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Abstract

The organization of actin filaments into a wide range of subcellular structures is a defining feature of cell shape and dynamics,
important for tissue development and homeostasis. Nervous system function requires morphological and functional plasticity
of neurons and glial cells, which is largely determined by the dynamic reorganization of the actin cytoskeleton in response to
intrinsic and extracellular signals. Oligodendrocytes are specialized glia that extend multiple actin-based protrusions to form
the multilayered myelin membrane that spirally wraps around axons, increasing conduction speed and promoting long-term
axonal integrity. Myelination is a remarkable biological paradigm in development, and maintenance of myelin is essential
for a healthy adult nervous system. In this review, we discuss how structure and dynamics of the actin cytoskeleton is a
defining feature of myelinating oligodendrocytes’ biology and function. We also review “old and new” concepts to reflect
on the potential role of the cytoskeleton in balancing life and death of myelin membranes and oligodendrocytes in the aging

central nervous system.
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remodeling

Oligodendrocytes in the developing central
nervous system

In eukaryotic cells, control of actin cytoskeleton rearrange-
ments conveys morphological plasticity governing many
biological processes in development and organism homeo-
stasis. In the nervous system of vertebrates, actin dynamics
is a key feature of neural progenitor migration, specification
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and axonal function [1]. Glia cells, comprising astrocytes,
oligodendroglia and microglia, are the most numerous in the
brain and were noticed by Rio-Hortega for their complex,
polarized morphologies with abundant cytoplasmic “pro-
cesses”, later characterized as actin-based protrusions.
Tight regulation of actin cytoskeleton rearrangements
is critical in oligodendrocytes, specialized cells of the
central nervous system (CNS) that produce and deposit
myelin around axons to ensure rapid and efficient salta-
tory conduction of action potentials and provide axonal
support. During development, oligodendrocyte progenitor
cells (OPCs) migrate from distinct sites in the nervous sys-
tem toward the vicinity of neurons, where they survey and
contact axons that are destined to be myelinated. These
pre-myelinating oligodendrocytes will then undergo dif-
ferentiation to ensheath axons and form the fully mature,
multilayered lipid membrane that constitutes myelin. The
differentiation program of oligodendrocytes relies on
two separate, yet complementary, biological processes:
morphological changes, from a simple spindle-like shape
characteristic of OPCs to an arborized morphology seen
in mature oligodendrocytes, and expression of myelin
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«Fig. 1 The evolution of actin filament dynamics and expression of
actin-binding proteins during oligodendrocyte differentiation and
myelination. a Abundance of transcripts encoding proteins that regu-
late actin dynamics in distinct oligodendrocyte differentiation states.
Molecules were grouped into four functional classes according to
their effect on actin filament dynamics and/or organization. mRNA
expression levels were obtained from http://www.brainrnaseq.org
[26]. b Cartoon depicting the predominant actin network structures
tied to each developmental stage of oligodendrocyte differentiation.
In OPCs, actin filament polymerization and elongation by, for exam-
ple, formins and the Arp2/3 complex are favored. The second highest
represented class of actin-binding proteins in OPCs are crosslinkers
and anchoring elements such as filamin, dystrophin and ERM (ezrin,
radixin, and moesin) proteins. In newly-formed oligodendrocytes,
assembly and elongation of actin filaments predominates, together
with an increased abundance of bundling elements (such as coronins
and fascin). High expression of filament depolymerizing (e.g., cofi-
lin), severing (e.g., gelsolin), and capping (e.g., capZ) factors greatly
favors actin filament disassembly and stabilization in myelinating
oligodendrocytes. The second highest represented classes of actin-
binding proteins in myelinating oligodendrocytes are crosslinkers
(e.g., septins) and bundlers (e.g., anillin and ermin). ¢ F-actin locali-
zation in live cultured oligodendrocytes during differentiation (image
stills from time lapse microscopy videos [8]). d, e Schematic repre-
sentation of the morphological transformation-from high protrusion
remodeling to membrane-forming oligodendrocytes-characteristic of
differentiation in vitro and myelination in vivo, respectively

genes that gives rise to the major structural components
of mature sheaths. Furthermore, and unlike Schwann
cells that myelinate in a 1:1 relationship with axons in the
peripheral nervous system (PNS), a single oligodendrocyte
typically contacts and myelinates multiple axons.

Morphological plasticity
of oligodendrocytes as a defining feature
of their differentiation and maturation

The cytoskeleton of oligodendrocytes is composed of micro-
tubules and actin filaments but devoid of intermediate fila-
ments [2, 3]. These two mechanically distinct cytoskeletal
complexes are of specific interest to oligodendrocyte archi-
tecture, dynamics and function. The multiple cytoplasmic
protrusions that extend from the cell body of oligodendro-
cytes have growing tips that are highly motile with actin-rich
filopodia and lamellipodia-like structures. These protrusions
also have long bundles of actin filaments that radiate from
the leading edge toward the central area of the lamellipodia,
a typical and unique structural organization usually seen
in the growth cones of axons [4]. Actin filaments have a
higher turnover rate and faster reorganization potential than
microtubules, enabling rapid cell shape alterations. It has
been long recognized that restructurating of the actin cellular
network governs morphological plasticity in oligodendro-
cytes [5, 6], important for their development and maturation

(Fig. ).

The use of in vitro differentiation assays from rat primary
OPCs, which recapitulate several aspects of differentiation
in vivo including the morphological changes and antigenic
differentiation [2, 7], has proven essential to dissect intrin-
sic mechanisms that independently regulate these two pro-
cesses. A recent study by Azevedo and colleagues applied
real-time imaging of living oligodendrocytes cultured with a
fluorogenic probe that specifically binds F-actin to show that
the subcellular distribution of actin filaments changes drasti-
cally during differentiation [8] (depicted in Fig. 1c). Interest-
ingly, extension of myelin-like membranes is accompanied
by a change in F-actin content from the rear of the protru-
sions toward the outermost region of the forming sheets [8].
Perturbation of actin filament assembly, by RNAi mediated
knockdown of the actin-regulating protein Jmy in cultured
oligodendrocytes, impairs morphological differentiation and
disrupts the shift from protrusion remodeling to membrane
formation [8]. These observations are in line with studies in
live zebrafish, in which establishment of axonal contact is
followed by a similar pattern of F-actin delocalization in the
oligodendrocyte protrusion [9]. Although some information
is available on how actin dynamics is intrinsically regulated
in cells of the oligodendrocyte lineage (discussed in the next
section), we lack a clear understanding of how actin network
organization, central for oligodendrocyte differentiation and
maturation, is regulated by axonal and mechanical signals.

Oligodendroglia development in the live CNS also relies
on a similar stereotypical “cellular shaping” program that
is directed by fast actin turnover, as cells progress through
distinct morphological states that are tightly coupled
with the successive steps of myelination. Live imaging in
zebrafish [10] and mouse [11] showed that in migratory
OPCs, highly motile protrusions survey the environment
and mediate OPC:OPC interactions. In the early stages of
developmental myelination, this “sensing” ability is impor-
tant for trajectory choice and subsequent establishment of
axonal contact, control of OPC density/distribution, and for
differentiation [10, 11]. Moreover, the subsequent stages of
myelination are also determined by the spatiotemporal inter-
play between actin-derived protrusion forces and kinetics of
actin depolymerization (recently reviewed by Hughes and
Appel [12] and Domingues et al. [13]). First, axon contact
and ensheathment are driven by Arp2/3-dependent actin
polymerization at the leading edge of the lamellipodia-like
structures of oligodendrocyte protrusions [14]. Second, actin
filament depolymerization by ADF/cofilin] at the rear of the
protrusion decreases membrane surface tension, promoting
the lateral spreading of myelin sheets during wrapping and
compaction [9].

But how does the molecular spatiotemporal control of
actin dynamics during axon wrapping correlate with oligo-
dendrocyte differentiation? MBP has been shown to interact
with F-actin in vitro [15] and directly binds to the membrane
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phospholipid PI(4,5)P2 [16]. In the mature myelin sheath of
cultured cells, localization of MBP to the membrane com-
petes with actin disassembly proteins for binding to P1(4,5)
P2, triggering their release to the cytosol, which activates
actin disassembly and promotes membrane deformation and
compaction [14]. This intimate cross talk between regulators
of actin dynamics and myelin components is of particular
relevance in the context of a cell that has to assemble and
maintain specialized domains with a unique composition
and mechanical properties far from the cell body. The con-
cept that fast F-actin turnover is tightly controlled in distinct
oligodendrocyte domains, generating subcellular tension
gradients, fits well with the currently accepted model for
myelin biogenesis [17], in which new membrane outgrowth
occurs at the front edge of the axon-wrapping protrusion tip,
while membrane deformation and compaction is restricted
to the rear of the growing sheath. Furthermore, the asso-
ciation of actin filaments or bundles with myosin II motors
and crosslinkers may modulate intracellular tension and cell
surface area in oligodendrocytes. Actomyosin contractility
mediates the spreading of plasma membranes in response
to variable physical properties of the supporting matrix
in vitro [18] and non-muscle myosin II (NM II) inactiva-
tion promotes myelination in the CNS [19]. Expression of
the myosin types described in oligodendrocytes to date is
developmentally regulated, suggesting that their actin-based
motility and contractility functions may have diverse roles
in oligodendrocyte biology and myelination. The isoforms
NM IIa and b [19] and unconventional myosin Va [20] are
predominantly expressed early in differentiation and con-
trol cytoplasmic protrusion branching and lamella forma-
tion. Unconventional myosin Id on the other hand is mostly
expressed in myelinating oligodendrocytes and regulates
their maturation and stability of membranes in vitro [21].
However, the subcellular topology of different actin-related
processes as well their cooperation and synchronization with
the differentiation program in oligodendrocytes remains
elusive.

Molecular control of actin dynamics
in oligodendrocytes during development

The specialized actin-rich cellular protrusions in oligoden-
drocytes survey the surrounding environment and integrate
different extracellular signals necessary for migration and
differentiation, in addition to mediating contact with the
axons that will be myelinated [22]. So, what are the signal-
ing pathways directing actin remodeling during oligodendro-
cyte development? The expression of distinct classes of actin
regulators is differentially regulated during differentiation
(Fig. 1), suggesting that the cell-autonomous transcriptional
program that directs oligodendrocyte development and
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maturation has intrinsic control of the levels, and perhaps
also the localization, of actin-binding proteins found in the
cell at different developmental stages. Multiple genome-
wide expression array analysis revealed that genes func-
tionally linked to cytoskeletal remodeling are among the
most heavily regulated during oligodendrocyte differentia-
tion in vitro and myelination [23-26]. Furthermore, at the
beginning of protrusion extension in progenitor cells, there
is a subcellular enrichment (in protrusions vs soma) of a
cell-specific set of transcripts encoding proteins related to
actin and microtubule dynamics [8]. This indicates that, in
oligodendroglia, fast actin turnover may be spatially regu-
lated as early as in the progenitor state and is probably rel-
evant for differentiation.

Precise regulation of actin filament assembly and dynam-
ics is especially critical for the morphological differentia-
tion of oligodendrocytes and for initial axonal contact and
ensheathment during myelination. Expression of genes that
encode actin-related proteins that potentiate the nucleation/
elongation of actin filaments is higher in progenitor cells and
newly formed oligodendrocytes (Fig. 1). Decreasing levels
of or inhibiting some of these proteins generally results in
arborization defects, with impaired protrusion formation and
branching. This is the case for the nucleation-promoting fac-
tors: neural Wiskott—Aldrich syndrome protein (N-WASP)
[27], WASP-family verprolin homologous protein (WAVE1)
[28], Jmy [8] and the Arp2/3 complex, the major actin nucle-
ator found in eukaryote cells [14]. In general, this impair-
ment in morphological differentiation in vivo translates into
hypomyelination due to decreased numbers of axons being
contacted and ensheathed, but no changes in myelin thick-
ness [14, 28].

Actin depolymerization, on the other hand, results in
membrane relaxation that allows for lateral extension of
myelin sheaths during wrapping and, later, assembly of
structural myelin components during compaction [9, 14].
Concomitantly, genes that encode proteins that block actin
filament elongation, or promote filament disassembly, are
upregulated in newly formed and mature oligodendrocytes
(Fig. 1). Deletion of, for example, ADF/cofilinl [9] and gel-
solin [14] in vivo results in impaired myelin growth and
thinner sheaths. Additionally, findings from the Simons lab
using interference reflection microscopy (IRM) and atomic
force microscopy (AFM) to assess membrane dynamics and
measure surface tension in oligodendrocytes in vitro [9] sup-
port a model in which spatial restriction of actin turnover
(i.e., leveling F- to G-actin ratios) to specific subcellular
regions is required for myelin growth and wrapping. Forces
derived from actin polymerization promote adhesion-inde-
pendent expansion of the leading edge in the cytoplasmic
protrusions of oligodendrocytes, driving wrapping, while
filament depolymerization at the rear results in decreased
tension that favors the lateral extension of myelin sheaths
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[9]. Future studies should address what are the signaling
networks that convey spatiotemporal organization of actin
turnover in the oligodendrocyte during axon ensheathment
and wrapping.

Interestingly, less information is available for the role of
bundling proteins and crosslinkers in oligodendrocyte dif-
ferentiation and myelination during development. Transcript
levels of genes encoding actin bundlers peak specifically
in newly formed oligodendrocytes. As for actin crosslink-
ers and anchors, they are hierarchically more represented in
OPCs and myelinating oligodendrocytes when compared to
other classes of actin-binding proteins (Fig. 1). Ermin, an
ERM-like oligodendrocyte-specific protein predicted to bind
to actin filaments, is highly expressed in mature oligoden-
drocytes and found in discrete sites in noncompacted myelin
at the abaxonal and paranodal regions [29, 30]. ERM pro-
teins crosslink actin filaments with plasma membranes. The
activity of these crosslinkers in organizing actin filaments
into complex subcellular scaffolds is important to orchestrate
critical mechanical responses. Regulation of cellular stiff-
ness may be a limiting factor for oligodendrocyte differen-
tiation [31], and it is likely that specific actin crosslinkers
and bundlers play distinct roles in controlling cytoskeletal
changes during late wrapping and/or compaction phases of
myelin assembly.

Extracellular factors regulating
actin cytoskeleton rearrangements
in oligodendrocytes

In addition to an intrinsic program for differentiation, oligo-
dendrocyte development relies on multiple extrinsic signals,
including secreted and contact-dependent factors, which can
either inhibit or promote survival, proliferation, migration
and differentiation. Since this topic was recently reviewed
in detail by Mitew et al. [32], for the purpose of this review
we focus specifically on those interactions known to exert
an effect directly on the actin cytoskeleton. Globally, the
sophisticated signaling system that directs OPC migra-
tion, differentiation into pro-myelinating oligodendrocytes
and, finally, myelination responds either directly to or in an
interplay with the extracellular matrix (ECM). ECM-derived
signals in turn often activate well-described signaling path-
ways that induce a reorganization of the actin cytoskeleton.
For instance, integrin-linked kinase (Ilk), a focal adhesion
adaptor protein that physically links the ECM and integrin
receptors to filamentous actin through parvins, regulates
protrusion extension and branching during oligodendrocyte
differentiation in vitro [33, 34]. Both Ilk and focal adhesion
kinase (Fak), which also regulates integrin—ECM signaling,
are required for axonal contact and initiation of myelination
in vivo [34, 35]. Additionally, proteins that transduce signals

in a precise time and location in the cell are important to
restrict actin remodeling to specific subcellular regions. This
is the case for Rho GTPases [36], key regulators of the actin
cytoskeleton in most cell types, which function as molecular
switches that integrate ECM-derived signals. As such, Rho
GTPase activity regulates various aspects of oligodendro-
cyte development and myelination in the CNS. For exam-
ple, integrin-dependent activation of the Src family kinase
Fyn, known to play an important role in the myelination
of specific CNS regions [37], acts via small Rho GTPase
signaling to modulate the morphological differentiation of
oligodendrocytes [38]. Additionally, GPR56-a cell surface
G protein-coupled receptor that regulates oligodendrocyte
development in both zebrafish [39] and mouse [40]-acts via
RhoA-dependent cell-autonomous mechanisms to increase
OPC proliferation. A Fyn kinase-RhoA signaling axis is also
downstream of LINGOI, a transmembrane protein expressed
by both neurons and oligodendrocytes that inhibits differ-
entiation by decreasing Fyn kinase activity and activating
RhoA [41]. In vitro, constitutively active RhoA inhibits
protrusion extension in oligodendrocytes, but its function
in vivo remains to be assessed. Curiously, developmental
myelination occurs almost normally in the CNS of mice
with conditional ablation of Rho GTPases Racl and Cdc42
[42]. In these mutants, aberrant accumulation of cytoplasm
in the inner tongue of oligodendrocyte processes, resembling
myelin outfoldings, is observed, indicating that Racl and
Cdc42 are necessary for proper myelin sheath formation in
later stages of myelination [42]. The spatiotemporal activ-
ity of classical Rho GTPases is controlled by other proteins,
including guanine nucleotide exchange factors (GEFs),
GTPase-activating proteins (GAPs) and Rho GDP-dissoci-
ation inhibitors. The association with these regulators con-
veys a coordinated and synergistic activity to Rho GTPases,
important, for example, in synaptic development [43] and
in other developmental contexts [36] including glial func-
tion [44]. Future studies should elucidate how topographical
Rho GTPase signaling is coordinated in different cellular
domains during oligodendrocyte differentiation.

Oligodendrocytes in the adult and aging
central nervous system

Myelination is a recent evolutionary acquisition that is
central to nervous system function. It comes as no surprise
that in adulthood even slight defects in myelin integrity
impair performance, correlate with age-associated cogni-
tive decline, and confer an added risk for neurological dis-
orders (see review by Bartzokis on the “myelin model” of
brain disease [45]). Advances in the genetic manipulation
of rodents and in both electron and optical microscopy have
taught us a great deal about oligodendrocyte biology and
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myelination in development. At the same time, it raised
important questions regarding the cell biology of oligoden-
drocytes and myelin homeostasis in the adult CNS. As we
discussed, cells of the oligodendrocyte lineage are capable
of great adaptability partly due to an intricate regulation of
actin filament reorganization, which acts as an “integrative
and responsive mechanical platform” to a plethora of sig-
nals. In the next section, we review some recent evidence
to theorize that the same sophisticated signaling machinery
evolves to fine-tune the actin cytoskeleton in adult-generated
and aged oligodendroglia, important for these cells’ survival
and function(s) in the altered chemistry and mechanics of
the aging CNS. We consider two different aspects. Firstly,
OPCs are continuously produced in the adult brain [46, 47].
Why are these cells required and what mechanisms regulate
their differentiation? Are they used to replenish pre-existing
myelinated tracts and shield them from age-related degener-
ation? Or are they forming new myelinated tracts? Secondly,
recent evidence suggests that in the mouse CNS myelinating
oligodendrocytes are remarkably long lived [48] and there
is no evidence of retraction of pre-formed internodes under
physiological conditions in the live mouse brain cortex [49,
50]. How do these cells remain active and are, together with
the myelin membrane itself, protected from the effects of
aging?

Adaptive myelination

Evidence for significant de novo myelination in the adult
CNS of vertebrates, and especially in the cortex, is robust
[51-53]. Since myelination is modulated by neuronal activ-
ity [54], the emerging concept is that, in adulthood, activity-
dependent regulation of myelination is adaptive and confers
plasticity to neural circuits. In fact, experience-mediated
control of myelination has been observed in humans and
other vertebrates [55-57] and these adaptive changes in
myelin are thought to underlie the alterations in brain func-
tion and neuronal circuitry architecture that arise from expe-
rience in the adult [57, 58]. Active myelination in adults
results from continuous birth of oligodendrocytes [50-52]
that are integrated and form new internodes on unmyeli-
nated axonal segments [49, 50]. Surprisingly, global myelin
homeostasis in the adult CNS most likely does not involve
replacement of oligodendrocytes or breakdown of pre-exist-
ent internodes. A genetic fate-mapping study in the adult
mouse indicates that myelinating oligodendrocytes are long-
lived [48], and '*C dating in humans shows remarkably low
turnover in brain white matter [52]. Live imaging studies
of the mouse cortex also showed that, once integrated, oli-
godendrocytes are very stable and there are no detectable
changes in the number of internodes [49, 50].

@ Springer

Neuronal activity signals oligodendrocyte progenitors to
proliferate and myelinate [54]. But on the side of the oligo-
dendrocyte, how is de novo myelination regulated? In the
mouse, adult-formed oligodendrocytes are transcriptionally
different from development oligodendrocytes and present
significant heterogeneity among different brain regions [59].
This suggests some adaptability of oligodendrocytes to dis-
tinct neuronal circuits and/or regional mechanical properties
in the brain. In the future, it would be interesting to under-
stand how these variable extrinsic signals affect the differ-
entiation program of adult-born oligodendrocytes. ChIP-Seq
analysis of Olig2, a critical transcription factor controlling
the specification and differentiation of OPCs, showed that in
adult spinal cord Olig2 targets genes that belong to the class
of cytoskeletal (microtubules and actin) proteins, including
Rho GTPases or their regulators, and several actin-binding
proteins [60]. These findings indicate that the transcriptional
regulation of molecules linked to structural remodeling and
cell dynamics remains an important feature of oligodendro-
glia in the adult CNS.

Myelin maintenance in the healthy aging
CNS

In humans, and other mammals, axonal disintegration and
white matter changes are the main pathological hallmarks
of non-diseased aged brains [61]. This is in stark contrast
with neurodegenerative diseases, in which loss of neu-
rons is at the center of pathology [62]. In the adult CNS
of humans and non-human primates, structural modifica-
tions or changes in myelin integrity/composition severely
compromise neural circuit function and are associated with
age-related functional decline [63—65]. Loss of myelin and
the reduction of internode length are the main age-associated
features in adult white matter regions. Curiously, there are
also reports of thicker myelin in the adult and aged CNS. In
the visual cortex of old monkeys, an increase in the number
of lamellae that does not associate with axonal degeneration
or loss was observed [66]. In the aging mouse optic nerve,
increased myelin thickness (either resulting from additional
lamellae or from loss of compaction) is found associated
with enlarged axons containing abnormal mitochondria [67].
Although one must consider the possibility that there may be
CNS region-specific aging patterns, it is tempting to specu-
late that formation of additional myelin wraps in pre-existing
internodes occurs in response to changes in the metabolic or
energetic status of aging axons and may represent one way of
neuronal network maintenance in the adult. Globally, these
age-related adaptations of myelin composition and structure
point to the homeostasis of myelin sheaths being an essential
biological process in the functional adult nervous system.
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The seminal work of Alan Peters and colleagues charac-
terized, with unprecedented detail, the age-related altera-
tions in myelin sheath ultrastructure in the normal brain of
rhesus monkeys (reviewed in [68]). They described numer-
ous myelin defects, some of which had been previously
reported in the mouse CNS by Sturrock [69], including the
presence of redundant myelin, splitting of myelin lamellae,
and formation of aberrant blisters, presumably containing
fluid, adjacent to axons. These pathological findings posi-
tively correlate with cognitive decline and were observed in
different white matter tracts, such as the prefrontal cortex
[70], the corpus callosum [71] and the optic nerve [72]. The
generalized pattern of age-associated myelin degeneration
throughout the brain and across species suggests that the
structural abnormalities may result from intrinsic cellular
aging of the myelinating oligodendrocytes.

The cell biology of aged oligodendrocytes

Homeostasis in the adult nervous system must also rely
on maintenance of pre-existent myelin sheaths. Myelin is
one of the most long-lived CNS structures and probably
requires cell-intrinsic biological control of its breakdown
and turnover. Preservation of the complex membrane in the
aging CNS is a biological process unparalleled in any other
living organism. The second most abundant class of pro-
teins present in the myelin membranes (aside from myelin
components) is the cytoskeleton, which suggest that regula-
tion of tubulin and actin filament dynamics is important for
homeostasis and maintenance of this specialized structure
[73, 74]. The protein components of myelin membranes are

Table 1 Effects of cellular aging on the actin cytoskeleton

considerably stable (probably lasting longer than 6 months
in the rat brain) [75]. Interestingly, changes in the lipid com-
position, which most likely affect structural stability, occur
in myelin during aging [76].

As an exceptionally long-lived cellular structure that
remains metabolically active, myelin membranes are
expected to be particularly susceptible to damage. Addi-
tionally, cells of the oligodendrocyte lineage are uniquely
vulnerable to DNA damage resulting from the global oxi-
dative stress found in the aged brain (reviewed by Tse and
Herrup [77]). So, how do oligodendrocytes cope with the
biochemical and morphological changes associated with
aging? Cellular aging is, to some extent, a cell-autonomous
process, and in non-replicative long-lived cells that remain
active throughout the organism’s life, such as neurons and
oligodendrocytes, identifying molecular pathways involved
in resistance to cellular aging would be of particular inter-
est. Biological processes that contribute to the health and
longevity of a cell include maintenance of protein qual-
ity and mitochondrial function, cytoskeletal integrity, and
ECM-cell membrane signaling (reviewed in [78]). Dys-
regulation of the actin cytoskeleton is a major indicator of
cellular aging in yeast [79]. It is possible that the highly
dynamic nature of the actin cytoskeleton may simultane-
ously convey increased vulnerability and an important role
as an intermediary structure regulating signaling pathways
that, also in mammalian systems, mediate the cellular
responses to damage induced by aging (Table 1). Studies
in yeast have shown that the actin cytoskeleton endures oxi-
dative damage under different conditions of cellular stress
and can directly trigger apoptosis and protein aggregation
(reviewed in [79]). Of note is the fact that cellular damage,

Age-associated stress or damage Cell model/organism

Actin cytoskeleton response

Effect on cell fate

Increased and sustained
production of reactive oxygen
species

Human glial cells [85]

Downregulation of actin
polymerization-associated genes

Aging

Human myoblasts [86, 87] Increased actin depolymerization and decreased in Cell death

cell stiffness

Budding yeast [88]

Mammalian cells [89]

General impaired proteostasis Worm [90, 91]

Decreased mitochondrial
movement and quality control

Budding yeast [92]

Protein aggregation Aged human brain [93]

Aged rat brain [94]

Rodent models of CNS
injury [95]

Lipid peroxidation

Changes in actin dynamics

Decreased integrity of filamentous actin
Decreased retrograde actin cable flow
Aberrant actin structures, associated with

enhanced actin filament stabilization (Hirano
bodies, ADF/cofilin rods)

Degradation of cytoskeletal components
(e.g., spectrin)

Apoptosis
Decreased longevity

Decreased longevity

Decreased longevity

Loss of actin polarity

Unknown (may disrupt
actin-dependent processes)

Cellular dysfunction
(impaired intracellular
trafficking)

Cell death (in neurons)
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associated with compromised cellular regeneration or even
apoptosis, often appears to associate with increased rates of
actin filament depolymerization and/or loss of actin structure
integrity (Table 1). Actin is also important for maintenance
of cell geometry, a particularly important aspect in aged
oligodendrocytes that: must adapt to increasing mechanical
stress [80] to sustain specialized cellular compartments away
from the cell body; have to maintain proper contact with the
axonal membrane; and ensure continuous myelin turnover.
In fact, it has been shown that scaffold proteins septin and
anillin, which organize the cell’s cytoskeleton, are required
in myelinating oligodendrocytes to maintain the structural
integrity of myelin sheaths [81]. Genetic ablation of septin/
anillin specifically in mouse oligodendroglia leads to the
formation of myelin outfoldings that resemble the redundant
myelin findings described by Alan Peters in the aged brain of
monkeys (reviewed in [82]) and compromises nerve conduc-
tion. Interestingly, developmental myelination is unaffected
in septin/anillin mutants, supporting the idea that distinct
cytoskeletal elements are important for different stages of
myelin development and maintenance.

Although markers of cellular aging have not been stud-
ied in oligodendrocytes, these cells display particular age-
related features. These include the appearance of aggregates/
dense inclusions, of unknown origin and composition, in
the perikaryal cytoplasm, swelling of cytoplasmic pro-
cesses, and alterations of oligodendrocyte profiles, which
are found in pairs, groups, and rows, reflecting an increase
in the number of oligodendrocytes [83]. Some of these age-
related changes probably result from myelin remodeling dur-
ing the aging process, including degeneration and turnover
of myelin membranes. In the mouse brain, active shedding
of myelin fragments from internodes or degenerating myeli-
nating oligodendrocytes is observed in aged brains [84] and
may be an oligodendrocyte-autonomous process [50]. Clear-
ance of “old” myelin is done by microglia, and it is likely
that the abundant inclusions seen in the microglia of old
monkey brains is in fact phagocyted myelin debris. It has
recently been proposed that this process of myelin fragment
phagocytosis is passive [50], although evidence indicates
that it contributes to microglia senescence and dysfunction
in aging [84].

Concluding remarks

The highly dynamic nature of the actin cytoskeleton allows
for adaptability and fast-response mechanisms to both intrin-
sic and extracellular stimuli that are essential for cell biology
and tissue development. In oligodendrocytes, the high turno-
ver rate and fast reorganization of actin filaments drive dif-
ferentiation, an exquisite biological process requiring coor-
dinated activation of an intrinsic transcriptional program
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and dramatic morphological transformation into highly
arborized cells. In the developing CNS, the actin network
regulates multiple steps of myelination, from the establish-
ment of axonal contact, to axon wrapping and compaction
of fully mature myelin sheath. Several studies from recent
years, using complementary approaches to analyze oligo-
dendrocyte differentiation in vitro and myelination in vivo,
suggest that evolvability of the actin cytoskeleton and the
supramolecular organization of distinct actin structures gov-
ern the differentiation process. In our view, collectively these
findings pose the question of whether this non-stochastic
control of actin-driven processes remains important after
developmental myelination: first, for adaptive myelination
and internode plasticity in the adult CNS, and secondly in
the maintenance of long-lived myelin sheaths. In various
eukaryote organisms changes in actin filament dynamics are
a common feature of the response to age-associated cellular
stress. Considering what we have learned about the struc-
tural alterations seen in aged white matter, it is tempting to
argue that signaling pathways regulating actin dynamics and
sustainability of specific actin structures are important for
the maintenance of myelin membranes. In the CNS, white
matter is particularly vulnerable to insult (e.g., stroke) and
changes in white matter, not associated with axonal loss,
correlate with age-associated cognitive impairment. Addi-
tionally, the structural deterioration of myelin has an impact
on the homeostasis of other glia cells and neurons. Hence,
the study of myelin maintenance in the aging CNS is of
broader significance in the context of devising strategies to
reverse or hamper age-associated functional decline and the
increased susceptibility for neurodegenerative diseases.
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