dendritic spine are thought to play
important biophysical roles in regulating neuronal electrical signaling via the ion flow and in creating
biochemically compartmentalized subcellular domains. The spatial and geometric organization of
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signaling molecules and structures is thus tightly regulated, and these functions are executed by
the cytoskeleton.

Box 2. Dendritic spines.

Dendritic spines are small protrusions of the dendritic shaft that are the postsynaptic site of excitatory
glutamatergic synapses, which comprise a pre-synaptic terminal or bouton separated by the synaptic cleft
from a specialized membrane domain called the post-synaptic density (PSD). While the pre-synaptic site
contains numerous neurotransmitter vesicles spatially arranged for swift membrane fusion by proteins forming
a cytomatrix of the active zone and highly sensitive vesicle release machineries, the PSD accommodates different
types of glutamate receptors and calcium channels anchored to scaffolding proteins. Calcium signaling plays an
essential role in evoking vesicle release upon neuronal depolarization at the pre-synapse as well as in triggering
calcium-dependent kinase and phosphatase pathways, such as CaMKII or calcineurin at the PSD. Calcium
signaling via the calcium binding proteins calmodulin and caldendrin is transduced to various actin modifiers,
thereby directly regulating the morphology of dendritic spines in response to stimuli. Pre- and post-synaptic sites
are tightly connected via cell adhesion molecules forming hetero- and homophylic interactions between each
other. The most common type of dendritic spines in the adult brain are mushroom-like spines. Their shape, with a
bulbous head and thin neck, is important for the compartmentalization of synaptic signaling and provides input
specificity to this very synapse. The specific shape of dendritic spines and their ability to undergo rapid changes
or a long-term stabilization of their structure to a large degree depends on the actin cytoskeleton. Thousands
of dendritic spines can be found on branched dendrites and excitatory synaptic plasticity is accompanied by
changes in a number of AMPA receptors and in the head size of dendritic spines that are thought to be the
physical correlate of learning and memory formation.

While the entire cytoskeleton has important roles in neurons, the role of neurofilaments
and microtubules have been extensively reviewed in [14,17]. Here we will focus on actomyosin
cytoskeleton in narrow neuronal compartments, whereas its role in the growth cone has been discussed
elsewhere [18,19]. We will summarize recent discoveries on the structure and components of the
neuronal actomyosin network and discuss mechanisms involved in regulation of contractility and
its relationship to neuronal functions, such us plasticity of the axonal initial segment (AIS) or
dendritic spines.

3. The Membrane-Associated Periodic Skeleton (MPS) in Neurons

In one of the first breakthrough discoveries of single molecule super-resolution microscopy
(SMLM), a periodic arrangement of ~200 nm spaced actin rings has been found along the axon that
is interconnected by bipolar spectrin tetramers [20]. This finding came unexpected, as this striking
structure had never been observed in decades of investigation of axons with electron microscopy,
which is most likely due the very frail nature of actin filaments that easily get disrupted upon a
treatment with detergents. Since then, the existence of a periodic MPS has been seen by a number of
microscopy methods and in several laboratories [5,21-25]. Importantly, the nanoscopic organization
of the components of the MPS has recently been verified in platinum replica electron microscopy of
unroofed cultured neurons [26]. Strikingly, a new organization of actin filaments into ~1 pm long
braids of two actin filaments has been found here. The MPS structure seems to be conserved from
worm to humans, and by now it has been found in a variety of excitatory and inhibitory neurons of the
central nervous system and motor neurons of the peripheral nervous system [27,28]. While the MPS
was initially only observed in neuronal axons, it has since been observed in neuronal stem cells and
shown to be present in astrocytes and oligodendrocytes as well [29]. It is also found in dendrites [23,30],
specifically at the neck of dendritic spines [24,31].

The MPS emerges early in neuronal development and can be detected from two days in vitro (DIV)
onward progressing from the proximal axon, where it precedes all axon initial segment makers [20].
Braided double actin filaments of the MPS align the cylindric axon along its entire length and colocalize
with adducin, tropomyosin and the phosphorylated form of the myosin light chain. These ring
structures are interconnected by spectrin tetramers consisting of two « and two 3 spectrins, with the
N-termini of the (3 spectrins connected to actin and the C-termini located in the center between actin
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rings [26]. Spectrins are required for MPS assembly [30] and the mechanical stability of axons [32].
Indeed, in spectrin knockout animals, axons can tear in response to mechanical stress induced
by movement of the animal [32], suggesting a structural role of the MPS in axonal stability [33].
The B spectrin isoform in the MPS spectrin tetramer seems to vary with the specific location in the
cell with spectrin BIV in the AIS, spectrin BII in the distal axon and dendrites and (BIII largely in
dendrites [16,26,29] (Figure 1). Although the periodic pattern of BIII spectrin in spines has not been
directly confirmed, only a fraction of dendritic spine necks contains BII spectrin, suggesting that other
spectrin isoforms might be responsible for spacing of the actin rings at this site (Figure 1). Indeed,
spectrin BIII has been found at the base of dendritic spines and shRNA knock down of this isoform
results in collapse of dendritic spines into shaft synapses [34]. Together, these findings suggest that
the neuronal MPS may exhibit locally distinct compositions and {3 spectrin isoforms may fine-tune its
structural properties.
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Figure 1. The organization of the neuronal cytoskeleton. A two-dimensional (2D) actin-spectrin
meshwork, similar to those found in other cell types (e.g., erythrocytes), spans the soma of the cell.
In contrast, a one-dimensional (1D) periodic membrane cytoskeleton (MPS) is found in axons, in a
fraction of dendrites and at the neck of dendritic spines. Top: The MPS consists of actin rings at a
periodicity of ~200 nm, interspersed with spectrin tetramers. Each actin ring is formed by two braided
actin filaments. The actin rings are further stabilized and regulated by the capping protein adducin
and by tropomyosin. The spectrin tetramers are comprised of two «ll spectrins and two compartment
specific isoforms of 3-spectrin. The axon initial segment (AIS) is a stretch of 50-100 um at the beginning
of the axon. The major scaffold in the AIS is AnkyrinG (AnkG), which binds to spectrin IV and recruits
the adhesion molecule neurofascin and ion channels. Phosphorylated myosin light chain (pMLC) is
localized to actin rings in the axon. Microtubule bundles are stabilized by plus end binding proteins
(EB) along the axon in both the AIS and the distal axon. In the distal axon the MPS is organized by
AnkB, which in turn binds to pII-spectrin. AnkB is also arranged periodically, though the pattern is
less prominent. Bottom: Dendritic spines are important for compartmentalization of synaptic signaling
conferred by glutamate receptors and calcium channels. While the head of the spine contains branched
actin filaments, the MPS is prominent in the neck region. Likely consisting of acting rings interspersed
by «Il and pBII-spectrin tetramers. The MPS has also been observed in a sub-fraction of mature dendrites.
Here, spectrin tetramers contain the BIII-spectrin isoform.



Cells 2020, 9, 2006 50f 14

A special type of the MPS is present in the AIS which is a stretch of 50-100 pum at the beginning of
the axon that separates the axonal and somatodendritic domains of neuronal cells [35,36]. The AIS
contains a specific complement of cytoskeletal and adaptor proteins that cluster adhesion proteins
and several types of ion-channels, which are responsible for the generation of action potentials.
The most prominent AIS-specific molecules are spectrin IV and a large AnkyrinG (AnkG) isoform,
which directly interact, and the cell adhesion protein neurofascin. These molecules are organized in
an MPS of higher complexity than it is found in the distal axon. In analogy to axonal spectrin {II,
in the AIS, spectrin BIV interconnects braided actin rings in a ~200 nm periodicity. AnkyrinG binds
to spectrin BIV between the actin rings and this scaffold recruits neurofascin and ion channels in a
manner that is evolutionarily conserved from vertebrates onward (Figure 1). Such high local density
of ion channels allows for action potential initiation. In addition to this, AnkyrinG and the AIS are
required for the maintenance of neuronal polarity [37,38]. Specifically, if AnkG is downregulated by
shRNA in cultured cells or in vivo, axons lose their molecular identity and start to acquire dendritic
features including postsynaptic densities that form adjacent to nearby presynaptic terminals of other
axons [38]. In a situation of hypoxia, such as in ischemia, the AIS breaks down [39], and consequently,
neuronal polarity is lost, resulting in severe pathological consequences [39]. This process is mediated
by the calcium-dependent cysteine protease calpain [39]. Even though the AIS persists for the entire
lifetime of a neuronal cell, it is remarkably plastic and dynamic. First, as described above, it assembles
in a dynamic process during the first week of neuronal development. Secondly, in response to chronic
depolarization, the entire AIS structure can change in length and shift in its location along the axon,
resulting in modified action potential generation [40,41]. Recently, a prominent role of non-muscle
myosin II and regulating molecules in the plasticity of the AIS and the MPS in response to Ca2+
signaling as discussed below has emerged [6,42].

4. Regulation of the MPS

The unique organization of the MPS is perfectly suited to provide structural durability and
resistance to mechanical forces that axons or dendritic spines encounter during intracellular trafficking,
remodeling of neuronal morphology or a tissue movement. Indeed, axons break more readily when
spectrin is absent [32]. Filamentous actin and spectrins are the most important structural elements
of the MPS as pharmacological studies using actin-depolymerizing drugs such as cytochalasin D
and latrunculin or down-regulation of spectrin’s expression resulted in disintegration of the MPS.
Interestingly, the MPS is more resistant to actin depolymerizers than actin filaments at dendritic spines,
filopodia or axonal actin cables [22]. Such resistance is increasing with neuronal maturation and
correlates with developmental expression profile of the actin-capping protein x-adducin [43]. Moreover,
there are location-specific differences in MPS stability with the AIS being particularly resistant to high
doses of cytochalasin D and latrunculin, suggesting that there might be further differences indicating
further diversity in the composition of the membrane cytoskeleton [22].

Earlier experimental and modeling data suggested that the flexibility of the MPS along the axon
might be limited because the spectrin filaments are already held under entropic tension [44]. Therefore,
for example, injury-induced disruption of the cortical axonal cytoskeleton cannot be spontaneously
restored [44]. However, the axon is an elastic compartment that can undergo radial deformations for
instance during trafficking of a large cargo or neuronal activity [5,45]. The length and the localization
of the AIS are changed during neuronal development and as response to neuronal activity which
would require lateral assembly/disassembly-based movement of its specialized MPS. Indeed, recent
discoveries indicate that the MPS can undergo reorganization upon very specific types of stimuli and
the role of calcium signaling and the actomyosin network are currently the central focus [42,46].

4.1. Regulation of the MPS by Calcium

The AIS disappears in brain regions affected by ischemic injury and oxygen-glucose depletion,
which lead to degradation of BIV-spectrin and AnkG by the calcium-dependent cysteine protease
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calpain [39]. MPS BII-spectrin can likewise be digested by calpain-2 upon activation of ERK
signaling [46]. Calpain-1 and -2 are major cellular proteases that are critical for proper neuronal
branching and dendritic spine complexity [47]. Increased calcium concentrations activate calpains
and are known to lead to the cleavage of several major cytoskeletal proteins, such as MAP2, spectrin,
vimentin, internexin and others [48-50]. Therefore, it is not surprising that calpains play an important
role in cytoskeletal reorganization in neurons as well. The axonal MPS serves as a signaling platform
for receptor tyrosin kinases (RTK), adhesion molecules and G-protein coupled receptors, which are
corralled by the periodic actin rings [51] and immobilized by them in response to extracellular
stimuli [46]. Functional cross-talk between clustered receptors triggers the activation of ERK kinase
signaling, which in turn activates calpain-2, resulting in a rapid MPS degradation. Removal of
the constraints, limiting the diffusion of membrane proteins, contributes to the termination of RTK
trans-activation signaling. It is possible that similar mechanisms of MPS re-organization will be
present not only in the axon but in dendrites and the neck of dendritic spines. It is well-known
that synaptic firing results in a calcium influx which triggers activation of calpains [52] and the
disruption of the dendritic MPS by neuronal activity was found to be dependent of NMDAR-mediated
calcium influx [53]. Calpain-2 is also known as m-calpain because of its millimolar calcium binding
affinity in vitro [54]. Since intracellular calcium concentration rarely exceeds 1 uM (resting state below
100 nM, activated state below 1 pM [55], maximal synaptic concentration 50 pM [56]) at physiological
conditions, it is possible that in vivo calpain-2 is associated with other proteins, which make it more
sensitive to calcium. Accordingly, calpain-2 is implicated in a number of pathological states, including
neurodegenerative disorders like Alzheimer’s disease [57,58]. Therefore, future studies should address
to what extend calpain-2 contributes to the MPS remodeling in different neuronal compartment,
what kind of stimuli can trigger calpain-2-dependent degradation of MPS, how high the intracellular
calcium concentration should be and how local this process is. It seems unlikely that the axonal RTK
signaling will be triggered along extended membrane areas in vivo since even few hours of reduced
axonal stability could have detrimental consequences for neuronal function and survival.

4.2. Non-Muscle Myosins in Regulation of the MPS

Non-muscle myosin II motor proteins (represented by myosin IIA, myosin IIB, and myosin IIC)
have recently attracted strong interest in respect of MPS regulation. Functional myosin II motor protein
complex consists of two myosin heavy chains (MHCs), two essential light chains (ELCs) and two
regulatory light chains (MLCs, see Box 1). In contrast to myosin V and VI, which are processive
myosins involved in cargo trafficking along actin filaments, myosin II family members are contractile
myosins assembled into antiparallel bundles that pull actin filaments together. Powered by ATP,
they participate in a multitude of neuronal processes including reorganization of actin filaments in
the axonal growth cone dynamics, structural plasticity of dendritic spines and the AIS, signaling to
RhoGTPases and many others. Structurally, the MHC is subdivided into three distinct regions called
motor, neck and tail domains. The globular motor domains transduce the energy released during
hydrolysis of ATP into active mechanical force and processive movement along actin filament. The neck
region connects the motor domain to the elongated coiled coil that forms the tail domain and has an
important regulatory role. The two conserved IQ motifs in the neck domain control NMII switching
between a folded (inactive) or open (active) conformation. These IQ motifs can bind calmodulin, but in
the case of NMII they are usually occupied by ELC and MLC [59] Binding of the ELC to the neck region
provides stability to the neck domain of the MHC whereas MLC binding also allows regulation of
motor activity through phosphorylation at two subsequent threonine and serine residues (T18/519) [60].
The tail region coiled-coil assembles two NMII molecules into the constitutive homodimer. Activated
myosin II dimers form an elongated shape and such hexameric complexes can bundle in a parallel
and antiparallel way into bipolar filaments of approximately 300 nm in length [61]. The myosin II
motor domains are flanking both sides of the filament and their stepping motion in the barbed-end
direction of oppositely oriented actin filaments results in actomyosin contraction. The structure and
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regulation of myosin II filaments in muscle and non-muscle cells have been recently reviewed by
Dasbiswas et al. [62]. Interestingly, in neurons actomyosin together with the MPS are implicated in
regulation of the AIS and axonal diameter and action potential firing [5,45].

It has been known already for some time that repeated neuronal depolarization can lead to a
reversible repositioning and length change of the AIS, which is crucial for homeostatic control and
plasticity of neuronal excitability [41,63]. This type of AIS structural plasticity occurs within a few
hours after stimulation and involves AIS disassembly in a more proximal part resulting in the AIS
shortening following more long-lasting extension towards the distal part of the axon [40,63]. Myosin
II was implicated both in rapid disassembly as well as relocation and extension, since the selective
non-muscle myosin II inhibitor blebbistatin completely blocked any activity-dependent morphological
alterations [42]. In recent work, Berger et al. provided deeper insight into the mechanisms involved in
AIS relocation and identified actomyosin as a key element [6]. Myosin light chain (MLC) can activate
myosin II when it is mono- or di-phosphorylated at 518 and Ser19 residues [64]. The di-phosphorylated
form of the MLC (ppMLC) is highly enriched in the AIS, where it associates with the actin rings of
the MPS [6]. MLC dually phosphorylated in this way stimulates myosin II contractility, which in
turn is required for AIS assembly and the faithful distribution of AIS components. During neuronal
depolarization, ppMLC is rapidly lost, which results in the destabilization of actin filaments, which in
turn allows for a remodeling of the AIS [6,42]. Interestingly, ppMLC was hardly detected in other
axonal compartments and dendrites, suggesting that this mechanism of regulation is very specific for
the AIS. Myosin light chain phosphorylation and AIS relocation both are calcium dependent, as calcium
chelation and the inhibition of L-type calcium channels completely prevented loss of ppMLC and AIS
disassembly [6]. One calcium signaling pathway underlying this process seems to involve calpains,
as the calpain-1 and -2 inhibitor MDL28170 partially rescued ppMLC levels and prevented AnkG loss.
Furthermore, calcineurin is a calcium- and calmodulin-dependent serine/threonine protein phosphatase,
which was implicated in the regulation of the AIS relocation upon neuronal depolarization [40,42].
Indeed, the calcineurin inhibitor CsA reduced the levels of ppMLC and AnkG to varying degrees
under resting conditions [6]. This suggests that various calcium signaling cascades converge in the
regulation of different steps of the AIS remodeling upon induction of plasticity.

The role of actomyosin in the neuronal cytoskeleton goes beyond regulation of the AIS
plasticity. Two very recent studies reported that the axonal MPS is a contractive actomyosin network,
which facilitates structural stability of the axon, regulates axon diameter and radial contraction as
well as cargo trafficking and axonal propagation of electrical signals [5,45]. Thin axons with an
inner diameter of less than 1 um are very abundant in the mammalian central nervous system [65].
This poses obvious challenge for the transport of large cargoes, such as autophagosomes, mitochondria,
endosomes or lysosomes, as their diameter can exceed the diameter of the axon [45]. Using live
super-resolution imaging in combination with pharmacological approaches and electron microscopy,
it could be shown that the passage of large axonal cargoes causes a transient radial expansion of the
axon followed by constriction which depended on myosin II activity [45]. A short-term inhibition
of myosin II activity did not change the periodicity of actin rings, but led to an increase in axon
diameter instead, suggesting that myosin II activity keeps the MPS under constant tension to control
ring size. SIM imaging revealed that the motor domain of myosin II but not the tail-domain involved
in dimerization colocalized with the periodic, braided actin rings [45].

Work from the Sousa laboratory provided further molecular insights on the regulation of myosin
II contractility along the axon. Similar to the AIS, they found that phosphorylation of the MLC
plays a critical role in the contractility of the axonal actomyosin network. Of note, they used
pharmacological inhibition of MLC phosphorylation and antibodies detecting di-phosphorylated
518/19 MLC, which cannot distinguish between either mono- or the di-phosphorylated forms of MLC.
It remains therefore unclear, whether different states of phosphorylation lead to different outcomes.
What is clear is that MLC phorphorylation by myosin light chain kinase triggered conformational
changes and self-assembly of myosin II complexes in filaments, leading to a constriction of the axonal
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diameter. It was found that changes in axonal width did not affect the angle of actin rings in relation to
the axonal axis. This suggests that that myosin II probably does not contract between adjacent rings [5].

Another example of narrowed compartments are dendritic spines where the thin spine neck
also contains an MPS [24,31]. NMII has been found in dendritic spines [7], and is found in about
90% of dendritic filopodia [66]. It localizes mostly in the neck and head region [66]. In the neck
region, myosin II molecules were found to be organized in linear clusters, suggesting the assembly of
myosin bundles, whereas in the head, single molecules were found in immunogold EM [66]. NMII
is required for shortening of the spine stalk in spine maturation and spine development [8,67] in a
process that involves RLC phosphorylation via Rho-kinase (ROCK). NMII activity is required both for
NMDAR-dependent LTP and for the LTP-dependent spine actin polymerization required for structural
plasticity of dendritic spines [68] as evident from knockout animals. These effects are dependent of
MLC phosphorylation, which is controlled by NMDAR signaling. Indeed, myosin is required for
memory formation and consolidation [68]. For a detailed review of synaptic myosins, see [69]. Unlike
in the AIS, a role for NMII in the organization of the MPS at the neck of dendritic spines has not been
yet investigated.

5. Perspectives

Since the initial discovery of the periodic membrane cytoskeleton in axons [20], the molecular
composition of the MPS [20], its distribution over neuronal compartments [23,24,30,31], its appearance
during development [43] as well as its presence across different cell types cells of the nervous
system [28,29] and its evolutionary conservation from worm to mammal [27] has been described
in quick succession. In a study using the nematode Caenorhabditis elegans as a model, it has been
shown that the MPS plays an essential role during tissue movement: it provides mechanical support
and elasticity to the axon [70]. However, only very recently the regulation of MPS assembly and
disassembly and its cellular functions have begun to emerge. In this respect the degradation of the MPS
via calcium/calpain-2 is an efficient and elegant mechanism how the neuron could locally reorganize
its membrane cytoskeleton and terminate RTK signaling in axons [46]. Fundamental questions remain
unanswered. It remains unclear whether this is an axon-specific pathway or whether the MPS in other
neuronal compartments, such as the AIS, dendrites or the neck of dendritic spines, may undergo
a similar type of regulation. A possible tuning of MPS sensitivity to degradation could stem from
differences in susceptibility to calpain-cleavage of different 3-spectrin isoforms. The availability of
calpain-2 and the possible contribution of other calpain proteases could be additional factors in the
local modification of MPS degradation. It is still an open question how the MPS can recover. It will be
important to understand what proteins and signaling pathways can catalyze its assembly and what
forces can bring spectrin tetramers into the energetically unfavorable extended arrangement [44] in
order to bridge neighboring actin rings.

A new exciting aspect of the biology of the MPS is its inclusion into a contractile actomyosin
network. This recent finding offers an explanation as to how narrow cellular processes could dilate to
allow the passage of large cargo or could scale their diameter in response to neuronal activity [5,45].
The exact spatial relationship between the actin rings and the position of myosin II motor complexes
remains unclear. Taking into account that the length of an active two-headed myosin motor complex is
around 300 nm and that the distance between actin rings is 190 nm, actin rings may connect to myosin
head groups in different ways. First, the myosin Il bundle could crosslink two neighboring rings with
an angle deviant from 90°. This could be achieved if myosin motors connected to neighboring actin
rings in a one-dimensional lattice (similar to spectrin) or across the axonal volume (Figure 2). In such a
configuration, the force generated by myosin II would induce filament sliding within the braid that
would results in constriction or expansion of the ring. However, as myosin II steps towards the barbed
end, the orientation of filaments within one braid and filament polarity with respect to the neighboring
rings will be of critical importance. Such a mechanism can work if (i) two filaments within the same
braid have an opposite polarity, (ii) when filaments assembling the same braid are parallel but the
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adjacent braids have opposite polarity, or (iii) when the rings are composed of not one but several
non-uniformly oriented braids and there is at least one filament present in the opposite orientation in
two neighboring rings. In an alternative scenario, myosin bundles could cross inside a ring in a radial
manner. For the myosin bundle to change ring diameter, actin filaments with opposite polarity would
be required to allow for ring extension and contraction (Figure 2). A sarcomere-like organization of
neuronal MPS is also unlikely because this would imply that multiple myosins are organized in a
filament with motor domains pointing outside. The diameter of such filament is approximately 30 nm,
which is much less than the spacing between actin rings. Of note, a replica EM also did not reveal
such myosin structures in the axon [26]. When considering the radial myosin organization model,
it should be kept in mind that the cytosolic content of the axon, especially microtubules, intermediate
filaments and the endoplasmic reticulum, can become a physical obstacle that restricts a number of
myosin II complexes linked to the MPS. Cryo-electron microcopy could help in addressing some of
the questions. For instance, what is the orientation of individual actin filaments in a braid; are all
braids built uniformly and how are they made? Perhaps it would be possible to visualize the myosin II
complex together with the MPS. Understanding the mechanisms of braid assembly will shed further
light on their regulation and resistance to depolymerization. One can speculate that in the analogy
with microtubules [71], actin braids can be made by the capability of myosin II to cross-link and slide
the actin filaments. This could cause helical motion of overlapping filaments around each other and
thus allow formation of actin braids. Arrangement of filaments into a helix could influence a pitch
angle of the individual filaments and thus change their affinity for cofilin binding, thus making them
more resistant to a severing. As incorporation of different actin isoforms and the post-translational
modifications can also change the stability of actin filaments, it remains to be tested whether some of
those are particularly enriched at the MPS [11,72]. Furthermore, actin braids are a very unusual type of
filament organization. It will be very interesting to reproduce and explore biophysical properties of

such filaments in in vitro reconstitutes systems.

g\i § Repeated depolarlsatlon § §

axonal cargo

- _ NMII inhibition
O
| U \ U t NMII contractlon
b [
head neck rod tail end within ring between rings, between rings,

membrane aligned across ring diamteter

Motor domain

antiparralel bundling non-muscular bipolar filament

ADP binding site “iﬁ o ¢

ken

Motor domain ¢

Actin binding cleft

Figure 2. Organization and function of non-muscle myosin II (NMII). (a, top) Repeated depolarization



Cells 2020, 9, 2006 10 of 14

leads to proximal shortening of the AIS and subsequent extension towards the distal axon. NMII
activity is necessary for this process as blebbistatin completely blocks the activity. (a, bottom) NMII
activity controls the axonal diameter. Inhibition of NMII by blebbistatin leads to an increase in axon
diameter, indicating that NMII holds the membrane-associated cytoskeleton (MSK) under constant
tension. In addition, NMII has been shown to be implicated in cargo trafficking along the AIS. The size
of large cargo (e.g., autophagosomes, mitochondria, endosomes or lysosomes) can exceed the diameter
of the axon. Passage of this large axonal cargo causes a transient radial expansion of the axon followed
by constriction, which depend on myosin II activity. (b, top) Schematic organization of NMII. NMII
exists as a hexamer that consists of two copies each of elongated heavy chains, two regulatory light
chains (RLC) and two essential light chains (ELC) that stabilize the heavy chain structure. The heavy
chain is composed of an N-terminal motor domain, a neck domain, which interacts with both light
chains, an «-helical rod domain and a C-terminal tail. (b, middle) The hexameric units further bundle
both in a parallel and antiparallel manner into bipolar structures that can pull actin filaments together.
(b, bottom) Crystal structure of the motor and neck domains of NMII interacting with ELC and RLC.
The motor domain contains the actin binding cleft where NMII interacts with actin. Shown in red is
ADP bound at the nucleotide binding site. Cycling from ATP to ADP at the nucleotide binding site
leads to conformational changes in the actin binding cleft, which modulate the interaction of NMII
with actin. (c) Models of a possible spatial relationships between NMII and actin rings. The length
of an active two-headed myosin motor complex is around 300 nm, while the distance between actin
rings is only 190 nm. (c, left) NMII crosses the diameter of a single actin ring. Alternatively, NMII
could cross link two neighboring rings with an angle deviant from 90°, which can be achieved when
myosin motors connect neighboring actin rings in a one-dimensional lattice (as spectrin) (¢, middle) or
across the axonal volume (¢, right). (d) Polarity of actin filaments in ring-forming actin braids. Force
generated by NMII induces filament sliding within the braid that results in constriction or expansion
of the ring. However, as myosin II steps towards the barbed end of an actin filament, the orientation
of filaments within a single braid and filament polarity with respect to the neighboring rings are
important. The NMII mechanism can work when filaments within a single ring are parallel (d, left) but
the adjacent braids have opposite polarity (d, middle) or when two filaments within the same braid
have an opposite polarity (c, right).

Actomyosin and organelle trafficking in narrow compartments, such as axons of the neck of
dendritic spines, is another very interesting area of research that has recently emerged. Future studies
using improved live super-resolution microscopy techniques could highlight the spatio-temporal
kinetics of actomyosin response. Research in this direction is warranted as it might be applied to
improving transport properties in axons, which can be relevant for aggregation clearance, which in
turn might be beneficial in a number of neurodegenerative disorders, such as Parkinson’s disease or
Alzheimer’s disease.

Author Contributions: Conceptualization, M.M. and H.E.; writing—original draft preparation, M.M. and H.E.;
writing—review and editing, M.M., ].R. and M.M.; visualization, J.R.; funding acquisition, M.M. and H.E.
All authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge support by the Deutsche Forschungsgemeinschaft (DFG Emmy Noether Programme
to MI1923/1-2 and Excellence Strategy—EXC-2049-390688087 to M.M.) and the Open Access Publication Fund of
Humboldt-Universitidt zu Berlin.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Burnette, D.T.; Ji, L.; Schaefer, A.W.; Medeiros, N.A.; Danuser, G.; Forscher, P. Myosin II Activity Facilitates
Microtubule Bundling in the Neuronal Growth Cone Neck. Dev. Cell 2008, 15, 163-169. [CrossRef] [PubMed]

2. Kollins, KM,; Hy, J.; Bridgman, P.C.; Hyang, Y.Q.; Gallo, G. Myosin-II negatiwely regulates minor process
extension and the temporal development of neuronal polarity. Dev. Neurobiol. 2009, 69, 279-298. [CrossRef]

3. Yang, Q.; Zhang, X.E; Pollard, T.D.; Forscher, P. Arp2/3 complex-dependent actin networks constrain myosin
II function in driving retrograde actin flow. J. Cell Biol. 2012, 197, 939-956. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.devcel.2008.05.016
http://www.ncbi.nlm.nih.gov/pubmed/18606149
http://dx.doi.org/10.1002/dneu.20704
http://dx.doi.org/10.1083/jcb.201111052
http://www.ncbi.nlm.nih.gov/pubmed/22711700

Cells 2020, 9, 2006 11 0f 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Medeiros, N.A.; Burnette, D.T.; Forscher, P. Myosin II functions in actin-bundle turnover in neuronal growth
cones. Nat. Cell Biol. 2006, 8, 215-226. [CrossRef]

Costa, A.C.R.; Sousa, S.C.; Pinto-Costa, R.; Mateus, ].C.; Lopes, C.D.E; Costa, A.C.R; Rosa, D.; Machado, D.;
Pajuelo, L.; Wang, X.; et al. The membrane periodic skeleton is an actomyosin network that regulates axonal
diameter and conduction. eLife 2020, 9, 1-20. [CrossRef] [PubMed]

Berger, S.L.; Leo-Macias, A.; Yuen, S.; Khatri, L.; Pfennig, S.; Zhang, Y.; Agullo-Pascual, E.; Caillol, G.;
Zhu, M.S.; Rothenberg, E.; et al. Localized Myosin II Activity Regulates Assembly and Plasticity of the Axon
Initial Segment. Neuron 2018, 97, 555-570. [CrossRef] [PubMed]

Morales, M.; Fifkov4, E. In situ localization of myosin and actin in dendritic spines with the immunogold
technique. J. Comp. Neurol. 1989, 279, 666-674. [CrossRef]

Ryu, J.; Liu, L.; Wong, T.P; Wu, D.C.; Burette, A.; Weinberg, R.; Wang, Y.T.; Sheng, M. A critical role for
myosin IIB in dendritic spine morphology and synaptic function. Neuron 2006, 49, 175-182. [CrossRef]
Lin, W.H.; Hurley, ].T.; Raines, A.N.; Cheney, R.E.; Webb, D.]. Myosin X and its motorless isoform differentially
modulate dendritic spine development by regulating trafficking and retention of vasodilator-stimulated
phosphoprotein. J. Cell Sci. 2013, 126, 4756—4768. [CrossRef]

Rubio, M.D.; Johnson, R.; Miller, C.A.; Huganir, R.L.; Rumbaugh, G. Regulation of synapse structure and
function by distinct myosin II motors. J. Neurosci. 2011, 31, 1448-1460. [CrossRef]

Miiller, M.; Diensthuber, R.P.; Chizhov, I.; Claus, P.; Heissler, S.M.; Preller, M.; Taft, M.H.; Manstein, D.J.
Distinct Functional Interactions between Actin Isoforms and Nonsarcomeric Myosins. PLoS ONE 2013, 8, 1-9.
[CrossRef] [PubMed]

Lu, W.; Fox, P; Lakonishok, M.; Davidson, M.W.; Gelfand, V.I. Initial neurite outgrowth in drosophila neurons
is driven by kinesin-powered microtubule sliding. Curr. Biol. 2013, 23, 1018-1023. [CrossRef] [PubMed]
Garvalov, B.K,; Flynn, K.C.; Neukirchen, D.; Meyn, L.; Teusch, N.; Wu, X.; Brakebusch, C.; Bamburg, J.R.;
Bradke, F. Cdc42 regulates cofilin during the establishment of neuronal polarity. ]. Neurosci. 2007, 27,
13117-13129. [CrossRef]

Kapitein, L.C.; Hoogenraad, C.C. Building the Neuronal Microtubule Cytoskeleton. Neuron 2015, 87, 492-506.
[CrossRef] [PubMed]

Tang, A.H.; Chen, H.; Li, T.P,; Metzbower, S.R.; MacGillavry, H.D.; Blanpied, T.A. A trans-synaptic nanocolumn
aligns neurotransmitter release to receptors. Nature 2016, 536, 210-214. [CrossRef]

Biederer, T.; Kaeser, P.S.; Blanpied, T.A. Transcellular Nanoalignment of Synaptic Function. Neuron 2017, 96,
680-696. [CrossRef]

Yuan, A.; Rao, M.V,; Nixon, R.A. Neurofilaments and neurofilament proteins in health and disease. Cold Spring
Harb. Perspect. Biol. 2017, 9, 1-24. [CrossRef]

Suter, D.M.; Forscher, P. Substrate-cytoskeletal coupling as a mechanism for the regulation of growth cone
motility and guidance. J. Neurobiol. 2000, 44, 97-113. [CrossRef]

Geraldo, S.; Gordon-Weeks, PR. Cytoskeletal dynamics in growth-cone steering. J. Cell Sci. 2009, 122,
3595-3604. [CrossRef]

Xu, K.; Zhong, G.; Zhuang, X. Actin, Spectrin, and Associated Proteins Form a Periodic Cytoskeletal Structure
in Axons. Science 2013, 339, 452-456. [CrossRef]

Gao, M.; Maraspini, R.; Beutel, O.; Zehtabian, A.; Eickholt, B.; Honigmann, A.; Ewers, H. Expansion
Stimulated Emission Depletion Microscopy (EXxSTED). ACS Nano 2018, 12, 4178-4185. [CrossRef] [PubMed]
Leterrier, C.; Potier, J.; Caillol, G.; Debarnot, C.; Rueda Boroni, F.; Dargent, B. Nanoscale Architecture of the
Axon Initial Segment Reveals an Organized and Robust Scaffold. Cell Rep. 2015, 13, 2781-2793. [CrossRef]
[PubMed]

D’Este, E.; Kamin, D.; Gottfert, F; El-Hady, A.; Hell, S.W. STED Nanoscopy Reveals the Ubiquity of Subcortical
Cytoskeleton Periodicity in Living Neurons. Cell Rep. 2015, 10, 1246-1251. [CrossRef] [PubMed]

Bér, J.; Kobler, O.; Van Bommel, B.; Mikhaylova, M. Periodic F-actin structures shape the neck of dendritic
spines. Sci. Rep. 2016, 6, 1-9. [CrossRef]

Winterflood, C.M.; Platonova, E.; Albrecht, D.; Ewers, H. Dual-Color 3D Superresolution Microscopy by
Combined Spectral-Demixing and Biplane Imaging. Biophys. J. 2015, 109, 3-6. [CrossRef]

Vassilopoulos, S.; Gibaud, S.; Jimenez, A.; Caillol, G.; Leterrier, C. Ultrastructure of the axonal periodic
scaffold reveals a braid-like organization of actin rings. Nat. Commun. 2019, 10. [CrossRef]


http://dx.doi.org/10.1038/ncb1367
http://dx.doi.org/10.7554/eLife.55471
http://www.ncbi.nlm.nih.gov/pubmed/32195665
http://dx.doi.org/10.1016/j.neuron.2017.12.039
http://www.ncbi.nlm.nih.gov/pubmed/29395909
http://dx.doi.org/10.1002/cne.902790412
http://dx.doi.org/10.1016/j.neuron.2005.12.017
http://dx.doi.org/10.1242/jcs.132969
http://dx.doi.org/10.1523/JNEUROSCI.3294-10.2011
http://dx.doi.org/10.1371/journal.pone.0070636
http://www.ncbi.nlm.nih.gov/pubmed/23923011
http://dx.doi.org/10.1016/j.cub.2013.04.050
http://www.ncbi.nlm.nih.gov/pubmed/23707427
http://dx.doi.org/10.1523/JNEUROSCI.3322-07.2007
http://dx.doi.org/10.1016/j.neuron.2015.05.046
http://www.ncbi.nlm.nih.gov/pubmed/26247859
http://dx.doi.org/10.1038/nature19058
http://dx.doi.org/10.1016/j.neuron.2017.10.006
http://dx.doi.org/10.1101/cshperspect.a018309
http://dx.doi.org/10.1002/1097-4695(200008)44:2&lt;97::AID-NEU2&gt;3.0.CO;2-U
http://dx.doi.org/10.1242/jcs.042309
http://dx.doi.org/10.1126/science.1232251
http://dx.doi.org/10.1021/acsnano.8b00776
http://www.ncbi.nlm.nih.gov/pubmed/29672025
http://dx.doi.org/10.1016/j.celrep.2015.11.051
http://www.ncbi.nlm.nih.gov/pubmed/26711344
http://dx.doi.org/10.1016/j.celrep.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25732815
http://dx.doi.org/10.1038/srep37136
http://dx.doi.org/10.1016/j.bpj.2015.05.026
http://dx.doi.org/10.1038/s41467-019-13835-6

Cells 2020, 9, 2006 12 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

He, ].; Zhou, R.; Wu, Z,; Carrasco, M.A.; Kurshan, P.T; Farley, ].E.; Simon, D.]J.; Wang, G.; Han, B.; Hao, J.;
et al. Prevalent presence of periodic actin-spectrin-based membrane skeleton in a broad range of neuronal
cell types and animal species. Proc. Natl. Acad. Sci. USA 2016, 113, 6029-6034. [CrossRef]

D’Este, E.; Kamin, D.; Velte, C.; Goéttfert, F.; Simons, M.; Hell, S.W. Subcortical cytoskeleton periodicity
throughout the nervous system. Sci. Rep. 2016, 6, 22741. [CrossRef]

Hauser, M; Yan, R.; Li, W.; Repina, N.A; Schaffer, D.V.; Xu, K. The Spectrin-Actin-Based Periodic Cytoskeleton
as a Conserved Nanoscale Scaffold and Ruler of the Neural Stem Cell Lineage. Cell Rep. 2018, 24, 1512-1522.
[CrossRef]

Han, B.; Zhou, R;; Xia, C.; Zhuang, X. Structural organization of the actin-spectrin-based membrane skeleton
in dendrites and soma of neurons. Proc. Natl. Acad. Sci. USA 2017, 114, E6678-E6685. [CrossRef]
Sidenstein, S.C.; D’Este, E.; Bohm, M.].; Danzl, ].G.; Belov, V.N.; Hell, S.W. Multicolour multilevel STED
nanoscopy of actin/spectrin organization at synapses. Sci. Rep. 2016, 6, 26725. [CrossRef]

Hammarlund, M.; Jorgensen, E.M.; Bastiani, M.]. Axons break in animals lacking (3-spectrin. J. Cell Biol. 2007,
176, 269-275. [CrossRef] [PubMed]

Dubey, S.; Bhembre, N.; Bodas, S.; Veer, S.; Ghose, A.; Callan-Jones, A.; Pullarkat, P. The axonal actin-spectrin
lattice acts as a tension buffering shock absorber. eLife 2020, 9, 1-22. [CrossRef] [PubMed]

Efimova, N.; Korobova, E; Stankewich, M.C.; Moberly, A.H.; Stolz, D.B.; Wang, J.; Kashina, A.; Ma, M. Biii
Spectrin Is Necessary for Formation of the Constricted Neck of Dendritic Spines and Regulation of Synaptic
Activity in Neurons. J. Neurosci. 2017, 37, 6442-6459. [CrossRef] [PubMed]

Yoshimura, T.; Rasband, M.N. Axon initial segments: Diverse and dynamic neuronal compartments.
Curr. Opin. Neurobiol. 2014, 27, 96-102. [CrossRef]

Rasband, M.N. The axon initial segment and the maintenance of neuronal polarity. Nat. Rev. Neurosci. 2010,
11, 552-562. [CrossRef]

Hedstrom, K.L.; Ogawa, Y.; Rasband, M.N. AnkyrinG is required for maintenance of the axon initial segment
and neuronal polarity. J. Cell Biol. 2008, 183, 635-640. [CrossRef]

Sobotzik, ].M.; Sie, ].M.; Politi, C.; Del Turco, D.; Bennett, V.; Deller, T.; Schultz, C. AnkyrinG is required to
maintain axo-dendritic polarity in vivo. Proc. Natl. Acad. Sci. USA 2009, 106, 17564-17569. [CrossRef]
Schafer, D.P; Jha, S.; Liu, E; Akella, T.; McCullough, L.D.; Rasband, M.N. Disruption of the axon initial
segment cytoskeleton is a new mechanism for neuronal injury. J. Neurosci. 2009, 29, 13242-13254. [CrossRef]
Evans, M.D.; Sammons, R.P; Lebron, S.; Dumitrescu, A.S.; Watkins, T.B.K.; Uebele, V.N.; Renger, J.J.;
Grubb, M.S. Calcineurin signaling mediates activity-dependent relocation of the Axon Initial segment.
J. Neurosci. 2013, 33, 6950-6963. [CrossRef]

Kuba, H.; Oichi, Y.; Ohmori, H. Presynaptic activity regulates Na+ channel distribution at the axon initial
segment. Nature 2010, 465, 1075-1078. [CrossRef] [PubMed]

Evans, M.D.; Tufo, C.; Dumitrescu, A.S.; Grubb, M.S. Myosin II activity is required for structural plasticity at
the axon initial segment. Eur. ]. Neurosci. 2017, 46, 1751-1757. [CrossRef]

Zhong, G.; He, ].; Zhou, R.; Lorenzo, D.; Babcock, H.P.; Bennett, V.; Zhuang, X. Developmental mechanism of
the periodic membrane skeleton in axons. eLife 2014, 3, 1-21. [CrossRef] [PubMed]

Zhang, Y.; Abiraman, K.; Li, H.; Pierce, D.M.; Tzingounis, A.V.; Lykotrafitis, G. Modeling of the axon
membrane skeleton structure and implications for its mechanical properties. PLoS Comput. Biol. 2017, 13,
1-22. [CrossRef] [PubMed]

Wang, T.; Li, W.; Martin, S.; Papadopulos, A.; Joensuu, M.; Liu, C.; Jiang, A.; Shamsollahi, G.; Amor, R.;
Lanoue, V.; et al. Radial contractility of actomyosin rings facilitates axonal trafficking and structural stability.
J. Cell Biol. 2020, 219. [CrossRef]

Zhou, R.; Han, B.; Xia, C.; Zhuang, X. Membrane-associated periodic skeleton is a signaling platform for
RTK transactivation in neurons. Science 2019, 365, 929-934. [CrossRef]

Amini, M.; Ma, C.L,; Farazifard, R.; Zhu, G.; Zhang, Y.; Vanderluit, J.; Zoltewicz, ].S.; Hage, E; Savitt, ] M.;
Lagace, D.C.; et al. Conditional disruption of calpain in the CNS alters dendrite morphology, impairs LTP,
and promotes neuronal survival following injury. J. Neurosci. 2013, 33, 5773-5784. [CrossRef]

Kindler, S.; Dieterich, D.C.; Schiitt, J.; Sahin, ].; Karpova, A.; Mikhaylova, M.; Schob, C.; Gundelfinger, E.D.;
Kreienkamp, H.J.; Kreutz, M.R. Dendritic mRNA targeting of Jacob and N-methyl-D-aspartate-induced
nuclear translocation after calpain-mediated proteolysis. J. Biol. Chem. 2009, 284, 25431-25440. [CrossRef]


http://dx.doi.org/10.1073/pnas.1605707113
http://dx.doi.org/10.1038/srep22741
http://dx.doi.org/10.1016/j.celrep.2018.07.005
http://dx.doi.org/10.1073/pnas.1705043114
http://dx.doi.org/10.1038/srep26725
http://dx.doi.org/10.1083/jcb.200611117
http://www.ncbi.nlm.nih.gov/pubmed/17261846
http://dx.doi.org/10.7554/eLife.51772
http://www.ncbi.nlm.nih.gov/pubmed/32267230
http://dx.doi.org/10.1523/JNEUROSCI.3520-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28576936
http://dx.doi.org/10.1016/j.conb.2014.03.004
http://dx.doi.org/10.1038/nrn2852
http://dx.doi.org/10.1083/jcb.200806112
http://dx.doi.org/10.1073/pnas.0909267106
http://dx.doi.org/10.1523/JNEUROSCI.3376-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.0277-13.2013
http://dx.doi.org/10.1038/nature09087
http://www.ncbi.nlm.nih.gov/pubmed/20543825
http://dx.doi.org/10.1111/ejn.13597
http://dx.doi.org/10.7554/eLife.04581
http://www.ncbi.nlm.nih.gov/pubmed/25535840
http://dx.doi.org/10.1371/journal.pcbi.1005407
http://www.ncbi.nlm.nih.gov/pubmed/28241082
http://dx.doi.org/10.1083/jcb.201902001
http://dx.doi.org/10.1126/science.aaw5937
http://dx.doi.org/10.1523/JNEUROSCI.4247-12.2013
http://dx.doi.org/10.1074/jbc.M109.022137

Cells 2020, 9, 2006 13 of 14

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Perlson, E.; Hanz, S.; Ben-Yaakov, K.; Segal-Ruder, Y.; Seger, R.; Fainzilber, M. Vimentin-dependent spatial
translocation of an activated MAP kinase in injured nerve. Neuron 2005, 45, 715-726. [CrossRef]

Karpova, A.; Mikhaylova, M.; Bera, S.; Bir, J.; Reddy, P.P; Behnisch, T.; Rankovic, V.; Spilker, C.; Bethge, P.;
Sahin, J.; et al. Encoding and transducing the synaptic or extrasynaptic origin of NMDA receptor signals to
the nucleus. Cell 2013, 152, 1119-1133. [CrossRef]

Albrecht, D.; Winterflood, C.M.; Sadeghi, M.; Tschager, T.; Noé, E; Ewers, H. Nanoscopic
compartmentalization of membrane protein motion at the axon initial segment. J. Cell Biol. 2016, 215, 37-46.
[CrossRef] [PubMed]

Karpenko, M.N.; Tikhomirova, M.S. The Role of Calpains in Regulating Synaptic Transmission.
Neurosci. Behav. Physiol. 2015, 45, 952-956. [CrossRef]

Lavoie-Cardinal, F; Bilodeau, A.; Lemieux, M.; Gardner, M.-A.; Wiesner, T.; Laramée, G.; Gagné, C.;
Koninck, P. De Neuronal activity remodels the F-actin based submembrane lattice in dendrites but not axons
of hippocampal neurons. bioRxiv 2020. [CrossRef]

Zadran, S.; Bi, X.; Baudry, M. Regulation of calpain-2 in neurons: Implications for synaptic plasticity.
Mol. Neurobiol. 2010, 42, 143-150. [CrossRef]

Berridge, ML.].; Lipp, P.; Bootman, M.D. The versatility and universality of calcium signalling. Nat. Rev. Mol.
Cell Biol. 2000, 1, 11-21. [CrossRef]

Sabatini, B.L.; Oertner, T.G.; Svoboda, K. The life cycle of Ca2+ ions in dendritic spines. Neuron 2002, 33,
439-452. [CrossRef]

Wang, Y.; Briz, V.; Chishti, A.; Bi, X.; Baudry, M. Distinct roles for p-calpain and m-calpain in synaptic
NMDAR-mediated neuroprotection and extrasynaptic NMDAR-mediated neurodegeneration. J. Neurosci.
2013, 33, 18880-18892. [CrossRef] [PubMed]

Saez, M.E.; Ramirez-Lorca, R.; Moron, EJ.; Ruiz, A. The therapeutic potential of the calpain family:
New aspects. Drug Discov. Today 2006, 11, 917-923. [CrossRef]

Newell-Litwa, K.A.; Horwitz, R.; Lamers, M.L. Non-Muscle myosin Il in disease: Mechanisms and therapeutic
opportunities. DMM Dis. Model. Mech. 2015, 8, 1495-1515. [CrossRef]

Heissler, S.M.; Sellers, J.R. Four things to know about myosin light chains as reporters for non-muscle
myosin-2 dynamics in live cells. Cytoskeleton 2015, 72, 65-70. [CrossRef]

Henson, J.H.; Ditzler, C.E.; Germain, A.; Irwin, PM.; Vogt, ET.; Yang, S.; Wu, X, Shuster, C.B.
The ultrastructural organization of actin and myosin II filaments in the contractile ring: New support for an
old model of cytokinesis. Mol. Biol. Cell 2017, 28, 613-623. [CrossRef] [PubMed]

Dasbiswas, K.; Hu, S.; Schnorrer, E; Safran, S.A.; Bershadsky, A.D. Ordering of myosin ii filaments driven by
mechanical forces: Experiments and theory. Philos. Trans. R. Soc. B Biol. Sci. 2018, 373. [CrossRef] [PubMed]
Grubb, M.S.; Burrone, J. Activity-dependent relocation of the axon initial segment fine-tunes neuronal
excitability. Nature 2010, 465, 1070-1074. [CrossRef] [PubMed]

Heissler, S.M.; Sellers, J.R. Myosin light chains: Teaching old dogs new tricks. Bioarchitecture 2014, 4, 169-188.
[CrossRef]

Liewald, D.; Miller, R.; Logothetis, N.; Wagner, H.].; Schiiz, A. Distribution of axon diameters in cortical
white matter: An electron-microscopic study on three human brains and a macaque. Biol. Cybern. 2014, 108,
541-557. [CrossRef]

Korobova, E; Svitkina, T.M. Molecular architecture of synaptic actin cytoskeleton in hippocampal neurons
reveals a mechanism of dendritic spine morphogenesis. Mol. Biol. Cell 2010, 21, 165-176. [CrossRef]
Hodges, J.L.; Newell-Litwa, K.; Asmussen, H.; Vicente-Manzanares, M.; Horwitz, A.R. Myosin IIB activity
and phosphorylation status determines dendritic spine and post-synaptic density morphology. PLoS ONE
2011, 6. [CrossRef]

Rex, C.S.; Gavin, C.F; Rubio, M.D.; Kramar, E.A.; Chen, L.Y;; Jia, Y.; Huganir, R.L.; Muzyczka, N.; Gall, CM.;
Miller, C.A.; et al. Myosin IIb Regulates actin dynamics during synaptic plasticity and memory formation.
Neuron 2010, 67, 603—-617. [CrossRef]

Kneussel, M.; Wagner, W. Myosin motors at neuronal synapses: Drivers of membrane transport and actin
dynamics. Nat. Rev. Neurosci. 2013, 14, 233-247. [CrossRef]

Krieg, M.; Stithmer, ].; Cueva, ].G.; Fetter, R.; Spilker, K.; Cremers, D.; Shen, K.; Dunn, A .R.; Goodman, M.B.
Genetic defects in 3-spectrin and tau sensitize C. Elegans axons to movement-induced damage via
torque-tension coupling. eLife 2017, 6, 1-35. [CrossRef]


http://dx.doi.org/10.1016/j.neuron.2005.01.023
http://dx.doi.org/10.1016/j.cell.2013.02.002
http://dx.doi.org/10.1083/jcb.201603108
http://www.ncbi.nlm.nih.gov/pubmed/27697928
http://dx.doi.org/10.1007/s11055-015-0169-6
http://dx.doi.org/10.1101/2020.05.27.119453
http://dx.doi.org/10.1007/s12035-010-8145-1
http://dx.doi.org/10.1038/35036035
http://dx.doi.org/10.1016/S0896-6273(02)00573-1
http://dx.doi.org/10.1523/JNEUROSCI.3293-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24285894
http://dx.doi.org/10.1016/j.drudis.2006.08.009
http://dx.doi.org/10.1242/dmm.022103
http://dx.doi.org/10.1002/cm.21212
http://dx.doi.org/10.1091/mbc.e16-06-0466
http://www.ncbi.nlm.nih.gov/pubmed/28057763
http://dx.doi.org/10.1098/rstb.2017.0114
http://www.ncbi.nlm.nih.gov/pubmed/29632266
http://dx.doi.org/10.1038/nature09160
http://www.ncbi.nlm.nih.gov/pubmed/20543823
http://dx.doi.org/10.1080/19490992.2015.1054092
http://dx.doi.org/10.1007/s00422-014-0626-2
http://dx.doi.org/10.1091/mbc.e09-07-0596
http://dx.doi.org/10.1371/journal.pone.0024149
http://dx.doi.org/10.1016/j.neuron.2010.07.016
http://dx.doi.org/10.1038/nrn3445
http://dx.doi.org/10.7554/eLife.20172

Cells 2020, 9, 2006 14 of 14

71. Mitra, A.; Meifiner, L.; Diez, S.; Gandhimathi, R.; Renger, R.; Ruhnow, F. Kinesin-14 motors drive a
right-handed helical motion of antiparallel microtubules around each other. Nat. Commun. 2020, 11, 1-11.
[CrossRef] [PubMed]

72.  Bertling, E.; Englund, J.; Minkeviciene, R.; Koskinen, M.; Segerstrale, M.; Castrén, E.; Taira, T.; Hotulainen, P.
Actin tyrosine-53-phosphorylation in neuronal maturation and synaptic plasticity. J. Neurosci. 2016, 36,
5299-5313. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/s41467-020-16328-z
http://www.ncbi.nlm.nih.gov/pubmed/32444784
http://dx.doi.org/10.1523/JNEUROSCI.2649-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27170127
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Neuronal Morphology and Compartmentalization 
	The Membrane-Associated Periodic Skeleton (MPS) in Neurons 
	Regulation of the MPS 
	Regulation of the MPS by Calcium 
	Non-Muscle Myosins in Regulation of the MPS 

	Perspectives 
	References

