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Mechanical role of the submembrane spectrin scaffold in red blood

cells and neurons

Christophe Leterrier! and Pramod A. Pullarkat?®*

ABSTRACT

Spectrins are large, evolutionarily well-conserved proteins that form
highly organized scaffolds on the inner surface of eukaryotic cells.
Their organization in different cell types or cellular compartments
helps cells withstand mechanical challenges with unique strategies
depending on the cell type. This Review discusses our understanding
of the mechanical properties of spectrins, their very distinct
organization in red blood cells and neurons as two examples, and
the contribution of the scaffolds they form to the mechanical
properties of these cells.

KEY WORDS: Red blood cell elasticity, Axonal cytoskeleton,
Cell mechanics, Membrane-associated periodic skeleton,
Spectrin scaffold

Introduction

The mechanical properties of cellular scaffolds derive from the
integration of properties at several scales, from amino-acid-level
flexibility to whole-cell assemblies. Spectrins, thought to have
evolved in early unicellular organisms and conserved in metazoans,
form distinct scaffolds in differentiated cells, such as epithelial
cells, muscle cells, erythrocytes (red blood cells; RBCs) and
neurons, and this endows them with unique mechanical properties
(Baines, 2009). Following a bottom-up approach, we summarize
what is known about the protein structure of spectrins, their
macromolecular organization and their integration in cellular
scaffolds, highlighting the mechanical implications of each
organization level, and detailing how their interplay is reflected
when probing the mechanical behavior of RBCs and the axons of
neurons. This comparison will delineate recent insights and open
questions about the mechanical role of the submembrane spectrin
scaffold.

Spectrin structure

Spectrin subunits

Spectrin was originally discovered by Marchesi and Steers as a
component of the RBC membrane from ghosts preparations, hence
its name coming from ‘specter’ (Marchesi and Steers, 1968). They
isolated the erythrocyte-specific spectrin tetramer comprising o.1-
and Bl-spectrin (encoded by SPTAI and SPTB, respectively, in
humans). Spectrin is a constitutive component of the RBC
submembrane scaffold, where it associates with ankyrin-R (also
known as ANK1), band 4.1R (also known as EPB41) and short actin
filaments (Winkelmann and Forget, 1993). Biochemical studies
have shown that the o- and B-subunits of spectrin associate as
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antiparallel off dimer, then as a head-to-head (of), tetramer.
Furthermore, early electron microscopy (EM) studies of purified
spectrin revealed that spectrin dimers and tetramers adopted a
200 nm elongated shape (Cohen et al., 1980; Shotton et al., 1979).

In the early 1980s, radiolabeling experiments revealed a spectrin-
like protein among the slow axonal transport cargoes (Levine and
Willard, 1981). Development of specific antibodies allowed the
identification of non-erythrocyte spectrin in multiple cell types,
including neurons (Burridge et al., 1982; Goodman et al., 1981,
Repasky et al., 1982). This non-erythrocyte spectrin, also named
fodrin, is made of o2- and B2-spectrin (encoded by SPTANI and
SPTBNI, respectively, in humans) and also adopts a 200 nm long
rod shape when observed by EM (Bennett et al., 1982; Glenney
et al., 1982). Whereas ol-expression is mostly restricted to
erythrocytes where it combines with Bl-spectrin, o2- and B2-
spectrin are more ubiquitous. More B-spectrin subunits were
subsequently discovered, and named B3- (encoded by SPTBN2)
(Ohara et al., 1998), B4- (SPTBN4) (Berghs et al., 2000) and
BS-spectrin (SPTBNY) (Stabach and Morrow, 2000), with 3- and
B4-spectrins also expressed in neurons together with o2-spectrin.
In addition, shorter isoforms of various B-spectrin have been
described (Bennett and Baines, 2001).

At the end of the 1980s, when spectrin amino acid sequences
were determined, starting with o2-spectrin (Wasenius et al., 1989),
the arrangement of the spectrin domains and the structure of the
tetramers were already well known. The core structural feature of
spectrin subunits are spectrin repeats, domains of 106 amino-acids
(~12 kDa) that form three helices connected by loops (Fig. 1A)
(Kusunoki et al., 2004; Speicher and Marchesi, 1984). The
assembled spectrin repeat is stable, with flexibility between
repeats (DeSilva et al., 1997; Grum et al., 1999). Erythrocyte and
non-erythrocyte spectrins have a similar organization (Sreeja et al.,
2020) — a-spectrins have 21 repeats, with repeat 10 being different
and connected to a SH3 domain. B-spectrins have 17 repeats, and a
pair of calponin-homology domains at the amino-terminus that
interacts with actin (Fig. 1B). Dimerization of o~ and B-spectrin
occurs by the antiparallel association of repeats 2021 of a-spectrin
with repeats 1-2 of B-spectrin. Formation of the (o), tetramer
occurs by head-to-head association of two dimers, involving the
first repeats of o-spectrin and the final ones (16—17) of B-spectrin
(Fig. 1C).

Conformations of spectrin tetramers

The assembled spectrin tetramer was initially assessed to be
~200 nm long for purified tetramers by electron microscopy.
However, this contour length is inconsistent with the 70 to 80 nm
length estimated from the number of spectrin tetramers, their
hexagonal organization, and the overall surface of RBCs (see
below) (Lux, 2016). Moreover, visualization of spectrin tetramers
in situ using EM yielded lengths of between 50 and 200 nm
depending on the exact technique used, whereas more recent
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Fig. 1. The spectrin tertramer

y , structure. (A) Molecular structure of two

4N spectrin repeats (repeats 8 and 9 of

‘ human B1-spectrin; PDB 1S35;
Kusunoki et al., 2004), showing the three
helixes in each repeat (left) and the
corresponding surface (right).

(B) Domain organization of a- (left) and
B-spectrins. The pleckstrin homology
(PH) domain of B-spectrins is absent
from B1-spectrin. Regions of interaction
between subunits and with partners are
highlighted below each subunit.

(C) Organization of the head-to-head
assembled spectrin tetramer.

(D) ‘Chinese finger trap’ model of
spectrin stretching showing how the
tetramer can measure between 50 and
180 nm [adapted from Brown et al.
(2015) where it was published under a
CC-BY 4.0 license].
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super-resolution microscopy data found an average length of
~70 nm (Pan et al., 2018). These discrepancies suggest that the
spectrin tetramer is able to adopt a range of higher-order structures
that would be differently affected by the purification and sample
preparation process.

Fourier analysis of electron micrographs obtained from partially
expanded tetramers has revealed that the o~ and B-spectrins coil
around each other in the form of a two-start helix, forming a higher-
order structure (McGough and Josephs, 1990). Measuring the helix
pitch and diameter, and correlating them with the contour lengths,
has led to the conclusion that the tetramer can exist with varying
degrees of condensation. The native tetramer is thus expected to
have a pitch of 7 nm (roughly four residues) and a diameter of
5.9 nm, resulting in the short length of ~70 nm observed in some
EM studies.

Recently, a new model has been proposed for spectrin tetramers
where o~ and B-spectrin repeats coil around each other by forming
90° bends between adjacent repeats (Brown et al., 2015). Although
the repeats are linked through continuous helices in the extended
conformation (Fig. 1A), it is hypothesized that twist deformation
can concentrate within a few inter-repeat a-helix residues by
forming a pi-helix. This leads to a supercoiling of each spectrin
strand within the tetramer complex, resulting in a tubular structure
with the two sets of repeats wrapped around the tube surface
(Fig. 1D). This superstructure model agrees with the diameter of
purified spectrin tetramers measured using cryo-EM. This ‘Chinese
finger trap’ model proposed by Brown et al. gives a length of
~55-65 nm for the ‘native state’ of the tetramer, close to the range
observed in the super-resolution images of RBCs (Pan et al., 2018).

p
W

According to this model, a forced extension of the contour length of
the tetramer superstructure will result in a corresponding decrease in
diameter, as observed previously (McGough and Josephs, 1990),
until it reaches the fully extended conformation (Fig. 1D). Further
stretching of the fully extended form can lead to unfolding of the
triple o-helix repeats. Such responses have been extensively
investigated at the single-protein level and the main findings are
summarized in the next section.

Mechanical properties of single spectrins - repeats

unfolding and tetramer extension

Mechanical properties of spectrin repeats

The formation of submembrane scaffolds by spectrins, the striking
variability of the tetramer length, and the nature of their secondary
and tertiary structure has led to a lot of interest in the mechanical
properties of single spectrins. Here we must distinguish the
mechanical properties of repeats themselves, which has been
extensively studied, and the properties of the assembled tetramers,
which are more difficult to assess. Atomic force microscopy (AFM)
experiments conducted on five recombinant repeats of chicken brain
spectrin and the full purified human erythrocyte spectrin has
revealed that these show sequential unfolding events (Rief et al.,
1999). The triple o-helix of spectrin repeats unfolded at forces of AF
of ~25-35 pN when pulled at 0.3 um/s (Fig. 2A). Each unfolding
added 31.7 nm in length which corresponds to ~106 amino acid
residues, indicating complete, single-step unfolding of the triple
helix repeat. The resulting sawtooth shaped force response (Fig. 2B)
could be reproduced under stretch-recovery cycles showing that the
unfolding process is reversible (Rief et al., 1999).
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Fig. 2. Unfolding of the spectrin repeats. (A) Schematic illustration of force-induced unfolding of spectrin repeats in an AFM experiment. Adapted with
permission from Law et al. (2003) with permission from Elsevier. (B) Schematic illustration of a typical force—extension curve showing saw-tooth like events, each
force drop corresponding to a single repeat unfolding. Also note the non-linear increase between unfolding events, which is characteristic of semi-flexible
polymers (Rief et al., 1999). (C) Schematics showing the possible unfolding of spectrin repeats connecting the actin rings of an axon when the axon is subjected to

a stretching force.

The energy needed for spectrin repeat unfolding can be
estimated from the force—extension data and is of the order of
AE = AF - Ax "4 x 10721 J (where Ax is the distance between the
folded and unfolded state minima). This energy barrier is of the
same order of magnitude as the typical thermal energy at
physiological temperatures, which is given by kg7, where kg is
the Boltzmann constant and 7 the absolute temperature. Therefore,
the unfolding—refolding process is stochastic, and thermally assisted
unfolding can happen. When an external force is applied, the
lifetime of the folded state is expected to decrease with increasing
force, as described by the Bell model, 7 = 7, e 27 2/ksT where 7,
is the lifetime in the absence of force (Bell, 1978; Evans and Ritchie,
1997). As demonstrated by the experiments noted above (Rief et al.,
1999), the stochastic nature of this process makes the unfolding
process sensitive to the rate at which the external force is applied. In
addition, their AFM data also show that in a given folded or
unfolded state, spectrin exhibits elastic properties similar to that of a
semiflexible polymer (Box 1). This is further supported by direct
observations of ‘worm-like’ conformations of spectrin in electron
micrographs (Shotton et al., 1979). Semiflexible polymers undergo
significant thermal fluctuations and resist any deformation that
decreases this fluctuation. This leads to a temperature-dependent
entropic elasticity, where the force increases with extension in a
highly non-linear fashion (Fig. 2B; Box 1).

Box 1. Entropic elasticity of polymers

When the two ends of a semi-flexible polymer are pulled apart by
applying an external force, the resulting force versus extension (F vs x)
behavior is well described by the worm-like chain model (WLC model)
(Bustamante et al., 1994):

ksT |1 x\?2 1 x
"= T[Z(“z) L
for x<L., where I, is the persistence length, which is a measure of the
flexibility of the backbone to bending (the more flexible the polymer, the
lower its persistence length), and L, is the contour length of the protein. In
the case of spectrin, L increases by ~30 nm (~106 residues) when each
repeat unfolds (Rief et al., 1999). Only indirect measurements of the
persistence length are available, giving a range of ~1-20 nm depending
on the technique used (Rief et al., 1999; Shotton et al., 1979; Stokke
et al., 1985). For comparison, a single-stranded DNA has a persistence
length of ~1 nm and it reaches 50 nm for double-stranded DNA. The
combined effects of the WLC response and the ability of repeats to unfold
gives rise to the kind of force response observed (Rief et al., 1999), which
is schematically shown in Fig. 2B.

; (1

Subsequent AFM experiments using short recombinant
constructs have further revealed cooperative unfolding of adjacent
spectrin repeats (Law et al., 2003). The cooperativity is thought to
arise due to the continuity of the linker helix between the repeats
(Fig. 1A). AFM-based force spectroscopy of repeat pairs connected
with native helical or immunoglobulin-based non-helical linkers
have shown no cooperative unfolding between repeats connected by
non-helical linkers, whereas rare cooperative unbinding events were
observed in repeats with native helical linkers (Randles et al., 2007).
Computer simulation supports a role for the linker structure in the
unfolding behavior of adjacent repeats (Ortiz et al., 2005).
Irrespective of the details of the unfolding process, a large body
of experimental and modeling studies support the idea that the
repeats of spectrin molecules can easily unfold under stretch and
refold when relaxed. However, how the assembled tetramers might
behave when stretched is still an open question.

Mechanical properties of spectrin tetramers

Beyond the unfolding within spectrin repeats, a more complete
understanding of the contribution of the spectrins to cell mechanics
is necessary to understand the dynamics and mechanical response of
fully assembled spectrin tetramers. Going by the proposed Chinese
finger trap model (Fig. 1D), one may assume that the weak lateral
interactions between the repeats in the hollow-tube configuration
could be easily disrupted under mechanical perturbations. Given
that purification of structurally intact tetramers can be challenging,
alternate methods such as in situ cryo-EM of tetramer configuration
in normal and mechanically stressed cells could be used to shed
some light on this problem. Recently, fluorescence resonance
energy transfer (FRET)-based molecular tension sensors have been
successfully used to show that neuronal spectrins are held under
tension (Krieg et al., 2014). The quantitative nature of FRET
measurements makes it an attractive method to investigate the
relationship between tension versus extension responses of spectrin
tetramers.

The spectrin-based scaffold in RBCs

Moving up from the molecular arrangement and mechanics of
isolated spectrin repeats and individual tetramers, we now turn to the
role of spectrin scaffold in RBCs and the axon of neurons. Below,
we first discuss the organization of this skeleton in RBCs and our
current understanding of its mechanical relevance.

The architecture of the submembrane spectrin scaffold in RBCs

Compared to other eukaryotic cells, the structural organization
of mature erythrocytes is extremely simple. In most mammals
(some ungulates, like camels, are exceptions), mature RBCs
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have a biconcave shape and are devoid of both a nucleus and
microtubules — the inside of erythrocytes is free of any organized
cytoskeletal structures, except for the membrane-associated
actin—spectrin scaffold. Thus, the mechanical properties of RBCs
are dictated by the outer composite layer, which is composed of a
lipid bilayer membrane and an attached layer of actin—spectrin
meshwork (Fig. 3A) (Fowler, 2013).

This simple organization allowed for the discovery of spectrin in
erythrocytes more than 50 years ago (Marchesi and Steers, 1968),
quickly followed by the identification of short, capped actin
filaments attached at the network nodes and other spectrin partners,
such as ankyrin and membrane proteins. The arrangement of the
spectrin mesh along erythrocyte membrane was investigated by
various EM techniques, first revealing an irregular end-to-end
meshwork (Tsukita et al., 1981), resolved to be a pseudo-hexagonal
mesh of spectrin tetramers on spread erythrocyte membranes (Byers
and Branton, 1985; Liu et al.,, 1987). These studies visualized
stretched spectrin tetramers to their full 200 nm length (Fig. 3B), but
the meshwork from fixed native erythrocytes had much shorter
30-50 nm branches that were obscured by the density of proteins
(Ohno, 1992), with segmentation of cryo-electron tomography data
measuring tetramers of ~50 nm in length (Nans et al., 2011). The
Chinese finger trap model (see above) could explain how spectrin is
able to change its length between 50 and 200 nm, but more
disordered ‘worm-like’ confirmations have also been proposed for
the spectrin tetramers in resting erythrocytes (Gokhin and Fowler,
2016). Assuming a homogenous network, a simple calculation from
the number of spectrin filaments and the surface of an erythrocyte
would result in a tetramer length of 70 to 80 nm. Recently, super-
resolution optical microscopy of the resting erythrocyte membrane
was able to measure a 70-nm length, consistent with this estimation
(Fig. 3C,D; Pan et al., 2018). The capacity of spectrin to stretch or
compress from this average value is likely key to RBC function as
these cells undergo large and repeated cycles of deformation as they
squeeze through micro-capillaries.

Mechanical role of the spectrin-based scaffold in RBCs

The elastic properties of the lipid bilayer membrane alone is
sufficient to account for biconcave shapes in synthetic vesicles
(Box 2) (Canham, 1970; Seifert, 1997). However, the spectrin
sublayer has a crucial role in imparting shape stability to RBCs.

Key

N Capped actin filament oo Spectrin tetramer

Several genetic disorders caused by spectrin mutations, such as
elliptocytosis, result in loss of RBC shape, and expressing normal
spectrin can lead to recovery of the shape, suggesting a significant
role for spectrin in imparting shape stability to RBCs (Agte et al.,
1985; Costa et al., 2020; Mohandas and Evans, 1994; Tomaiuolo,
2014). Unlike the membrane, which cannot resist in-plane shear
deformations, the spectrin scaffold can provide solid-like shear
elasticity at timescales shorter than any structural remodeling
time. Moreover, differential tension can exist between the lipid
and the spectrin layers (one can be under stretch while the other is
under compression), which then generates curvature. Finally, as will
be elaborated later, the ability of spectrin to undergo reversible
unfolding or unbinding influences the mechanical response of cells
to stretch deformations. Several theoretical models incorporating
one or more of these properties have been developed to describe
how spectrin stabilizes the discoidal shape of RBCs and under what
conditions abnormal shapes can appear (Canham, 1970; Elgsaeter
et al., 1986; Geekiyanage et al., 2019).

Apart from this shape stabilizing role, the submembrane spectrin
scaffold plays a critical role in protecting RBCs as they undergo
large deformations when they squeeze through capillaries narrower
than their diameter (Li et al., 2018; Tomaiuolo, 2014). Blood flow in
larger vessels also causes significant fluid shear stress on RBCs and
altered elastic properties that affect blood fluid dynamics (Dupire
et al., 2012). This has generated much interest in understanding the
viscoelastic properties of RBCs, which we summarize below.

Measurements of RBC mechanics

When a flaccid biconcave RBC is partially aspirated into a glass
micropipette of a few microns in diameter, the cell protrudes into the
pipette while preserving the cell surface area and the deformation is
dominated by shear forces. When osmotically swollen RBCs are
used, the elastic response is dominated by membrane stretch. Using
these methods, the shear modulus was measured to be 6.6 uN/m and
the stretching modulus to be 0.45 N/m at 25°C (Waugh and Evans,
1979). In addition, this study showed that these values decrease with
increasing temperature in the range of 2°C to 50°C. More recent
optical tweezer based measurements yielded a shear modulus of
2-5 uN/m (Hénon et al., 1999; Mills et al., 2004). Significant
softening of the shear modulus with increased deformation was also
observed in some of these studies (Mills et al., 2004). (See Kim

100 nm

o

d (nm)

Fig. 3. The architecture of the submembrane spectrin scaffold in RBCs. (A) Schematic illustration of the inner surface of a RBC membrane with its actin-
spectrin submembrane scaffold. This skeleton has a predominantly hexagonal arrangement of spectrin tetramers linked by short (~60 um) and capped actin
filaments. (B) Early EM experiments revealed the hexagonal arrangement of spectrin tetramers in RBC ghosts. A range of lengths were seen for the spectrin
tetramers due to specimen stretch with an upper limit of about 200 nm; adapted from Ursitti and Fowler (1994) with permission. (C) Super-resolution images of the
N-terminus of B-spectrin reveal their structure in RBCs with an average inter-nodal distance of 70 nm. (D) Histogram showing the inter-nodal distance distribution,
and autocorrelation plots showing the overall hexagonal symmetry. Images in C and D adapted from Pan et al. (2018) where they were published under a CC-BY

4.0 license.
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Box 2. Elastic response of lipid bilayer membranes

Alipid bilayer is a two-dimensional fluid in the plane of the membrane but
has interesting elastic properties. It resists in-plane stretching, as this
involves changing the area per molecule of the lipid bilayer. It also resists
bending. These two are regarded as independent deformations because
the membrane can be stretched without bending and bent without
stretching (bending involves splaying of molecules). However, being a
2D fluid, it cannot resist in-plane shear deformations. In its simplest
form, the elastic free energy per unit area of closed vesicles can be
described by the Helfrich—-Canham elastic free energy expression

Aa\? .
Fmemb = kstretch <?> +kbend Cz + kG CG (Se|fert: 1997): where kstretch
0

is the stretching elastic moduli, Aa is the change in area per molecule with
respect to the unstretched (ground state) area ap, C and Cg are the mean
and Gaussian curvatures of the membrane, and kyeng and kg are the
corresponding elastic moduli, respectively. Minimization of this free
energy integrated over the closed surface (the Gaussian curvature term
yields a constant for a fixed topology, irrespective of shape) gives the
preferred shape of the vesicle for a fixed enclosed volume. Interestingly,
such membrane elasticity considerations alone show that discoidal
shapes are preferred for certain surface to volume ratios (Canham, 1970;
Seifert, 1997).

et al., 2015 for a review of the various techniques for measuring
these mechanical properties).

Several experiments have indicated that RBCs exhibit non-linear
elastic responses (Lee and Discher, 2001; Mills et al., 2004). In
particular, analyzing the mean square fluctuation of nanoparticles
tethered to actin at spectrin mesh nodes has shown that the network
softens with imposed deformation (Lee and Discher, 2001). This,
along with the earlier observation that the skeleton softens with
increasing temperature (Waugh and Evans, 1979), points towards
the possibility of a repeat unfolding mechanism playing a
significant role in defining the RBC viscoelastic response. This is
because the entropic elasticity alone described by the worm-like
chain (WLC) model (Box 1) predicts stiffening with increasing
temperature. Softening of the spectrin skeleton could also occur if
the network integrity is lost under deformation, for example via
detachment of the actin-spectrin linkages or off spectrin contacts
(An et al., 2002; Gov, 2007; Lee and Discher, 2001).

Significant evidence for force-induced unfolding comes from
experiments that quantify the stress-induced exposure of otherwise
hidden cysteine residues within the folded repeats of o- and -
spectrins (Johnson et al., 2007). The exposure of hidden cysteine
residues upon physiologically relevant stress of ~1 Pa is detected by
loading the cells with cysteine-binding fluorophores and assessing
the increased fluorescence of extracts from these cells on SDS-PAGE
gels, followed by digestion and mass spectrometry to localize the
exposed cysteine residues. Sheared cells showed 50% more
fluorescence, and mass spectrometry revealed exposed cysteines
within the triple helix repeats, suggesting unfolding of the repeats
under stress. In a subsequent study, cells with a 4.1R mutant showed
markedly reduced labeling in sheared cells possibly due to easy
detachment of spectrins from actin nodes (Krieger et al., 2011).

In addition to these mechanical aspects, the presence of capped,
but possibly dynamic, actin filaments (Gokhin et al., 2015), ATP-
dependent membrane properties (Betz et al., 2009) and myosin
contractility within the RBC spectrin scaffold (Smith et al., 2018)
makes this skeleton dynamic, with possible consequences for its
viscoelastic properties that we have not detailed here. Based on
observation of dynamic ‘actin foci’, it has recently been proposed
that spectrin spacing might be heterogeneous and fluctuating

throughout the RBC (Nowak et al., 2022). A large body of work has
thus been dedicated to investigating forced unfolding of single
spectrins, the whole-cell mechanical response and, to some extent,
the active dynamics of the actin-spectrin scaffold in RBCs. The
interplay of these processes is still unclear, however, as is the in-situ
contribution of spectrin length change via conformation change in
the proposed Chinese finger trap structure between compacted and
fully extended states (Fig. 1D).

The spectrin-based scaffold in neurons

The architecture of the submembrane spectrin scaffold in axons
Neurons express a larger repertoire of spectrins including B1 and
02—P2, as well as B3 and B4 spectrins (Lorenzo, 2020). In the axon,
tetramers of a2—B4 are present along the axon initial segment,
whereas the more distal axon mostly contains 02—p2 tetramers (Liu
and Rasband, 2019). The submembrane arrangement of axonal
spectrins was revealed in 2013 by super-resolution microscopy (Xu
etal., 2013) — fully extended spectrin tetramers connecting actin rings
spaced 190 nm apart form a submembrane-periodic scaffold (Fig. 4).
This structure seems to be ubiquitous, as it has been observed in all
mature neurons across several species (D’Este et al., 2016; He et al.,
2016). The cytoskeleton of neurites also includes longitudinally
aligned microtubules, neurofilaments and actin filaments that are
not part of the ring system, and a large variety of crosslinking proteins
and motor proteins (Fig. 4A) (Kevenaar and Hoogenraad, 2015;
Leterrier, 2021; Leterrier et al., 2017; Prokop, 2020). Unlike in
RBCs, the composite cytoskeletal organization in neurons and the
interdependencies between the different elements makes delineating
specific contributions to axonal stability more challenging (Qu et al.,
2017). Below, we discuss recent studies that focus on the mechanical
role of the periodic actin—spectrin scaffold in axons.

Mechanical role of the spectrin-based scaffold in axons

The 190 nm spacing of the periodic spectrin scaffold along axons
suggests that the tetramers are in the fully extended conformation,
even in the absence of imposed deformation. Whether the tetramers
assemble in the fully extended configuration or whether they get
stretched to this state post-assembly is not clear, and the significance
of this structure to axon mechanics is only beginning to emerge. A
clear indication of a mechanical role for the spectrin scaffold in
axons came from the observation that axons of C. elegans lacking
B2-spectrin snap under stresses generated by normal wiggling of the
worm (Hammarlund et al., 2007). Subsequent studies using a
FRET-based tension sensor incorporated into 2-spectrin of worms
showed that the axonal spectrin is held under tension and this
tension is released when axons are transected using a laser (Krieg
et al., 2014).

Recent measurements of the axonal mechanical response using
chick dorsal root ganglia neurons and an optical-fiber-based
technique revealed that disruption of actin rings or knockdown of
B2-spectrin leads to a substantial reduction in the axonal elastic
modulus (Dubey et al., 2020). In addition, this study showed that the
axonal Young’s modulus decreases with increasing strain (strain-
softening response), unlike most other cell types and biopolymer
networks where it increases with strain or stress (Pullarkat et al.,
2007; Storm et al., 2005). A theoretical model, which describes the
spectrin tetramer as a WLC containing tandem repeats that can
reversibly unfold in a tension-dependent manner, captured the strain
softening as well as the non-monotonous behavior of the stress
relaxation time with imposed strain seen in axon experiments
(Dubey et al., 2020). The rest tension in unstretched axons in culture
is only a few nanonewtons. A simple estimate gives an axonal
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Fig. 4. The architecture of the submembrane spectrin scaffold in axons. (A) Schematic illustration of the organization of the axonal cytoskeleton. The
outermost layer consists of periodically spaced rings of actin filaments with a spacing of about 190 nm. The rings are interconnected by spectrin tetramers. The
interior has bundles of microtubules which are crosslinked by microtubule associated proteins. Neurofilaments, neuronal analogs of intermediate filaments, also
fill the interior of the axon. (B) A 2D STORM image of 2-spectrin in axons. (C) Intensity (left) and autocorrelation (right) for line profiles drawn in B.

tension of 6-10 nN before unfolding might happen. Such tensions
are easily reached when axons in culture are suddenly stretched by a
strain of 5 to 10% (Dubey et al., 2020). It is conceivable that, at low
rest tensions, axonal spectrins exist in the fully extended form and
that beyond a higher threshold value, reversible unfolding might
ensue. It is also possible that spectrins might dissociate under tension,
although the 0232 neuronal spectrin association is much stronger
than in the RBC counterparts (An et al., 2002, 2006). The possibility
of reversible unfolding or unbinding needs to be explored through
future experiments. Overall, these results suggest that the axonal
spectrin skeleton can act as a tension buffer by unfolding spectrin
repeats when subjected to mechanical stress (Fig. 2C).

AFM data based on local indentation of the axonal membrane
followed by coarse-grained molecular dynamics simulations also
suggest that the spectrin scaffold significantly influences membrane
mechanics and that damage to this skeleton can compromise axonal
integrity under injury-causing conditions (Zhang et al., 2017). A
recent computational analysis of the composite axon further
highlights the role of the spectrin scaffold, along with other
elements, under concussion or traumatic brain injury-causing
conditions (Kant et al., 2021). As long axons are subjected to
large deformations during body movements, especially at the joints,
or during head impacts, spectrin- based tension buffering
mechanisms might have evolved to offer some protection against
stretch-induced damage to axons. However, mechanical stress
resistance is not the whole story. The spectrin scaffold is likely to
support the neuronal architecture beyond its role in resisting stretch-
induced damage, as depletion of a2-spectrin results in widespread
degeneration of axons in the brain, which are not subjected to large-
scale mechanical stress (Huang et al., 2017a). This process
preferentially affects large diameter axons of peripheral nervous
system (PNS) nerves, where both small and large axons are subject
to similar stress (Huang et al., 2017b).

Contribution of the actin-spectrin scaffold to axonal caliber

and contractility

In addition to its contribution to axonal response to stretch
deformations, the actin—spectrin scaffold also appears to play a
role in regulating the axonal caliber (Costa et al., 2020; Leite et al.,
2016). The mechanics of this scaffold might also be important in
facilitating axonal transport (Wang et al., 2020). The relative
organization of the myosin-II mini-filaments associated with the

actin rings suggest that myosin-II-driven contractility of the rings
might play an important role. Axons are also known to generate
longitudinal tension driven by actomyosin activity, and the possible
role of the actin—spectrin skeleton in this is still unclear (Mutalik
et al., 2018; Rajagopalan et al., 2010). It is possible that part
of this tension is also stored passively in the spectrin scaffold as
the tetramers exist in a fully extended state. Indeed, FRET
measurements and laser ablation studies provide credence to such
aview (Krieg et al., 2014). How exactly myosin heads can generate
circumferential or longitudinal tension by acting on adjacent rings is
still an open question, although some mechanisms have been
postulated (Pan et al., 2021).

Organization in soma

Although we focus on the periodic spectrin scaffold along axons,
spectrin is also present in other neuronal compartments, such as
the dendrites and the cell body, and the organization in these
compartments raises further intriguing questions. Investigation of
the spectrin scaffold in the neuronal cell body revealed a RBC-
like pseudo-hexagonal organization in significant sections, although
this had an average spacing of ~190 nm (Han et al., 2017). Some
dendritic regions show a periodic, unidimensional organization,
but remarkably, a few regions of the dendrites also show a
two-dimensional (2D) pseudo-hexagonal organization. These
observations raise a number of questions. Could the spatial
organization depend on the geometry of the surface — a thin
cylinder with high curvature versus the cell surface with a much
lower curvature? We note that some of the dendrites had diameters
significantly larger than an axon (up to 2.6 um; Han et al., 2017).
Moreover, one-dimensional (1D) periodic spectrin scaffold has been
reported in neuronal cilia, which are also thin cellular extensions (Jia
et al., 2019). However, 1D periodic patterns of spectrin can appear
also along a flat membrane, as a recent study showed 180-nm spaced
bands of spectrins in sheet-like areas of the undifferentiated neuronal
stem tissue (Hauser et al., 2018). Second, is the fully extended
spectrin length of ~190 nm (compared to ~70 nm for RBCs) due to
the soma being in a state of mechanical tension, or is this influenced
by biochemical factors alone? More generally, why are neuronal
spectrin spread to 190 nm in both 2D hexagonal and 1D longitudinal
arrangements, whereas erythrocyte spectrins form a 2D meshwork
with a much shorter arrangement of spectrins? Further experiments
are required to answer these interesting questions.
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Conclusions and future directions

In this Review, we summarized the knowledge and open questions
about mechanical functions of the spectrin scaffold, with
applications to the physiology of RBCs and neurons. Spectrins
have several other important roles in these cells, signaling being a
prime example (Machnicka et al., 2014), which was recently shown
to be regulated by the periodic actin-spectrin scaffold along axons
(Zhou et al., 2019). Organized distribution of spectrin is also found
in other cell types, such as within the stereocilia of inner ear cells,
with implications for hearing (Liu et al., 2019). Several other
differentiated cells, such as epithelial cells and muscle cells, have
extensive spectrin scaffolds but its detailed organization is less
clear. Finally, we did not discuss the physiopathological relevance
of spectrin mutations beyond erythrocyte spectrins, with spectrin
mutations leading to spectrinopathies affecting neurons and brain
development (Cousin et al., 2021; Liu and Rasband, 2019), as well
as reduced touch sensitivity (Krieg et al., 2014).

In conclusion, a comparison of the spectrin organization and its
mechanical roles in RBCs and neurons suggests that these proteins
have evolved to act as molecular shock absorbers by virtue of their
ability to stretch via conformational transitions, including unfolding
of repeats. This is akin to other structural proteins, like for example,
the muscle protein titin (Kellermayer et al., 1997; Rief et al., 1997)
and the focal adhesion complex talin proteins (Yao et al., 2016). As
discussed in this Review, the importance of spectrins in providing
stability to RBCs as they squeeze through narrow capillaries have
been studied in some detail but their protective role and how they
influence axonal caliber are only beginning to be understood. Future
experiments such as EM of these scaffolds subjected to controlled
deformations and FRET-based fluorescence imaging are required to
probe the force-induced conformational changes, repeat unfolding
and possible dissociation events in a more precise manner.

Finally, how the spectrin-based scaffold assembles into distinct
patterns in different cell types or sub-cellular compartments is also
not well understood. Comparisons across cell types might help to
reveal the interplay between membrane geometry, mechanical
stress, biochemical factors and the type of spectrin organization.
The respective role of actin and various spectrins within the
neuronal periodic scaffold also remains to be clarified, as dendritic
spines can contain actin rings but no detectable B2-spectrin (Bar
et al., 2016). Experimental strategies that can disrupt this scaffold
in a reversible manner combined with live-cell super-resolution
imaging might provide some answers. /n vitro reconstituted systems
could also be a powerful tool for understanding the organizational
principles of these fascinating scaffolds.
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