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The actin cytoskeleton in neurons plays critical roles in axonal

growth and synaptic organization. Until recently, most studies

on axonal actin were limited to terminal growth cones or

synapses, whereas the organization of actin along the shaft of

the axon was relatively ignored. However, experiments using

super-resolution microscopy and live imaging have revealed

previously unknown actin structures along the axonal shaft,

such as periodic ‘actin rings’ circumferentially wrapping

underneath the plasma membrane and dynamic actin pools

deeper within the axon shaft (termed actin ‘hotspots’ and

‘trails’). In this short review, we highlight some open questions

that have surfaced as a direct result of these discoveries.
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Introduction
Actin is one of the most conserved proteins known,

exchanging between a monomeric and filamentous form.

This cytoskeletal protein is highly abundant in neurons

and relatively easy to visualize by routine staining with

actin-filament binding probes such as phalloidin. Thus it

was a surprise when super-resolution imaging revealed a

remarkable, previously unknown actin-based lattice

structure along the axon shaft. A major component of

this lattice are ‘actin rings’ – periodic, circumferential

rings of actin filaments wrapping underneath the plasma

membrane, spaced at � 190 nm – just below the resolu-

tion limits of light microscopy (see Figure 1). Mainly (but

not exclusively) found along the shaft of the axon, adja-

cent actin rings are spaced by tetramers of another cyto-

skeleton-associated protein called spectrin; thus generat-

ing alternating “bands” of actin and spectrin in axon-

shafts, when visualized by super-resolution microscopy.

In addition to these sub-plasmalemmal structures, axons
www.sciencedirect.com 
also have deeper assemblies of actin that have been

visualized by both super-resolution microscopy and live

imaging. These deeper actin assemblies are quite

dynamic, comprised of focal “hotspots” – where actin

continuously polymerizes and depolymerizes – as well as

linear actin filaments that longitudinally extend along the

shaft of the axon (termed ‘actin trails’; see Figure 1). For a

more detailed description of these structures, we refer the

reader to several recent reviews [1��,2,3]. While these

observations exponentially advanced our understanding

of the axonal cytoskeleton, they also unearthed a plethora

of new questions. Here we discuss two such questions

that have surfaced from these discoveries.

How do actin rings and trails arise in axons?
Actin Rings

In the axon shaft, circumferential axonal actin rings –

spaced at � 190 nm – are interspersed by bII-spectrin
tetramers that span across adjacent actin rings, thus

forming a sub-plasmalemmal network of alternating actin

and bII-spectrin assemblies, which we refer to here as the

axonal ‘ring-structure’. A key feature of neurons is their

extreme polarity. As neurons differentiate, a single pro-

cess breaks symmetry and dramatically elongates to form

the axon [4]. Though axons are capable of limited protein

synthesis, the vast majority of neuronal proteins are

synthesized in the neuronal soma and transported into

the axon, up to the tip. This axonal transport not only

sustains elongation of the axon during development, but

also maintains axonal and synaptic homeostasis through-

out the life of the neuron [5,6]. Interestingly, most of the

cytoskeletal and cytosolic proteins comprising the axonal

ring-structure – including actin, spectrin, adducin, and

ankyrin [7] – are known to be conveyed in a mysterious

transport group known as slow axonal transport; as shown

by classic pulse-chase type radiolabeling studies [8–10].

Thus the initial emergence of actin rings and related

structures is likely to be an interplay between slow axonal

transport of the ring-components and an orderly supra-

molecular organization of these transported elements into

the ring-structure as the axon elongates.

Examining the bII-spectrin lattice structure in develop-

ing axons of cultured hippocampal neurons – an ideal

model-system where axonal differentiation has been

extensively studied – Xu et al. reported that at early

stages when the axon has just broken symmetry (days

in vitro-2 or DIV-2), the ring-structure is restricted to the

proximal segment [11]. However, at a later stage when the

axon is established (DIV-6), the bII-spectrin lattice is
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Figure 1
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Schematic of an axon shaft with circumferential actin rings, focal

hotspots of actin assembly, and long actin polymers extending

bidirectionally.

Figure 2
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3-D STORM of bII-spectrin in DIV2 axons of cultured hippocampal neurons

axonal segment (A1), while this periodicity is lost in the distal segment (A3).

permission.
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more continuous along the length of the axon (Figure 2).

Following these observations, they proposed a

“propagation model” where the ring-structure first

emerges at the base of the axon, and then spreads distally

as the axon matures [11]. Though the propagation model

is a reasonable approximation of STORM imaging, it is

based on extrapolation from two static time-points in

development, and other possible mechanisms – for

instance, local assembly from pre-assembled intermedi-

ates along the length of the axon – can also explain the

data. Importantly, the putative role of slow axonal trans-

port of ring-components in this assembly process has not

been explored yet, probably due to inherent difficulties in

imaging slow transport [6].

A notable feature of the data from Xu et al. is that in the

early stages where the ring-structure is established at the

proximal part of the axon, the distal axon is not

completely devoid of ring-components. Instead, the

bII-spectrin in this region has a diffuse, speckled
(c)

1 μm

500 nm

500 nm

DIV 6

A
ve

 A
ut

oc
or

re
la

tio
n

0 200 400 600
-0.8

0

0.8

Lag (nm)

Proximal
Middle
Distal

Current Opinion in Neurobiology

. Note that the distribution of bII-spectrin is periodic in the proximal

 Quantified in b, c. Data from Zhong et al., [11], reproduced with
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Figure 3
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Live imaging of actin in axons (using GFP-tagged to Utr-CH, see [31].

Images above show an axon co-transfected with soluble mCherry

(top) and GFP:Utr-CH (bottom). Kymograph from this axon shows

many hotspots (arrowheads marking one), and well as anterograde

and retrograde trails (marked by filled and dashed arrowheads

respectively). Reproduced from [15], with permission.
appearance, sometimes resembling poorly organized ring-

like patterns (see Figure 2 A2 and A3). Interestingly, this

speckled pattern of distribution is also seen with other

slow component proteins, and is qualitatively different

from the discrete, punctate distribution of vesicles and

mitochondria in axons (that move in a distinct rate-class

called fast axonal transport). For example, the endoge-

nous distribution of synapsin and Hsc70 – two proteins

that are also conveyed in slow axonal transport – is also

speckled in axons. A closer view of these synapsin and

Hsc70 particles by DNA-PAINT/STORM-imaging indi-

cates that these proteins are organized into nano-scale

“transport complexes” in axons [12�]. Thus it seems

reasonable to surmise that at least a portion of the bII-
spectrin particles seen in axons represent the transported

fraction of ring-components (not the assembled fraction),

and that this population ultimately contributes to the

assembly of these proteins into an organized ring-struc-

ture. Relatedly, it is also possible that the distal punctate

pattern represents “nascent ring-components” that will

give rise to the organized pattern in older axons, a view

that is supported by the STORM data in distal axons,

where an indistinct sub-plasmalemmal organization is

evident (see Fig. 2A2 for example). Future studies com-

bining live imaging of ring-components and super-reso-

lution microscopy may shed light on this issue. Questions

regarding the stability and turnover of the ring-structure

also remain. FRAP experiments indicate minimal recov-

ery of GFP-tagged bII-spectrin in axons over � 30 min-

utes, suggesting a stable organization [11]. However,

treatment with cytoskeletal depolymerizing drugs can

disrupt the ring-structure [11,13,14], indicating a dynamic

network. Future experiments looking at slow axonal

transport, assembly, and turnover of individual ring-com-

ponents may reveal some answers.

Actin Trails

Recently, actin was visualized in axons of cultured hippo-

campal neurons (DIV 7-10), using probes specific for the

filamentous form of actin [15]. A combination of live imaging

and STORM showed that axons have dynamic actin assem-

blies, distinct fromthe sub-plasmalemmal actin/bII-spectrin
ring-structure [15]. Specifically, focal hotspots of actin were

seen in axons, spaced at � 3-4 mm, along with longer actin

filaments that were bidirectionally extending into the axon

shaft (actin trails; see kymograph in Figure 3). The elongat-

ing filaments often emerged from (or very close to) where the

focal hotspots were, supporting a model where the actin

hotspots act as a nidus for generating the elongating actin

filaments [15]. A recent study in mature touch receptors

neurons (TRNs) in C. elegansalso saw focal actin hotspots and

trails, indicating that these assemblies are remarkably con-

served, and can also be seen in a true in vivo setting [16��].

Mechanistically, these studies suggest that the assembly

of actin at the hotspots might occur on the surface of

stationary axonal endosomes [15], but definitive proof of
www.sciencedirect.com 
this is still elusive. Pharmacologic studies suggest that the

rapid elongation of actin trails is mediated by formins, and

not Arp2/3 [15]. Formins are a family of proteins that bind

to the barbed end of actin and facilitate rapid linear

elongation [17]. Though the rate of elongation of actin

trails (� 1mm/s) is consistent with a formin-mediated

phenomenon, the specific formin(s) involved are yet

unknown. Also, though global formin-inhibition attenu-

ated actin trails, interestingly, there was no effect on the

actin hotspots [15]. In most formin-mediated cellular

events, formins are responsible for both nucleation and

elongation of actin; thus the selective effect of formin

inhibition on axonal actin trails – but not hotspots – is

surprising, and future studies into this may also lead to

new insights about formin function in general. A more

comprehensive itinerary of the players involved in actin

hotspots and trails is also lacking.
Current Opinion in Neurobiology 2018, 51:163–167
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The initial appearance of actin trails in developing axons

is also unclear. So far, actin trails have been reported in

more mature (DIV 7-10) axons, where these assemblies

can be readily seen, and it will be interesting to compare

the developmental appearance of the rings and trails in

axons. Since actin hotspots and trails are the only known

dynamic actin structures along axon shafts, it seems

reasonable to hypothesize that these assemblies are a

visual correlate of actin transport. However, mechanistic

details are still unclear and further studies looking at slow

transport of actin may shed light on this issue. Finally, it is

unclear if there is an anatomical or functional link

between actin rings and trails, and understanding this

issue might shed light on the function of these assemblies

in the axon (see next).

What are the functions of actin rings and
trails?
Actin Rings

The overall organization of the axonal ring-structure is

reminiscent of a flexible but supportive scaffold – such as

ribs inside a chest-wall. Similar scaffolds are found in

other cell-types, offering clues into its potential function

in axons. For example, an actin/bII-spectrin network is

also seen in erythrocytes, where the scaffold is thought to

give structure and flexibility to the red blood cell mem-

brane [18]. Although the precise composition of the ring-

structure differs in erythrocytes and neurons, the two

assemblies might reflect evolutionary variations of the

same basic theme, warranting comparisons. Interestingly,

the spacing of actin/bII-spectrin network in erythrocytes

is only �80 nm, suggesting that the lattice network is

relaxed in these cells, unlike axons, where it is may be

under tensile stress [19��]. Indeed, several studies indi-

cate that axons are under high tensile stress [20,21,22];

thus the rings might play a role in maintaining axonal

tension. Axonal myosins may be involved in this process

[23], but neither the repertoire of molecular players, nor

the mechanistic details of this process is understood at

this time. Other examples of actin-myosin networks

include Drosophila, where non-muscle myosin II associ-

ates with rings of actin in the formation of tracheal tubes

[24]. Non-muscle myosin II is also vital in the separation

of daughter cells during cytokinesis, creating a functional

contractile ring [25].

Axons invariably need to endure stretching and move-

ment, and the stretched axonal bII-spectrin tetramers

could provide overall rigidity and stability to the axonal

shaft; thus protecting the elongated structure from dam-

age. Indeed such a role is suggested by spectrin knockout

experiments in C. elegans, where axons break as the

organism starts to move [26]. However, the role of the

ring-structure in maintaining axonal tension and overall

integrity is not established yet. The axonal ring-structure

might have other roles as well. For instance, it is unclear

whether axon shafts can undergo endocytosis, and the
Current Opinion in Neurobiology 2018, 51:163–167 
ring-structure might provide a way to attenuate mem-

brane internalization along the length of the axon. Indeed

it seems advantageous to suppress recycling of trans-

ported vesicles in axons – for instance, retrograde vesicles

carrying growth factors and signaling molecules to the

soma – but these questions have not been rigorously

explored yet. A pool of stationary vesicles and endosomes

is also seen in axons – both in cell culture and in vivo

[15,16��] – and it remains possible that these stalled

vesicles are physically associated with the axonal ring-

structure. Such a scenario might also link actin rings and

trails, and future experiments may shed light on these

hypothetical scenarios.

Actin Trails

The dynamic and abundant axonal actin trails appear to

be a remarkable metabolic investment by the cell, but

putative functions are still unclear. These structures

resemble actin ‘comets’ in listeria and other organisms,

where they are known to propel vesicles [27–30]. How-

ever, pharmacologic inhibition of actin trails does not

seem to have a major effect on vesicle transport [15]. It

remains possible however, that there are specific classes

of vesicles or organelles that can be propelled by actin

trails. As mentioned before, one possibility is that actin

trails represent the axonal transport of actin and is the

mechanism by which actin is delivered to presynaptic

boutons. In support of this, studies found that attenuation

of actin trails interrupted the delivery of actin to boutons,

with physiologic consequences [15]. However, details

related to the polarization of these assemblies and move-

ment in slow axonal transport remains to be elucidated.

In summary, although recent discoveries have revealed

intriguing cytoskeletal assemblies along the axon shaft,

fundamental questions related to the organization and

function of these structures remain. In a way, this is a

reflection of how new knowledge invariably leads to more

questions, and it seems that there are plenty of interesting

questions to keep the cytoskeletal community engaged in

the coming years.
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