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Spectrin cytoskeletons are found in all metazoan cells, and their physical interactions
between actin and ankyrins establish a meshwork that provides cellular structural
integrity. With advanced super-resolution microscopy, the intricate spatial organization
and associated functional properties of these cytoskeletons can now be analyzed with
unprecedented clarity. Long neuronal processes like peripheral sensory and motor
axons may be subject to intense mechanical forces including bending, stretching,
and torsion. The spectrin-based cytoskeleton is essential to protect axons against
these mechanical stresses. Additionally, spectrins are critical for the assembly and
maintenance of axonal excitable domains including the axon initial segment and the
nodes of Ranvier (NoR). These sites facilitate rapid and efficient action potential initiation
and propagation in the nervous system. Recent studies revealed that pathogenic
spectrin variants and diseases that protealyze and breakdown spectrins are associated
with congenital neurological disorders and nervous system injury. Here, we review recent
studies of spectrins in the nervous system and focus on their functions in axonal health
and disease.
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OVERVIEW OF SPECTRINS IN THE NERVOUS SYSTEM

Spectrins were first isolated from the membranes of red blood cell ghosts (Marchesi and Steers,
1968) – in fact, the name spectrin derives from specter. Spectrins were identified as cytoskeletal
proteins that confer elasticity to erythrocytes allowing them to withstand the shear forces
experienced in the circulatory system (Elgsaeter et al., 1986). Since then, the functions of spectrins in
diverse cell types were expanded to include signaling transduction (Hund et al., 2010), intracellular
trafficking (Ikeda et al., 2006), and cellular polarity (Galiano et al., 2012).

Spectrins are expressed in all metazoan cells, but complicated tissues may express and
localize spectrins in cell and compartment-specific manners. The human genome encodes two
α-spectrins (SPTA, SPTAN1; αI and αII spectrin, respectively) and five β-spectrins (SPTB, SPTBN1,
SPTBN2, SPTBN4, SPTBN5; βI-βV spectrin, respectively). In the nervous system, αII-spectrin
(non-erythrocytic α-spectrin) is the sole α-subunit as verified at mRNA transcript (Zhang et al.,
2014) and protein levels (Huang et al., 2017a). βI-spectrin is concentrated in cortical layer 2
and 4, cerebellar granule cells, and in the soma of Purkinje cells (Stankewich et al., 2010), while
βII-spectrin is widely expressed in neurons and glia (Galiano et al., 2012; Zhang et al., 2013; Susuki
et al., 2018). βIII-spectrin is found in the soma and dendrites of the cerebellar molecular layer
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(Stankewich et al., 2010). βIV-spectrin is concentrated at axon
initial segments (AIS) and nodes of Ranvier (NoR) (Berghs et al.,
2000). βV-spectrin is mainly expressed in the hair cell (Legendre
et al., 2008) and photoreceptor (Papal et al., 2013). In this
review, we will describe how new super-resolution microscopy
techniques have facilitated a new appreciation for the function of
spectrin cytoskeletons, what spectrins’ functions are in the axon
during development, and how dysfunction of spectrins lead to
neurological disorders.

STRUCTURE AND DOMAINS OF
SPECTRINS

α-spectrins consist of a tetramerization motif at the N-terminus,
followed by 21 tandem spectrin-repeats (SR), a Src homology
domain 3 (SH3), a calmodulin-binding domain (only in
αII-spectrin), and a calcium-binding EF-domain at the
C-terminus. β spectrins consist of two actin-binding calponin
homology (CH) domains (CH1-2) at the N-terminus, followed
by 17 tandem SR [except for βV-spectrin, which contains 30 SR
(Stabach and Morrow, 2000)], and a lipid-binding pleckstrin
homology (PH) domain at the C-terminus. To mediate their
interaction between membrane proteins and the actin-based
cytoskeleton, SR 15 of β-spectrins binds to the ZU5 domains
of ankyrins (Kennedy et al., 1991). βIV-spectrin also binds to
a non-canonical phosphorylation-dependent site in ankyrinG’s
giant exon (Jenkins et al., 2015). A pair of α/β-spectrins bind
side-by-side to form a heterodimer. This is mediated by the
SR 20-21 in α-spectrin and SR 1-2 in β-spectrin, although one
recent study revealed a non-canonical dimerization domain in
SR14-15 of βIV-spectrin (Huang et al., 2017a). Heterodimers
further assemble head-to-head as a functional heterotetramer
complex; this interaction is mediated by the N-terminus of
α-spectrin and SR 17 of β-spectrin (Elgsaeter et al., 1986).
In Drosophila and Caenorhabditis elegans, there is only one
α subunit (Dubreuil et al., 1989) and two β subunits (β and
βH-spectrin in Drosophila; βG and βH-spectrin in C. elegans)
(Dubreuil et al., 1987, 1990; McKeown et al., 1998; Moorthy et al.,
2000). These α and β-spectrins are similar to their vertebrate
homologs in structure and biophysical properties (Dubreuil
et al., 1989; Moorthy et al., 2000).

VISUALIZING THE SPECTRIN
CYTOSKELETON BY
SUPER-RESOLUTION MICROSCOPY

The dynamic rearrangement of the cytoskeleton accommodates
morphological changes and intracellular networks necessary
to maintain cellular homeostasis. Highly polarized cell types
like neurons undergo extensive re-organizations of cytoskeletal
architecture to differentiate into cells with distinct functional
and structural compartments such as axons and dendrites.
Understanding how spectrins function together with other
cytoskeletal components at the single molecule level has shed

light on the detailed mechanisms of neuronal development,
structure, and function.

Visualizing spectrin-dependent cytoskeletons at resolutions
below that achieved by conventional light microscopy was first
achieved using electron microscopy (EM) of the erythrocyte
membrane (Byers and Branton, 1985). The approximately
200 nm rod structure of spectrin tetramers were crosslinked
with junctional complexes to form hexagonal meshworks.
Since then, EM-based approaches have been performed in
cultured neurons (Jones et al., 2014) and tissues including
outer hair cells (Legendre et al., 2008) and brain (Stankewich
et al., 2010; Efimova et al., 2017). These studies provide
valuable information about subcellular localization of spectrins
with high-resolution images. However, the dense and compact
nature of the cytoskeletal network limits clear description of
the intricate architecture of neuronal spectrins. Furthermore,
the special fixation procedures for sample preparation are
relatively destructive, which makes it challenging to preserve
the molecular integrity. Immunofluorescence microscopy-based
assays can also uncover the spatial features of spectrins and
their associated proteins in a variety of cellular compartments by
combining multichannel chromophores. However, the resolution
using immunofluorescence microscopy is limited to the optical
diffraction limit of about 250 nm. Over the last decade, these
limitations were gradually overcome through the use of advanced
super resolution microscopy.

Super resolution microscopy can be categorized into three
major types including: single-molecule-localization microscopy
(such as stochastic optical reconstruction microscopy (STORM)
and photoactivated localization microscopy (PALM)), periodic
light pattern based structured illumination microscopy (SIM),
and scanning technique based stimulated emission depletion
microscopy (STED) (Sydor et al., 2015). Depending on the type
of microscopy, the resolution can be anywhere from 10 to 130 nm
in the xy plane, and 300 nm in the z-direction. Furthermore,
by labeling molecules with photo-switchable fluorescent probes,
accurate three-dimensional information of distinct molecules
can be analyzed in multicolor images (Bates et al., 2007).
Some imaging modalities also allow for live imaging and the
temporal resolution can range from milliseconds to minutes,
which confers the ability to visualize molecular dynamics. These
strengths facilitate discoveries down to single molecule and
supramolecular characterizations.

By employing super resolution microscopy both in fixed (Xu
et al., 2013; Leterrier et al., 2015) and live cultured neurons
and brain slice (Xu et al., 2013), spectrins were found in a
periodic arrangement along axon shafts with a 190 nm spacing,
which matches the length of each purified spectrin tetramer as
previously visualized by EM (Bennett et al., 1982). Actin and its
capping protein adducin wrap around the circumference of axons
as ring-like structures and connect with spectrins throughout
the axon (Xu et al., 2013). This pattern is observed in both
unmyelinated and myelinated axons (D’Este et al., 2016, 2017),
various neuron types in vitro (He et al., 2016), and in species
from C. elegans to human (He et al., 2016). Within axons, the
periodicity of spectrins can also be seen at specialized excitable
domains like the axon initial segment (AIS) (Figures 1B,D,F)
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FIGURE 1 | Spatial arrangements of spectrin-based cytoskeletons in the axon. (A,C,E) Images captured by conventional fluorescence microscopy show αII and
βIV-spectrin at the axon initial segments of cultured hippocampal neurons. (B,D,F) Images captured by STORM super-resolution microscopy show a periodic lattice
of αII and βIV-spectrin with spacing around 190 nm. The two-color DNA-PAINT images in (F) show αII-spectrin immunoreactivity flanks βIV-spectrin labeling,
confirming that spectrins are arranged head-to-head in the spectrin tetramer. (G,I,K) Images captured by conventional fluorescent microscopy show αII-spectrin at
node/paranodes, βII-spectrin at paranodes, and βIV-spectrin at nodes in myelinated axons. (H,J,L) Images captured by STORM super-resolution microscopy show
a periodic lattice of αII, βII, and βIV-spectrins with spacing around 190 nm. (A–L) are adapted from Huang et al. (2017a,b). (M) Graphic illustration of the periodic
spatial organization of the spectrin-based cytoskeleton and its associated proteins in axons. At axonal excitable domains including axon initial segments and nodes
of Ranvier, the key molecules for membrane excitability (AnkG, Nav, Kv) in these regions show a similar periodicity. Additionally, spectrins build an intra-axonal
boundary (as indicated by red arrow) to restrict excitable domain localizations. Spectrin periodicity in dendrites, however, is less prominent.
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and NoR (Figures 1H,J,L; Zhong et al., 2014; D’Este et al.,
2015; Huang et al., 2017a,b). Interestingly, the key molecules for
membrane excitability in these regions show a similar periodicity,
such as voltage-gated sodium channels (Xu et al., 2013; D’Este
et al., 2017), KCNQ2 potassium channels (D’Este et al., 2017),
ankyrinG (Leterrier et al., 2015), and the cell adhesion molecule
neurofascin (D’Este et al., 2015; Figure 1M). These results suggest
the actin-spectrin-based cytoskeleton organizes the subcellular
distribution of functional units in axons. It will be interesting
to determine if these spatial features participate directly in
action potential properties, perhaps by modulating AIS length or
position (Grubb and Burrone, 2010; Kuba et al., 2010; Arancibia-
Cárcamo et al., 2017).

In contrast to axons, the periodicity of the spectrin-based
cytoskeleton is less pronounced in somatodendritic domains
(He et al., 2016; Han et al., 2017) and glia (D’Este et al., 2016;
He et al., 2016). Spectrin’s periodic pattern in axons is also
distinct from the hexagonal network previously described in
erythrocytes by EM (Byers and Branton, 1985) and STORM
super-resolution microscopy (Pan et al., 2018). These remarkable
differences raise several important questions including how is the
architecture of spectrin-based cytoskeleton established, what are
the key associated molecules involved in this process, how do
these mechanisms work in a cell-type or compartment-specific
manners, and what is the functional consequence of different
spectrin architectures.

ROLES FOR SPECTRINS IN AXON
INTEGRITY

Spectrins allow erythrocytes to deform and withstand the shear
forces experienced during vascular flow or as these cells move
through capillaries that may be even smaller than the diameter
of the erythrocytes themselves. In neurons, axons also encounter
distinct types of mechanical stresses including tensile and torque
forces due to the movement joints and limbs. The spectrin-based
cytoskeleton also helps to maintain axonal integrity under these
mechanical forces.

In C. elegans, UNC-70 βG-spectrin is highly expressed in
the nervous system including the nerve rings, nerve cord and
commissural axons (Moorthy et al., 2000). Although loss of
βG-spectrin does not affect neurite outgrowth or integrity during
embryogenesis (Hammarlund et al., 2007), after hatching, axons
are progressively broken with increasing age, and these axons
have aberrant morphology (Hammarlund et al., 2000, 2007;
Moorthy et al., 2000). This phenotype can be mitigated by
paralyzing the worms (Hammarlund et al., 2007), indicating
that spectrins stabilize axons against tensile forces resulting
from locomotion. Furthermore, worms lacking βG-spectrin
cytoskeleton simultaneously with microtubule protein MEC-7
β-tubulin or microtubule-associated protein PTL-1 tau showed
large coils and kinks in their axons (Krieg et al., 2017), suggesting
these cytoskeletal components are essential to withstand tension
and torque forces. In sensory neurons, which experience forces
due to touch and movement, the pre-stressed βG-spectrin is also
required for mechanosensation (Krieg et al., 2014).

In mice, disrupting axonal β-spectrins including βII or
βIV-spectrin showed no or only minor axon degeneration (Yang
et al., 2004; Zhang et al., 2013). It is possible that loss of
these spectrins can be partially compensated as other β-spectrins
substitute for and replace those that are lost (Ho et al., 2014).
Therefore, to determine the role of axonal spectrins, Huang et al.
(2017a) abolished αII-spectrin, the only α-subunit in the nervous
system, so that the entire spectrin cytoskeleton is compromised
due to the loss of all α/β-spectrin heterotetramers. Mice lacking
αII-spectrin in the central nervous system showed widespread
axon degeneration (Huang et al., 2017a). Interestingly, loss
of αII-spectrin from peripheral sensory neurons also caused
axon degeneration, but mostly in large diameter myelinated
axons; large diameter axons also show aberrant innervation
of proprioceptor and mechanoreceptor nerve endings, while
small diameter axons (mainly non-myelinated axons) remained
intact (Huang et al., 2017b). The difference between central and
peripheral sensory neurons may result from the contribution
of the AIS to axon integrity: αII-spectrin is highly clustered at
the AIS, a region crucial for maintenance of neuronal polarity
in CNS neurons (Huang et al., 2017a), but pseudo-unipolar
sensory neurons do not have AIS (Gumy et al., 2017). The
vulnerability of large diameter axons to degeneration may also
reflect disruption of NoR in αII-spectrin deficient nerves. Huang
et al. (2017b) reported that nodes of large diameter axons have
more αII-spectrin than small diameter non-myelinated axons.
Together these observations suggest that spectrins located at
axonal excitable domains may be important for axon survival
and integrity. Future studies that abolish spectrin cytoskeletons
specifically at the AIS or nodes may help test these ideas.

ROLES FOR SPECTRIN AT AXONAL
EXCITABLE DOMAINS

Axon Initial Segments
Neuronal action potentials are generated at a specialized axonal
region proximal to the soma called the axon initial segment
(AIS). These regions are 20–40 µm in length and consist of
highly concentrated voltage-gated sodium (Nav) and potassium
(Kv) channels, which allow highly localized and transient
changes in membrane properties to initiate action potentials
(Figure 1M). AIS cytoskeletal proteins, especially AnkyrinG
(AnkG) and βIV-spectrin, play critical roles in AIS formation and
maintenance (Zhang and Bennett, 1998; Komada and Soriano,
2002; Lacas-Gervais et al., 2004; Yang et al., 2007; Hedstrom et al.,
2008; Galiano et al., 2012).

How do AIS form and what causes AnkG and βIV-spectrin
to become enriched at these sites? Studies in cortical and
hippocampal neurons showed that newly differentiated
neurons, where axon polarity is defined but AIS are not
yet present, αII/βII-spectrin form a complex with AnkyrinB
(AnkB) at the distal tip of the axon. As neurons mature,
the AnkB/αII/βII-spectrin submembranous cytoskeleton
progressively backfills the axon. As this occurs, AnkG,
αII/βIV-spectrin begin to be expressed and are targeted to
the axon. These cytoskeletal proteins are unable to occupy
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the same domains as AnkB and αII/βII-spectrin and thus
are effectively excluded from the distal axon. Instead, the
only place they can form a submembranous cytoskeleton is
at the proximal axon where AnkB and αII/βII-spectrin are
not located. Thus, this distal cytoskeleton functions like an
intra-axonal boundary to restrict AnkG and αII/βIV-spectrin
to the proximal axon (Galiano et al., 2012; Figure 1M).
Loss of αII- or βII-spectrin disrupted AIS integrity (Galiano
et al., 2012; Huang et al., 2017a; Wang et al., 2018b), and
manipulating the formation of AnkB/αII/βII-spectrin complexes
by gain-of-function approaches both in vitro and in vivo
further determined the role of the complexes as intra-axonal
barriers that restrict the length and location of AIS (Galiano
et al., 2012). Another study in motor neurons showed that
during early development, AnkG is ubiquitously expressed
throughout the axon along with AnkB/αII/βII-spectrin. Later
on, AnkG is more enriched at the proximal axon, whereas
AnkB/αII/βII-spectrin is relatively restricted at the distal domain
(Le Bras et al., 2014). The differences of AIS assembly between
hippocampal neurons and motor neurons could result from
the distinct temporal expression of these key components,
myelination, and unique protein interacting partners that occur
in a context-dependent manner.

After the AIS is established, βIV-spectrin functions
as the major β-spectrin subunit enriched in this domain
(Figures 1C,D). Six βIV-spectrin splice variants (βIV61-66)
have been identified (Berghs et al., 2000; Tse et al., 2001; Komada
and Soriano, 2002), although βIV61 and βIV66 are the two
major isoforms expressed in neurons (Komada and Soriano,
2002; Lacas-Gervais et al., 2004; Uemoto et al., 2007). βIV61
is a 280 kDa full-length isoform, whereas the 140 kDa βIV66
is much shorter and with a start site midway through spectrin
repeat 10. The temporal expression of these two isoforms is
different, as βIV61 is found at developing AIS, while βIV66
expression increases and it becomes the dominant isoform
after AIS are established (Berghs et al., 2000; Yoshimura et al.,
2016). This observation suggests the AIS spectrin tetramers
may be assembled from two different βIV-spectrin isoforms
with splice variant switching occurring between early and late
developmental stages. Intriguingly, although these spectrins
are different lengths, the apparent spacing of actin remains
unchanged (Leterrier et al., 2015; Yoshimura et al., 2016).
Furthermore, since βIV66 spectrin lacks the CH domain, a
non-canonical actin binding motif must exist within βIV66, or
there may be other proteins that mediate interactions between
spectrin and the actin cytoskeleton.

The roles of βIV-spectrin at the AIS have begun to be
determined using a series of transgenic and spontaneous
βIV-spectrin mutant mice. βIV-spectrin null mice generated
using a gene-trap approach still form AIS in neurons, but
the immunoreactivity of Nav and AnkG are dramatically
decreased, suggesting that βIV-spectrin is dispensable for AIS
formation, but is required to stabilize AIS structure (Komada
and Soriano, 2002). This result was also shown in mice lacking
only βIV61 (Lacas-Gervais et al., 2004; Uemoto et al., 2007)
and in βIV-spectrin mutant mice (qv3J mice have a frameshift
mutation in the C-terminal SD domain of both βIV61 and

66) (Yang et al., 2007). These studies confirmed the necessity
of the βIV61 variant and βIV spectrin’s C-terminus for AIS
integrity. All βIV-spectrin transgenic and mutant mice have
tremors, ataxia, and auditory defects, which likely result from the
abnormal action potential firing due to AIS disruption.

In addition to its excitable properties, the AIS also
functions as a filter to regulate the differential trafficking
of somatodendritic and axonal molecules. Previous studies
revealed that AnkG-deficient axons lack an AIS, and that
in the absence of an AIS axons acquire dendritic features
including the entry of dendritic proteins (e.g., MAP2) into axons
(Hedstrom et al., 2008).

AnkG and βIV-spectrin may directly function as a diffusion
barrier or intracellular “filter” regulating the differential
localization of membrane proteins, organelles, vesicles, and
even lipids (Leterrier and Dargent, 2014). How do ankyrins
and spectrins regulate these functions? One possibility is that
spectrins may participate in assembly of a stable platform
or scaffold that in turn regulates dynamic actin patches
thought to regulate the entry of vesicles and other proteins
into the axon (Watanabe et al., 2012; Balasanyan et al., 2017).
Although previous studies showed the periodic spacing of
spectrins is similar between proximal (βIV-spectrin) and distal
axon (βII-spectrin) spectrin cytoskeletons (Xu et al., 2013),
whether dynamic changes in cytoskeleton structure occur
during protein trafficking through the AIS remains to be
determined. We speculate that many other factors including as
yet unidentified AIS proteins that interact with βIV-spectrin
or AnkG, post-translational modifications, and the splicing
variants of βIV-spectrin also contribute to how AIS maintain
neuronal polarity.

Despite the very stable nature of the AIS and the
common βIV-spectrin and AnkG-based AIS cytoskeleton,
AIS morphology, protein composition, and even location can
differ among the various types of neurons (Kole and Stuart,
2012; Höfflin et al., 2017); additionally, these features may
change in response to external stimuli. Dynamic changes in AIS
structure can alter neuronal excitability (Grubb and Burrone,
2010; Kuba et al., 2010). Several mechanisms, including increased
intracellular calcium, altering activity and the surface expression
of membrane receptors and ion channels, and axo-axonic
synapse interaction have been proposed to mediate AIS plasticity
(as reviewed in Yamada and Kuba, 2016; Jamann et al., 2018).
Nevertheless, the process whereby the underlying cytoskeleton
is reorganized remains unknown. Future studies to analyze
spectrins using real-time imaging to capture these dynamic
changes, super-resolution microscopy, and comparison among
different neuron subtypes, may help to uncover how spectrins
play roles in AIS heterogeneity and plasticity.

Nodes of Ranvier
After an action potential is initiated at the AIS, the membrane
depolarization propagates along the axon to downstream nerve
endings to connect to the next cell in the circuit. In myelinated
axons, voltage-gated ion channels are highly enriched at NoR
to facilitate saltatory action potential conduction. Nodes are
short gaps in the myelin sheath where the action potential
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is regenerated through the clustered ion channels. Multiple
neuron-glia interactions are responsible for the assembly and
maintenance of nodes, and impairment of these processes
has been linked to disorders including multiple sclerosis
(Craner et al., 2004; Howell et al., 2006), Charcot–Marie–Tooth
(CMT) disease (Devaux and Scherer, 2005; Saporta et al.,
2009), Guillain-Barré syndrome (Yuki and Hartung, 2012),
and spinal cord and traumatic brain injuries (Reeves et al.,
2010). Nodal spectrin-based cytoskeletons are critical in both
health and disease.

Nodes of Ranvier can be divided into three distinct domains:
(1) node, where Nav channels are clustered, (2) paranodes,
which flank nodes and are the sites where each successive
layer of the myelin sheath attaches to the axon, and (3)
juxtaparanodes, which are highly enriched in Kv1 K+ channels,
immediately adjacent to the paranode, and covered by the
myelin sheath. In zebrafish, αII-spectrin is found throughout
axons, but can also be found enriched at nodes and paranodes
during early development (Figures 1G,H). Mutant zebrafish
with an αII-spectrin nonsense mutation at spectrin repeat 13
had diffuse Nav channel intensity, a longer node length, and
disrupted paranodal structure, indicating αII-spectrin is required
for the proper formation of NoR (Voas et al., 2007). Consistent
with this interpretation, mice lacking αII-spectrin in peripheral
sensory neurons had ataxia and impaired action potential
conduction, disrupted NoR, and axon degeneration (Huang
et al., 2017b). Together, these results confirm that αII-spectrin
is necessary for node of Ranvier formation across species.
However, determining the function of αII-spectrin specifically
at nodes or paranodes is challenging due to its presence
in both domains. Therefore, studies depleting domain-specific
spectrins to disassemble αII/β-spectrin complexes is necessary to
understand spectrin’s location-specific functions.

Like at the AIS, nodal βIV-spectrin interacts with AnkG and
actin to form a submembranous cytoskeleton (Figures 1K,L).
Furthermore, this spectrin cytoskeleton includes both βIV61
and βIV66 (Berghs et al., 2000; Komada and Soriano, 2002;
Lacas-Gervais et al., 2004; Uemoto et al., 2007). Mice lacking
βIV61 alone had weaker Nav channel intensity at nodes, along
with wider and swollen nodal ultrastructure (Lacas-Gervais
et al., 2004; Uemoto et al., 2007); these phenotypes were more
prominent in βIV-spectrin null mice (Komada and Soriano,
2002; Uemoto et al., 2007) and in the qv3J βIV-spectrin mutant
mice (Yang et al., 2004), confirming the necessity of both
isoforms to maintain nodal integrity. Remarkably, restoring the
expression of βIV-spectrin in adult βIV-knockout mice mitigates
nodal disruption, although the timing is critical (Saifetiarova
et al., 2018). Intriguingly, despite weaker Nav channel intensity,
compound action potential conduction velocities are intact in
βIV-spectrin deficient mice (Yang et al., 2004), suggesting the
ataxic phenotypes and early lethality observed in many βIV-
spectrin mutant mice may reflect impaired AIS function rather
than nodal dysfunction. Consistent with this idea, the percentage
of nodes with Nav channels in βIV spectrin mutant mice is not
different from controls (Susuki et al., 2013; Ho et al., 2014),
suggesting that βIV-spectrin is dispensable for Nav channel
clustering, or there are compensatory mechanisms that help

to clustering and stabilize nodal Nav channels. For example,
βI-spectrin, the major β-spectrin in erythrocytes, is enriched at
nodes in the qv3JβIV spectrin mutant mice (Ho et al., 2014).
Interestingly, the expression of βI-spectrin in the dorsal roots of
qv3J mice was comparable to the wild type, indicating there is a
pre-existing pool of βI-spectrin in the axons that is not normally
found at nodes. Subsequent studies using AnkG knockouts
revealed that whether βI or βIV spectrin is found at nodes
depends on the type of Ankyrin found at nodes. Although AnkG
is the usual nodal Ankyrin, removing AnkG by conditional
knockout can be rescued by AnkyrinR (AnkR). Thus, AnkR
preferentially interacts with βI spectrin and can rescue Nav
channel clustering in the absence of AnkG (Ho et al., 2014). If βI
spectrin is normally found in axons but is not located at nodes,
what is it doing in axons? Furthermore, since βI-spectrin can
compensate for loss of βIV-spectrin to rescue node function, the
importance of a nodal spectrin cytoskeleton remains unknown.
Future studies that eliminate both βI and βIV-spectrin from the
nodes will help to answer this question.

In contrast to βIV-spectrin’s nodal localization, βII-spectrin
is found throughout the axon and is enriched at paranodes
where it interacts with protein 4.1B (Ogawa et al., 2006; Zhang
et al., 2013; Figures 1I,J). Mice lacking βII-spectrin in peripheral
sensory neurons have motor dysfunction due to disrupted
proprioception, longer nodal length, and juxtaparanodal Kv1 K+

channels that are mislocalized into paranodes (Zhang et al., 2013).
However, the axoglial junction itself was unaffected. These results
showed that paranodal axonal spectrins are the molecular basis
of diffusion barriers flanking NoR (Figure 1M). This function is
reminiscent of the intra-axonal boundary that restricts AnkG to
the AIS. However, in contrast to AIS (Galiano et al., 2012), loss of
the axonal paranodal spectrins did not disrupt the clustering of
nodal AnkG or Nav channels (Zhang et al., 2013). This difference
from AIS indicates that although some mechanisms are shared
between the two, additional clustering mechanisms exist at nodes.
At AIS an intra-axonal cytoskeletal barrier clusters AnkG and βIV
spectrin, while at NoR two glia-dependent mechanisms recruit
AnkG and converge on axonal spectrins (Susuki et al., 2013;
Amor et al., 2017).

βII-spectrin is also found in Schwann cells at paranodes,
and mice lacking βII-spectrin in myelinating glial cells have
disrupted paranodal axoglial junctions in young mice. These
defects eventually resolve, but then re-appear as mice age,
suggesting that glial βII-spectrin is required for the timely
formation and long-term maintenance of paranodal junctions
(Susuki et al., 2018).

SPECTRINS IN NEUROLOGICAL
DISEASE AND INJURY

Pathogenic Spectrin Variants
Heterozygous mutations in SPTAN1 lead to early infantile
epileptic encephalopathy-5 (EIEE5, OMIM# 613477) (Table 1),
which is characterized by seizures with hypsarrhythmia,
intellectual disability and delayed development. Several
mutations have been identified near spectrin repeat 20-21
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TABLE 1 | Pathogenic spectrin variants and associated neuropathies.

Gene symbol Protein Pathological
genotypes

Associated
disease

Clinical features Histological
features

References

SPTAN1 αII-spectrin In-frame deletion,
Duplication

EIEE5 (OMIM#
613477)

Early onset epileptic
encephalopathy,
Lack of visual
attention,
Intellectual disability

Brain atrophy, Thin
corpus callosum,
Hypomyelination

Saitsu et al., 2010;
Hamdan et al.,
2012; Writzl et al.,
2012; Tohyama
et al., 2015

SPTBN2 βIII-spectrin In-frame deletion,
Missense mutation,
Frame-shift
mutation, Missense
mutation

SCA5 (OMIM#
600224), SPARCA1
(OMIM# 615386)

Motor
incoordination

Cerebellar atrophy,
EAAT4
accumulation in
Purkinje cell

Ikeda et al., 2006;
Lise et al., 2012;
Parolin
Schnekenberg
et al., 2015

SPTBN4 βIV-spectrin Nonsense
mutation, Missense
mutation,
Frameshift

βIV-spectrinopathy
(OMIM#606214)

Congenital
hypotonia,
Intellectual disability

Muscle fiber
atrophy, Weaker
Nav and KCNQ2
channel intensity at
nodes

Knierim et al.,
2017; Wang et al.,
2018a

(Saitsu et al., 2010; Hamdan et al., 2012), which mediates
α/β-spectrin dimerization. Biochemical analyses showed that
complexes formed between mutant αII-spectrin and βII or
βIII-spectrins are less thermostable. Furthermore, the mutant
αII-spectrin also causes spectrin aggregation, disruption of
AIS structure including reduced Nav channel clustering, and
impaired action potential firing (Saitsu et al., 2010; Hamdan
et al., 2012). Mice expressing human pathogenic SPTAN1
variants have shortened or no dendrites and a smaller cell soma.
Neurons induced from patient-derived iPSC also have less
complex neuronal processes and spectrin aggregations (Wang
et al., 2018b). These phenotypes were highly similar to SPTAN1
null animals (Huang et al., 2017a; Wang et al., 2018b), indicating
that pathogenic SPTAN1 variants may behave in a dominant
negative manner.

Mutations in SPTBN2 give rise to spinocerebellar ataxia type
5 (SCA5, OMIM# 600224) (Table 1), which is characterized
by adult-onset and progressive motor incoordination, postural
abnormalities and swallowing difficulties. Autopsy tissue from
heterozygotic patients with an in-frame deletion at spectrin
repeat 3 showed significant loss of Purkinje cells and a thinner
molecular layer in the cerebellum. This mutant βIII-spectrin
allele also impaired the synaptosomal localization of the
glutamate transporter EAAT4 in Purkinje neurons, which may
be an underlying cause of the neurodegeneration (Ikeda et al.,
2006). Another nonsense recessive allele in SPTBN2 caused
developmental cerebellar ataxia and cognitive impairments
during childhood. These phenotypes are distinct from SCA5,
and this developmental disorder is called spectrin-associated
autosomal recessive cerebellar ataxia type 1 (SPARCA1) (Lise
et al., 2012; Table 1). Nevertheless, how these pathogenic
variants give rise to different neurological signatures remains
poorly understood. Additional studies are required to reveal
the functions, expression profiles and associated proteins of
βIII-spectrin in the nervous system; these studies may reveal how
these different SPTBN2 variants give rise to distinct disorders.

Several different pathogenic variants in SPTBN4 were
recently described (Knierim et al., 2017; Wang et al., 2018a).

These patients all have a remarkably similar disease including
congenital hypotonia, developmental delay and intellectual
disability from early childhood; some patients also have seizures
and central deafness (OMIM# 606214) (Wang et al., 2018a;
Table 1). Wang et al. (2018a) investigated the consequences
of these mutations and found that for many, their capacity
to interact with AnkG and to be clustered at the AIS
was compromised. For other mutations near the C-terminus,
the mutant βIV-spectrin protein was unable to bind to
phosphoinositides. These properties are essential to stabilize the
cytoskeletal architecture of the AIS and to cluster ion channels at
AIS and NoR. Future studies to determine the impact of spectrin
pathogenic variants on other AIS functions, such as regulating
polarity through control of intracellular trafficking, may help
determine the cause of pathological phenotypes in these patients.

Proteolysis of Spectrins After Injury
Spectrin breakdown products (SBP) have been widely used as
biomarkers for central nervous system injury for three main
reasons. First, the Ca2+-dependent cysteine protease calpain is
activated after CNS injury and cleaves full length αII-spectrin
(280 kDa) into 150 and 145 kDa fragments (Pike et al., 2001).
These SBP can be isolated from cerebrospinal fluid, allowing
clinical evaluation. Second, the quantitative and temporal
expression of SBP are highly correlated with the severity of injury
and affected regions as evidenced by multiple injury models in
rodents, which renders SBP as useful indicators to evaluate the
degree of trauma. Finally and most importantly, the breakdown
of spectrin-based cytoskeleton faithfully reflects axonal damage,
as shown by the disruption of AIS (Schafer et al., 2009) and axon
degeneration (Yang et al., 2013). These strengths render SBP as
powerful indicators of axon injury and degeneration.

How is the cleavage of αII-spectrin regulated? There are at
least two known mechanisms. First, Src-kinase phosphorylates
αII-spectrin at Tyr1176 (adjacent to the SH3 domain and
cleavage site) which reduces the susceptibility to proteolysis
by calpain (Nicolas et al., 2002; Nedrelow et al., 2003).
Second, binding between calpain and its endogenous inhibitor
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calpastatin maintains homeostatic enzymatic activity. However,
after injury, increased intracellular [Ca2+] tips the balance
toward activated calpain which degrades the calpastatin.
This exacerbates calpain-mediated proteolysis of αII-spectrin
(Yang et al., 2013). Transgenic mice that constitutively
overexpress human calpastatin (hCAST) in neurons have
reduced levels of αII-spectrin SBP and improved motor
performance after injury (Schoch et al., 2012). Exogenous
delivery of calpastatin into injured neurons also mitigates
axon degeneration (Yang et al., 2013). Many calpain inhibitors
have now been developed for therapeutic purposes, although
improvements in efficacy and safety are still needed [for review
see (Ono et al., 2016)]. It is also important to emphasize that
αII-spectrin is but one of calpain’s many targets and functional
deficits in neurons are not due solely to disruption of the
spectrin cytoskeleton.

Increased levels of SBP have been reported in many
neurological disorders other than CNS injury, including
amyotrophic lateral sclerosis (Yamashita et al., 2012),
Guillain-Barré syndrome (McGonigal et al., 2010), Parkinson’s
disease (Diepenbroek et al., 2014) and acute inflammatory
autoimmune demyelinating models (Guyton et al., 2010; Das
et al., 2013). Inhibition of calpain activity in these studies
generally reduced SBP levels. Future studies that examine not
only the integrity of axons, but also the structures whose function
depends on specialized spectrin-based cytoskeletons (e.g., AIS
and NoR), may help to define the pathophysiology of these
diseases and injuries. Additionally, it will be important to

determine whether the protective effects of calpain inhibitors
is due to their protection of glial or axonal spectrins.

CONCLUSION

Since their original description in erythrocytes, our
understanding of spectrins has dramatically increased and
these important cytoskeletal proteins are recognized as being
essential to the functions of diverse cell types in the nervous
system. With the advent of advanced microscopy techniques
and genetically modified mice, the roles of spectrins are now
becoming much clearer. This knowledge will not only help to
define the basic function of the nervous system, but it may also
suggest therapeutic strategies for nervous system disorders and
injuries that include altered or disrupted spectrin cytoskeletons.

AUTHOR CONTRIBUTIONS

Both authors wrote the manuscript.

FUNDING

This study was funded by the Dr. Miriam and Sheldon G. Adelson
Medical Research Foundation (Grant Nos. NIH R01 NS044916
and NIH R01 NS069688).

REFERENCES
Amor, V., Zhang, C., Vainshtein, A., Zhang, A., Zollinger, D. R., Eshed-Eisenbach,

Y., et al. (2017). The paranodal cytoskeleton clusters Na+ channels at nodes of
Ranvier. eLife 6:e21392. doi: 10.7554/eLife.21392

Arancibia-Cárcamo, I. L., Ford, M. C., Cossell, L., Ishida, K., Tohyama, K., and
Attwell, D. (2017). Node of ranvier length as a potential regulator of myelinated
axon conduction speed. eLife 6:e23329. doi: 10.7554/eLife.23329

Balasanyan, V., Watanabe, K., Dempsey, W. P., Lewis, T. L., Trinh, L. A., and
Arnold, D. B. (2017). Structure and function of an actin-based filter in the
proximal axon. Cell Rep. 21, 2696–2705. doi: 10.1016/j.celrep.2017.11.046

Bates, M., Huang, B., Dempsey, G. T., and Zhuang, X. (2007). Multicolor super-
resolution imaging with photo-switchable fluorescent probes. Science 317,
1749–1753. doi: 10.1126/science.1146598

Bennett, V., Davis, J., and Fowler, W. E. (1982). Brain spectrin, a membrane-
associated protein related in structure and function to erythrocyte spectrin.
Nature 299, 126–131. doi: 10.1038/299126a0

Berghs, S., Aggujaro, D., Dirkx, R., Maksimova, E., Stabach, P., Hermel, J.-M.,
et al. (2000). βIV spectrin, a new spectrin localized at axon initial segments and
nodes of ranvier in the central and peripheral nervous system. J. Cell Biol. 151,
985–1002. doi: 10.1083/jcb.151.5.985

Byers, T. J., and Branton, D. (1985). Visualization of the protein associations in the
erythrocyte membrane skeleton. Proc. Natl. Acad. Sci. U.S.A. 82, 6153–6157.
doi: 10.1073/pnas.82.18.6153

Craner, M. J., Newcombe, J., Black, J. A., Hartle, C., Cuzner, M. L., and Waxman,
S. G. (2004). Molecular changes in neurons in multiple sclerosis: altered axonal
expression of Nav1.2 and Nav1.6 sodium channels and Na+/Ca2+ exchanger.
Proc. Natl. Acad. Sci. U.S.A. 101, 8168–8173. doi: 10.1073/pnas.0402765101

Das, A., Guyton, M. K., Smith, A., Wallace, G., McDowell, M. L., Matzelle,
D. D., et al. (2013). Calpain inhibitor attenuated optic nerve damage in
acute optic neuritis in rats. J. Neurochem. 124, 133–146. doi: 10.1111/jnc.
12064

D’Este, E., Kamin, D., Balzarotti, F., and Hell, S. W. (2017). Ultrastructural anatomy
of nodes of ranvier in the peripheral nervous system as revealed by STED
microscopy. Proc. Natl. Acad. Sci. U.S.A. 114, E191–E199. doi: 10.1073/pnas.
1619553114

D’Este, E., Kamin, D., Göttfert, F., El-Hady, A., and Hell, S. W. (2015). STED
nanoscopy reveals the ubiquity of subcortical cytoskeleton periodicity in living
neurons. Cell Rep. 10, 1246–1251. doi: 10.1016/j.celrep.2015.02.007

D’Este, E., Kamin, D., Velte, C., Göttfert, F., Simons, M., and Hell, S. W. (2016).
Subcortical cytoskeleton periodicity throughout the nervous system. Sci. Rep.
6:22741.

Devaux, J. J., and Scherer, S. S. (2005). Altered ion channels in an animal model of
charcot-marie-tooth disease type IA. J. Neurosci. 25, 1470–1480. doi: 10.1523/
jneurosci.3328-04.2005

Diepenbroek, M., Casadei, N., Esmer, H., Saido, T. C., Takano, J., Kahle, P. J.,
et al. (2014). Overexpression of the calpain-specific inhibitor calpastatin reduces
human alpha-synuclein processing, aggregation and synaptic impairment in
[A30P]αSyn transgenic mice. Hum. Mol. Genet. 23, 3975–3989. doi: 10.1093/
hmg/ddu112

Dubreuil, R., Byers, T. J., Branton, D., Goldstein, L. S., and Kiehart, D. P. (1987).
Drosophilia spectrin. I. Characterization of the purified protein. J. Cell Biol. 105,
2095–2102. doi: 10.1083/jcb.105.5.2095

Dubreuil, R. R., Byers, T. J., Sillman, A. L., Bar-Zvi, D., Goldstein, L. S., and
Branton, D. (1989). The complete sequence of drosophila alpha-spectrin:
conservation of structural domains between alpha-spectrins and alpha-actinin.
J. Cell Biol. 109, 2197–2205. doi: 10.1083/jcb.109.5.2197

Dubreuil, R. R., Byers, T. J., Stewart, C. T., and Kiehart, D. P. (1990). A beta-
spectrin isoform from drosophila (beta H) is similar in size to vertebrate
dystrophin. J. Cell Biol. 111, 1849–1858. doi: 10.1083/jcb.111.5.1849

Efimova, N., Korobova, F., Stankewich, M. C., Moberly, A. H., Stolz, D. B., Wang,
J., et al. (2017). βIII spectrin is necessary for formation of the constricted neck
of dendritic spines and regulation of synaptic activity in neurons. J. Neurosci.
37, 6442–6459. doi: 10.1523/JNEUROSCI.3520-16.2017

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 May 2019 | Volume 13 | Article 234

https://doi.org/10.7554/eLife.21392
https://doi.org/10.7554/eLife.23329
https://doi.org/10.1016/j.celrep.2017.11.046
https://doi.org/10.1126/science.1146598
https://doi.org/10.1038/299126a0
https://doi.org/10.1083/jcb.151.5.985
https://doi.org/10.1073/pnas.82.18.6153
https://doi.org/10.1073/pnas.0402765101
https://doi.org/10.1111/jnc.12064
https://doi.org/10.1111/jnc.12064
https://doi.org/10.1073/pnas.1619553114
https://doi.org/10.1073/pnas.1619553114
https://doi.org/10.1016/j.celrep.2015.02.007
https://doi.org/10.1523/jneurosci.3328-04.2005
https://doi.org/10.1523/jneurosci.3328-04.2005
https://doi.org/10.1093/hmg/ddu112
https://doi.org/10.1093/hmg/ddu112
https://doi.org/10.1083/jcb.105.5.2095
https://doi.org/10.1083/jcb.109.5.2197
https://doi.org/10.1083/jcb.111.5.1849
https://doi.org/10.1523/JNEUROSCI.3520-16.2017
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00234 May 24, 2019 Time: 18:22 # 9

Liu and Rasband Axonal Spectrin Cytoskeleton

Elgsaeter, A., Stokke, B. T., Mikkelsen, A., and Branton, D. (1986). The molecular
basis of erythrocyte shape. Science 234, 1217–1223. doi: 10.1126/science.
3775380

Galiano, M. R., Jha, S., Ho, T. S.-Y., Zhang, C., Ogawa, Y., Chang, K.-J., et al. (2012).
A distal axonal cytoskeleton forms an intra-axonal boundary that controls axon
initial segment assembly. Cell 149, 1125–1139. doi: 10.1016/j.cell.2012.03.039

Grubb, M. S., and Burrone, J. (2010). Activity-dependent relocation of the
axon initial segment fine-tunes neuronal excitability. Nature 465, 1070–1074.
doi: 10.1038/nature09160

Gumy, L. F., Katrukha, E. A., Grigoriev, I., Jaarsma, D., Kapitein, L. C., Akhmanova,
A., et al. (2017). MAP2 defines a pre-axonal filtering zone to regulate
kif1- versus kif5-dependent cargo transport in sensory neurons. Neuron 94,
347–362.e7. doi: 10.1016/j.neuron.2017.03.046

Guyton, M. K., Das, A., Samantaray, S., Wallace, G. C., Butler, J. T., Ray,
S. K., et al. (2010). Calpeptin attenuated inflammation, cell death, and axonal
damage in animal model of multiple sclerosis. J. Neurosci. Res. 88, 2398–2408.
doi: 10.1002/jnr.22408

Hamdan, F. F., Saitsu, H., Nishiyama, K., Gauthier, J., Dobrzeniecka, S.,
Spiegelman, D., et al. (2012). Identification of a novel in-frame de novo
mutation in SPTAN1 in intellectual disability and pontocerebellar atrophy. Eur.
J. Hum. Genet. 20, 796–800. doi: 10.1038/ejhg.2011.271

Hammarlund, M., Davis, W. S., and Jorgensen, E. M. (2000). Mutations in beta-
spectrin disrupt axon outgrowth and sarcomere structure. J. Cell Biol. 149,
931–942. doi: 10.1083/jcb.149.4.931

Hammarlund, M., Jorgensen, E. M., and Bastiani, M. J. (2007). Axons break in
animals lacking beta-spectrin. J. Cell Biol. 176, 269–275. doi: 10.1083/jcb.
200611117

Han, B., Zhou, R., Xia, C., and Zhuang, X. (2017). Structural organization of the
actin-spectrin-based membrane skeleton in dendrites and soma of neurons.
Proc. Natl. Acad. Sci. U.S.A. 114, E6678–E6685. doi: 10.1073/pnas.1705043114

He, J., Zhou, R., Wu, Z., Carrasco, M. A., Kurshan, P. T., Farley, J. E., et al. (2016).
Prevalent presence of periodic actin-spectrin-based membrane skeleton in a
broad range of neuronal cell types and animal species. Proc. Natl. Acad. Sci.
U.S.A. 113, 6029–6034. doi: 10.1073/pnas.1605707113

Hedstrom, K. L., Ogawa, Y., and Rasband, M. N. (2008). AnkyrinG is required for
maintenance of the axon initial segment and neuronal polarity. J. Cell Biol. 183,
635–640. doi: 10.1083/jcb.200806112

Ho, T. S.-Y., Zollinger, D. R., Chang, K.-J., Xu, M., Cooper, E. C., Stankewich,
M. C., et al. (2014). A hierarchy of ankyrin-spectrin complexes clusters sodium
channels at nodes of Ranvier. Nat. Neurosci. 17, 1664–1672. doi: 10.1038/nn.
3859

Höfflin, F., Jack, A., Riedel, C., Mack-Bucher, J., Roos, J., Corcelli, C., et al. (2017).
Heterogeneity of the axon initial segment in interneurons and pyramidal cells of
rodent visual cortex. Front. Cell Neurosci. 11:332. doi: 10.3389/fncel.2017.00332

Howell, O. W., Palser, A., Polito, A., Melrose, S., Zonta, B., Scheiermann, C., et al.
(2006). Disruption of neurofascin localization reveals early changes preceding
demyelination and remyelination in multiple sclerosis. Brain 129, 3173–3185.
doi: 10.1093/brain/awl290

Huang, C. Y.-M., Zhang, C., Ho, T. S.-Y., Oses-Prieto, J., Burlingame, A. L.,
Lalonde, J., et al. (2017a). αII spectrin forms a periodic cytoskeleton at the axon
initial segment and is required for nervous system function. J. Neurosci. 37,
11311–11322. doi: 10.1523/jneurosci.2112-17.2017

Huang, C. Y.-M., Zhang, C., Zollinger, D. R., Leterrier, C., and Rasband, M. N.
(2017b). An αII spectrin-based cytoskeleton protects large-diameter myelinated
axons from degeneration. J. Neurosci. 37, 11323–11334. doi: 10.1523/jneurosci.
2113-17.2017

Hund, T. J., Koval, O. M., Li, J., Wright, P. J., Qian, L., Snyder, J. S.,
et al. (2010). A βIV-spectrin/CaMKII signaling complex is essential for
membrane excitability in mice. J. Clin. Invest. 120, 3508–3519. doi: 10.1172/
JCI43621

Ikeda, Y., Dick, K. A., Weatherspoon, M. R., Gincel, D., Armbrust, K. R., Dalton,
J. C., et al. (2006). Spectrin mutations cause spinocerebellar ataxia type 5. Nat.
Genet. 38, 184–190. doi: 10.1038/ng1728

Jamann, N., Jordan, M., and Engelhardt, M. (2018). Activity-dependent axonal
plasticity in sensory systems. Neuroscience 368, 268–282. doi: 10.1016/j.
neuroscience.2017.07.035

Jenkins, P. M., Kim, N., Jones, S. L., Tseng, W. C., Svitkina, T. M., Yin, H. H., et al.
(2015). Giant ankyrin-G: a critical innovation in vertebrate evolution of fast
and integrated neuronal signaling. Proc. Natl. Acad. Sci. U.S.A. 112, 957–964.
doi: 10.1073/pnas.1416544112

Jones, S. L., Korobova, F., and Svitkina, T. (2014). Axon initial segment
cytoskeleton comprises a multiprotein submembranous coat containing sparse
actin filaments. J. Cell Biol. 205, 67–81. doi: 10.1083/jcb.201401045

Kennedy, S. P., Warren, S. L., Forget, B. G., and Morrow, J. S. (1991). Ankyrin binds
to the 15th repetitive unit of erythroid and nonerythroid beta-spectrin. J. Cell
Biol. 115, 267–277. doi: 10.1083/jcb.115.1.267

Knierim, E., Gill, E., Seifert, F., Morales-Gonzalez, S., Unudurthi, S. D., Hund,
T. J., et al. (2017). A recessive mutation in beta-IV-spectrin (SPTBN4) associates
with congenital myopathy, neuropathy, and central deafness. Hum. Genet. 136,
903–910. doi: 10.1007/s00439-017-1814-7

Kole, M. H. P., and Stuart, G. J. (2012). Signal processing in the axon initial
segment. Neuron 73, 235–247. doi: 10.1016/j.neuron.2012.01.007

Komada, M., and Soriano, P. (2002). βIV-spectrin regulates sodium channel
clustering through ankyrin-G at axon initial segments and nodes of Ranvier.
J. Cell Biol. 156, 337–348. doi: 10.1083/jcb.200110003

Krieg, M., Dunn, A. R., and Goodman, M. B. (2014). Mechanical control of the
sense of touch by β-spectrin. Nat. Cell Biol. 16, 224–233. doi: 10.1038/ncb2915

Krieg, M., Stühmer, J., Cueva, J. G., Fetter, R., Spilker, K., Cremers, D., et al. (2017).
Genetic defects in β-spectrin and tau sensitize C. elegans axons to movement-
induced damage via torque-tension coupling. eLife 6:e20172. doi: 10.7554/eLife.
20172

Kuba, H., Oichi, Y., and Ohmori, H. (2010). Presynaptic activity regulates Na(+)
channel distribution at the axon initial segment. Nature 465, 1075–1078.
doi: 10.1038/nature09087

Lacas-Gervais, S., Guo, J., Strenzke, N., Scarfone, E., Kolpe, M., Jahkel, M.,
et al. (2004). βIV61 spectrin stabilizes the nodes of Ranvier and axon initial
segments. J. Cell Biol. 166, 983–990. doi: 10.1083/jcb.200408007

Le Bras, B., Fréal, A., Czarnecki, A., Legendre, P., Bullier, E., Komada, M., et al.
(2014). In vivo assembly of the axon initial segment in motor neurons. Brain
Struct. Funct. 219, 1433–1450. doi: 10.1007/s00429-013-0578-7

Legendre, K., Safieddine, S., Küssel-Andermann, P., Petit, C., and El-Amraoui,
A. (2008). αII-βV spectrin bridges the plasma membrane and cortical lattice
in the lateral wall of the auditory outer hair cells. J. Cell Sci. 121, 3347–3356.
doi: 10.1242/jcs.028134

Leterrier, C., and Dargent, B. (2014). No Pasaran! Role of the axon initial
segment in the regulation of protein transport and the maintenance of
axonal identity. Semin. Cell Dev. Biol. 27, 44–51. doi: 10.1016/j.semcdb.2013.
11.001

Leterrier, C., Potier, J., Caillol, G., Debarnot, C., Rueda Boroni, F., and Dargent, B.
(2015). Nanoscale architecture of the axon initial segment reveals an organized
and robust scaffold. Cell Rep. 13, 2781–2793. doi: 10.1016/j.celrep.2015.11.051

Lise, S., Clarkson, Y., Perkins, E., Kwasniewska, A., Sadighi Akha, E.,
Schnekenberg, R. P., et al. (2012). Recessive mutations in SPTBN2 implicate
β-III spectrin in both cognitive and motor development. PLoS Genet.
8:e1003074. doi: 10.1371/journal.pgen.1003074

Marchesi, V. T., and Steers, E. (1968). Selective solubilization of a protein
component of the red cell membrane. Science 159, 203–204. doi: 10.1126/
science.159.3811.203

McGonigal, R., Rowan, E. G., Greenshields, K. N., Halstead, S. K., Humphreys,
P. D., Rother, R. P., et al. (2010). Anti-GD1a antibodies activate complement
and calpain to injure distal motor nodes of Ranvier in mice. Brain 133,
1944–1960. doi: 10.1093/brain/awq119

McKeown, C., Praitis, V., and Austin, J. (1998). sma-1 encodes a betaH-spectrin
homolog required for Caenorhabditis elegans morphogenesis. Development 125,
2087–2098.

Moorthy, S., Chen, L., and Bennett, V. (2000). Caenorhabditis elegans beta-G
spectrin is dispensable for establishment of epithelial polarity, but essential for
muscular and neuronal function. J. Cell Biol. 149, 915–930. doi: 10.1083/jcb.
149.4.915

Nedrelow, J. H., Cianci, C. D., and Morrow, J. S. (2003). c-Src Binds αII
Spectrin’s Src Homology 3 (SH3) domain and blocks calpain susceptibility by
phosphorylating Tyr1176. J. Biol. Chem. 278, 7735–7741. doi: 10.1074/jbc.
m210988200

Nicolas, G., Fournier, C. M., Galand, C., Malbert-Colas, L., Bournier, O., Kroviarski,
Y., et al. (2002). Tyrosine phosphorylation regulates alpha II spectrin cleavage
by calpain. Mol. Cell. Biol. 22, 3527–3536. doi: 10.1128/mcb.22.10.3527-3536.
2002

Ogawa, Y., Schafer, D. P., Horresh, I., Bar, V., Hales, K., Yang, Y., et al.
(2006). Spectrins and ankyrinB constitute a specialized paranodal cytoskeleton.
J. Neurosci. 26, 5230–5239. doi: 10.1523/jneurosci.0425-06.2006

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 May 2019 | Volume 13 | Article 234

https://doi.org/10.1126/science.3775380
https://doi.org/10.1126/science.3775380
https://doi.org/10.1016/j.cell.2012.03.039
https://doi.org/10.1038/nature09160
https://doi.org/10.1016/j.neuron.2017.03.046
https://doi.org/10.1002/jnr.22408
https://doi.org/10.1038/ejhg.2011.271
https://doi.org/10.1083/jcb.149.4.931
https://doi.org/10.1083/jcb.200611117
https://doi.org/10.1083/jcb.200611117
https://doi.org/10.1073/pnas.1705043114
https://doi.org/10.1073/pnas.1605707113
https://doi.org/10.1083/jcb.200806112
https://doi.org/10.1038/nn.3859
https://doi.org/10.1038/nn.3859
https://doi.org/10.3389/fncel.2017.00332
https://doi.org/10.1093/brain/awl290
https://doi.org/10.1523/jneurosci.2112-17.2017
https://doi.org/10.1523/jneurosci.2113-17.2017
https://doi.org/10.1523/jneurosci.2113-17.2017
https://doi.org/10.1172/JCI43621
https://doi.org/10.1172/JCI43621
https://doi.org/10.1038/ng1728
https://doi.org/10.1016/j.neuroscience.2017.07.035
https://doi.org/10.1016/j.neuroscience.2017.07.035
https://doi.org/10.1073/pnas.1416544112
https://doi.org/10.1083/jcb.201401045
https://doi.org/10.1083/jcb.115.1.267
https://doi.org/10.1007/s00439-017-1814-7
https://doi.org/10.1016/j.neuron.2012.01.007
https://doi.org/10.1083/jcb.200110003
https://doi.org/10.1038/ncb2915
https://doi.org/10.7554/eLife.20172
https://doi.org/10.7554/eLife.20172
https://doi.org/10.1038/nature09087
https://doi.org/10.1083/jcb.200408007
https://doi.org/10.1007/s00429-013-0578-7
https://doi.org/10.1242/jcs.028134
https://doi.org/10.1016/j.semcdb.2013.11.001
https://doi.org/10.1016/j.semcdb.2013.11.001
https://doi.org/10.1016/j.celrep.2015.11.051
https://doi.org/10.1371/journal.pgen.1003074
https://doi.org/10.1126/science.159.3811.203
https://doi.org/10.1126/science.159.3811.203
https://doi.org/10.1093/brain/awq119
https://doi.org/10.1083/jcb.149.4.915
https://doi.org/10.1083/jcb.149.4.915
https://doi.org/10.1074/jbc.m210988200
https://doi.org/10.1074/jbc.m210988200
https://doi.org/10.1128/mcb.22.10.3527-3536.2002
https://doi.org/10.1128/mcb.22.10.3527-3536.2002
https://doi.org/10.1523/jneurosci.0425-06.2006
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00234 May 24, 2019 Time: 18:22 # 10

Liu and Rasband Axonal Spectrin Cytoskeleton

Ono, Y., Saido, T. C., and Sorimachi, H. (2016). Calpain research for drug
discovery: challenges and potential. Nat. Rev. Drug Discov. 15, 854–876.
doi: 10.1038/nrd.2016.212

Pan, L., Yan, R., Li, W., and Xu, K. (2018). Super-resolution microscopy reveals the
native ultrastructure of the erythrocyte cytoskeleton. Cell Rep. 22, 1151–1158.
doi: 10.1016/j.celrep.2017.12.107

Papal, S., Cortese, M., Legendre, K., Sorusch, N., Dragavon, J., Sahly, I., et al. (2013).
The giant spectrin βV couples the molecular motors to phototransduction and
Usher syndrome type I proteins along their trafficking route. Hum. Mol. Genet.
22, 3773–3788. doi: 10.1093/hmg/ddt228

Parolin Schnekenberg, R., Perkins, E. M., Miller, J. W., Davies, W. I., D’Adamo,
M. C., Pessia, M., et al. (2015). De novo point mutations in patients diagnosed
with ataxic cerebral palsy. Brain 138, 1817–1832. doi: 10.1093/brain/awv117

Pike, B. R., Flint, J., Dutta, S., Johnson, E., Wang, K. K., and Hayes, R. L. (2001).
Accumulation of non-erythroid alpha II-spectrin and calpain-cleaved alpha II-
spectrin breakdown products in cerebrospinal fluid after traumatic brain injury
in rats. J. Neurochem. 78, 1297–1306. doi: 10.1046/j.1471-4159.2001.00510.x

Reeves, T. M., Greer, J. E., Vanderveer, A. S., and Phillips, L. L. (2010). Proteolysis
of submembrane cytoskeletal proteins ankyrin-G and αII-spectrin following
diffuse brain injury: a role in white matter vulnerability at Nodes of Ranvier.
Brain Pathol. 20, 1055–1068. doi: 10.1111/j.1750-3639.2010.00412.x

Saifetiarova, J., Shi, Q., Paukert, M., Komada, M., and Bhat, M. A. (2018).
Reorganization of destabilized nodes of ranvier in βIV spectrin mutants
uncovers critical timelines for nodal restoration and prevention of motor
paresis. J. Neurosci. 38, 6267–6282. doi: 10.1523/jneurosci.0515-18.2018

Saitsu, H., Tohyama, J., Kumada, T., Egawa, K., Hamada, K., Okada, I., et al. (2010).
Dominant-negative mutations in α-II spectrin cause west syndrome with severe
cerebral hypomyelination, spastic quadriplegia, and developmental delay. Am.
J. Hum. Genet. 86, 881–891. doi: 10.1016/j.ajhg.2010.04.013

Saporta, M. A., Katona, I., Lewis, R. A., Masse, S., Shy, M. E., and Li, J. (2009).
Shortened internodal length of dermal myelinated nerve fibres in charcot-
marie-tooth disease type 1A. Brain 132, 3263–3273. doi: 10.1093/brain/awp274

Schafer, D. P., Jha, S., Liu, F., Akella, T., McCullough, L. D., and Rasband, M. N.
(2009). Disruption of the axon initial segment cytoskeleton is a new mechanism
for neuronal injury. J. Neurosci. 29, 13242–13254. doi: 10.1523/JNEUROSCI.
3376-09.2009

Schoch, K. M., Evans, H. N., Brelsfoard, J. M., Madathil, S. K., Takano, J.,
Saido, T. C., et al. (2012). Calpastatin overexpression limits calpain-mediated
proteolysis and behavioral deficits following traumatic brain injury. Exp.
Neurol. 236, 371–382. doi: 10.1016/j.expneurol.2012.04.022

Stabach, P. R., and Morrow, J. S. (2000). Identification and characterization of βV
spectrin, a mammalian ortholog of drosophila βHSpectrin. J. Biol. Chem. 275,
21385–21395. doi: 10.1074/jbc.c000159200

Stankewich, M. C., Gwynn, B., Ardito, T., Ji, L., Kim, J., Robledo, R. F., et al. (2010).
Targeted deletion of beta III spectrin impairs synaptogenesis and generates
ataxic and seizure phenotypes. Proc. Natl. Acad. Sci. U.S.A. 107, 6022–6027.
doi: 10.1073/pnas.1001522107

Susuki, K., Chang, K.-J., Zollinger, D. R., Liu, Y., Ogawa, Y., Eshed-Eisenbach,
Y., et al. (2013). Three mechanisms assemble central nervous system nodes of
Ranvier. Neuron 78, 469–482. doi: 10.1016/j.neuron.2013.03.005

Susuki, K., Zollinger, D. R., Chang, K.-J., Zhang, C., Huang, C. Y.-M., Tsai, C.-
R., et al. (2018). Glial βII spectrin contributes to paranode formation and
maintenance. J. Neurosci. 38, 6063–6075. doi: 10.1523/JNEUROSCI.3647-17.
2018

Sydor, A. M., Czymmek, K. J., Puchner, E. M., and Mennella, V. (2015). Super-
resolution microscopy: from single molecules to supramolecular assemblies.
Trends Cell Biol. 25, 730–748. doi: 10.1016/j.tcb.2015.10.004

Tohyama, J., Nakashima, M., Nabatame, S., Gaik-Siew, C., Miyata, R., Rener-
Primec, Z., et al. (2015). SPTAN1 encephalopathy: distinct phenotypes and
genotypes. J. Hum. Genet. 60, 167–173. doi: 10.1038/jhg.2015.5

Tse, W. T., Tang, J., Jin, O., Korsgren, C., John, K. M., Kung, A. L., et al. (2001).
A new spectrin, beta IV, has a major truncated isoform that associates with
promyelocytic leukemia protein nuclear bodies and the nuclear matrix. J. Biol.
Chem. 276, 23974–23985. doi: 10.1074/jbc.m009307200

Uemoto, Y., Suzuki, S.-I., Terada, N., Ohno, N., Ohno, S., Yamanaka, S., et al.
(2007). Specific role of the truncated betaIV-spectrin Sigma6 in sodium channel
clustering at axon initial segments and nodes of ranvier. J. Biol. Chem. 282,
6548–6555. doi: 10.1074/jbc.m609223200

Voas, M. G., Lyons, D. A., Naylor, S. G., Arana, N., Rasband, M. N., and
Talbot, W. S. (2007). αII-spectrin is essential for assembly of the nodes of
ranvier in myelinated axons. Curr. Biol. 17, 562–568. doi: 10.1016/j.cub.2007.
01.071

Wang, C.-C., Ortiz-González, X. R., Yum, S. W., Gill, S. M., White, A., Kelter,
E., et al. (2018a). βIV spectrinopathies cause profound intellectual disability,
congenital hypotonia, and motor axonal neuropathy. Am. J. Hum. Genet. 102,
1158–1168. doi: 10.1016/j.ajhg.2018.04.012

Wang, Y., Ji, T., Nelson, A. D., Glanowska, K., Murphy, G. G., Jenkins, P. M.,
et al. (2018b). Critical roles of αII spectrin in brain development and epileptic
encephalopathy. J. Clin. Invest. 128, 760–773. doi: 10.1172/JCI95743

Watanabe, K., Al-Bassam, S., Miyazaki, Y., Wandless, T. J., Webster, P., and Arnold,
D. B. (2012). Networks of polarized actin filaments in the axon initial segment
provide a mechanism for sorting axonal and dendritic proteins. Cell Rep. 2,
1546–1553. doi: 10.1016/j.celrep.2012.11.015

Writzl, K., Primec, Z. R., Stražišar, B. G., Osredkar, D., Pečarič-Meglič, N., Kranjc,
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