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Abstract

Actin and spectrin play important roles in neurons, but their organization in axons and dendrites

remains unclear. We used stochastic optical reconstruction microscopy (STORM) to study the

organization of actin, spectrin and associated proteins in neurons. Actin formed ring-like

structures that wrapped around the circumference of axons and evenly spaced along axonal shafts

with a periodicity of ~180–190 nm. This periodic structure was not observed in dendrites, which

instead contained long actin filaments running along dendritic shafts. Adducin, an actin-capping

protein, colocalized with the actin rings. Spectrin exhibited periodic structures alternating with

those of actin and adducin, and the distance between adjacent actin-adducin rings was comparable

to the length of a spectrin tetramer. Sodium channels in axons were distributed in a periodic

pattern coordinated with the underlying actin-spectrin-based cytoskeleton.

Actin plays critical roles in shaping and maintaining cell morphology, as well as in

supporting cellular various functions, including cell motility, cell division, and intracellular

transport (1). In neurons, actin is essential for the establishment of neuronal polarity, the

transport of cargos, the growth of neurites, and the stabilization of synaptic structures (2–4).

Despite its importance, our understanding of actin structures in neurons remains incomplete.

Electron microscopy has provided detailed actin ultrastructure in growth cones and dendritic

spines (5, 6), where actin is the dominant cytoskeletal protein, but little is known about the

organization of actin in the axonal and dendritic shafts (4). Though neurites often have sub-

micrometer diameters, they contain a high density of different types of cytoskeletal

filaments, such as microtubules and neurofilaments (6–8). Hence, resolving the organization

of actin in axons and dendrites is challenging, requiring imaging tools with both high spatial

resolution and molecular specificity.

A prototypical actin-spectrin-based cytoskeleton structure is found in red blood cells

(erythrocytes) (9, 10), where actin, spectrin and associated proteins form a two-dimensional

(2D) polygonal network (mostly comprised of hexagons and pentagons) underneath the

erythrocyte membrane (11, 12). Spectrin analogues have been found in many other animal

cells (9, 10), including neurons (13, 14). They play important roles, ranging from the

regulation of the heartbeat, to the stabilization of axons, the formation of axon initial

segments and nodes of Ranvier, and the stabilization of synapses in neurons (9, 10, 15). An
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erythrocyte-like, polygonal lattice structure has been observed for spectrin in the drosophila

neuromuscular junction (16), and models similar to the erythrocyte cytoskeleton have also

been proposed for other systems (10). However, the ultrastructural organization of spectrin

in non-erythrocyte cells is largely unknown due to similar challenges in imaging.

Recent advances in super-resolution fluorescence microscopy (17, 18) allow resolutions

down to ~10 nm to be achieved with molecular specificity, providing a promising solution to

the above challenges. In particular, super-resolution studies of neurons have provided

valuable structural and dynamic information of actin in dendritic spines (19–22). In this

work, we studied the three-dimensional (3D) ultrastructural organization of actin and

spectrin in neurons using a super-resolution fluorescence imaging method, stochastic optical

reconstruction microscopy (STORM) (23–27).

To image actin in neurons, we fixed cultured rat hippocampal neurons at various days in

vitro (DIV), and labeled actin filaments with phalloidin conjugated to a photoswitchable

dye, Alexa Fluor 647 (Fig. 1) (28). To identify axons and dendrites, we immunolabeled

MAP2, a microtubule associate protein enriched in dendrites, or NrCAM, a cell adhesion

molecule found in the initial segments of axons (15), using a dye of a different color (Fig. 1)

(28). In the conventional fluorescence images (Fig. 1A, D, F), MAP2 specifically stained

dendrites and NrCAM specifically labeled the initial segments of axons, whereas actin was

found in both dendrites and axons.

Next, we imaged the ultrastructure of actin using 3D STORM (27) with a dual-objective

astigmatism-imaging scheme (28, 29). Only a sparse subset of the labeled Alexa 647

molecules were activated with 405 nm light at any instant and imaged with 647 nm light

using a continuous illumination and detection mode (30). The x-y and z coordinates of the

activated molecules were determined from the centroid positions and ellipticity values of

their images, respectively (27, 29). Iterating this procedure allowed numerous molecules to

be localized and a 3D super-resolution image to be constructed from the coordinates of these

molecules.

In contrast to the conventional images, individual actin filaments were resolved in the

STORM images (Fig. 1B, C, E, G and Fig. S1B) (28). Long actin filaments were observed

in dendrites (Fig. 1B, C and Fig. S1B). These filaments were primarily distributed within a

cortical layer beneath the plasma membrane, and largely ran along the long axes of

dendrites, though crossing filaments were also observed (Fig. 1B, C). Our observations here

were focused on dendritic shafts and do not exclude the possibility of different actin

organizations in dendritic spines (3, 6).

In contrast, a drastically different organization of actin was observed in axons. Actin

filaments appeared to be arranged into isolated rings that wrapped around the circumference

of the axons (Fig. 1E, G). These rings were periodically distributed along the axonal shafts,

forming a ladder-like, quasi-one-dimensional (quasi-1D) lattice with a long-range order

(Fig. 1E, G). Examination of neurons at different developmental stages showed that the

periodic actin pattern started to appear at ~5 DIV, became clearly visible at ~7 DIV (Fig. S2)

(28), and was maintained in older mature neurons (e.g., 28 DIV; Fig. S3) (28). In mature

neurons, more than 80% of the neuronal processes that could be identified as axon shafts

(i.e. neurites positive of NrCAM, or neurites devoid of MAP2 and wider than 50 nm)

exhibited the periodic, ladder-like actin pattern, whereas some filopodia-like processes

branching from axon shafts did not (Fig. S3). While long actin filaments were also observed

along some axons, especially in the thicker axons (Fig. 1E, G, and Figs. S2E, S3B), the

periodic, ring-like pattern was the most pronounced actin feature in the axon shafts. Similar
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periodic patterns were observed both in the initial segments of axons (Fig. 1G) and in distal

axons that were not close to the cell body (Fig. S1B, S3).

The periodicity of the actin pattern in axons appeared highly regular (Fig. 2). Projection of

the 3D images of actin to the long axis of the axon led to well separated peaks with nearly

identical spacing (Fig. 2A). A Fourier transform of the 1D projection yielded fundamental

frequencies and overtones that corresponded to a spatial period of ~180–190 nm (Fig. 2B).

Statistical analysis of the spacings showed a narrow distribution with a mean value of 182

nm and a standard deviation of 16 nm (Fig. 2C).

The quasi-1D, periodic actin structure prompted us to search for a molecular mechanism

underlying this organization. In particular, the isolated actin ring-like structures with ~180–

190 nm spacing did not appear to form a cohesive network by themselves. We thus reasoned

that a linker component may be present to both connect the actin structures into a network,

thereby giving mechanical support to the membrane, and to provide a mechanism for the

regular spacing between the actin rings. We hypothesized that spectrin could be a good

candidate for this linker component. The rod-shaped spectrin tetramers, typically 150–250

nm in length, cross-link short actin filaments in the erythrocyte membrane cytoskeleton to

form a 2D, polygonal network (9–12). Spectrin analogues, in particular αII-βII spectrin, are

present in the mammalian brain (10, 13, 14). Moreover, brain spectrin interacts with actin,

and spectrin tetramers isolated from the brain exhibit a rod-like shape, with average length

195 nm (14), comparable to the spatial periodicity we observed for the actin rings.

To test this hypothesis, we performed 3D STORM imaging of βII-spectrin, which is

enriched in distal axons (31). We immunolabeled βII-spectrin using an antibody (28) that

specifically targeted the C-terminus of βII-spectrin, which should label the center of the rod-

like αII-βII spectrin tetramer (9, 10). If the adjacent actin rings are connected by spectrin

tetramers, we expect the centers of the spectrin tetramers to also form a periodic pattern of

ring-like structures with a quantitatively similar periodicity. Highly periodic, ring-like

structures were indeed observed for the C-terminus of βII-spectrin in axons (Fig. 3A and

Figs. S4, S5) but not in dendrites (Fig. S5) (28). Statistics of the spacings between adjacent

rings gave a mean value of 182 nm and a standard deviation of 18 nm (Fig. 3B), which are

nearly identical to the values measured for the actin rings (Fig. 2C), suggesting that spectrin

and actin may indeed form a coordinated periodic network. βIV-spectrin, a spectrin subtype

specifically located in the axon initial segment (Fig. S6) (15, 28, 32), also exhibited a

quasi-1D, periodic pattern (Fig. 3C, D) similar to those of actin and βII-spectrin, consistent

with the observation that the periodic actin structure was observed in both axon initial

segments (Fig. 1G) and distal axons (Figs. S1B, S3).

In the erythrocyte cytoskeleton, the network formed by short actin filaments (12–16

monomers) and spectrin tetramers contains other proteins, such as adducin, a protein that

caps the growing end of actin filaments and promotes the binding of spectrin to actin, and

ankyrin, a protein that helps anchoring spectrin to the membrane (9, 10). We thus also

probed the distributions of these molecules in axons. Immunolabeled adducin formed

periodic, ladder-like structures in axons (Fig. 3E), with a periodicity quantitatively similar to

those of the actin and spectrin structures (Fig. 3F). Immunolabeled ankyrin-B exhibited a

semi-periodic pattern with a similar periodicity but a less regular distribution compared to

those observed for actin, spectrin and adducin (Fig. S7) (28). The less regular distribution is

expected for ankyrin-B because each spectrin tetramer contains two separate ankyrin-

binding sites that are both away from the center of the spectrin tetramer, neither of which is

necessarily occupied by ankyrin (9, 10).
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To confirm that the periodic actin-spectrin structure exists in the brain, we performed

STORM imaging of hippocampal tissue slices of adult mice (Fig. S8) (28). Because axons,

dendrites and cell bodies are densely packed in all three dimensions in brain tissues, we

needed a positive marker to unambiguously mark axons in these experiments. We used βIV-

spectrin, which is specifically localized to the initial segments of axons (Fig. S6) (15, 28,

32), as such a marker. STORM imaging was performed on either immunolabeled βIV-

spectrin or phalloidin-labeled actin. Indeed, quasi-1D, periodic structures were observed for

both βIV-spectrin (Fig. S8A, B) and actin (Fig. S8G, I) in axon segments stained by βIV-

spectrin, with periodicities quantitatively similar to those observed in cultured neurons (Fig.

S8C–E, J–L).

Next, we performed two-color STORM imaging of cultured neurons to determine the

relative positions of the molecular components observed in the quasi-1D, periodic axonal

cytoskeleton. To this end, we labeled actin and spectrin (or adducin) with spectrally distinct

photoswitchable dyes (28). Highly regular, alternating patterns of actin and spectrin were

observed in axons with the spectrin stripes falling midway between adjacent actin stripes

(Fig. 4A and Fig. S9A) (28). Given that the antibody specifically labeled the C-terminal

region of the βII-spectrin, which is at the center of the αII-βII spectrin tetramer, and that the

spacing between adjacent actin stripes was comparable to the length of the spectrin tetramer,

our observations suggest that spectrin tetramers are aligned longitudinally along the axonal

shaft and connect the adjacent actin ring-like structures. Treatment with an actin-

depolymerizing drug, latrunculin A not only eliminated the periodic actin structures, but also

disrupted the periodic structures of spectrin (Fig. S10) (28), suggesting that the actin and

spectrin structures are indeed interconnected.

The adducin stripes, on the other hand, appeared to colocalize with the actin stripes (Fig. 4B

and Fig. S9B) (28). Given that adducin caps one end of actin filaments, this result suggests

that the ring-like actin structures likely do not represent long, continuous filaments spanning

the entire ring, but are made of capped, short filaments aligned along the circumferential

direction of the axon, probably facilitated by actin-binding or -crosslinking proteins (2, 3).

As described earlier, long actin filaments running along axons were sometimes observed,

but they did not appear to have a well-defined spatial relationship with either spectrin or

adducin (Fig. S9A, B). Consistent with the above results, βII-spectrin (C-terminus) and

adducin stripes also alternated with each other along the axon (Fig. 4C and Fig. S9C) (28).

To further analyze the data quantitatively, we calculated the cross-correlation between the

two color channels for each of the three combinations, actin/spectrin, actin/adducin, and

spectrin/adducin (Fig. 4E). The cross-correlation was determined for the 1D localization

distributions as shown in Fig. S9 (28). The ~180–190 nm periodicities were apparent for all

three correlation functions (Fig. 4E). The actin-adducin pair appeared correlated, exhibiting

a maximum near zero shift, indicating that actin and adducin indeed colocalize with each

other. The actin-spectrin (C-terminus of βII-spectrin) and adducin-spectrin (C-terminus of

βII-spectrin) pairs were both anticorrelated, exhibiting a minimum at zero shift and

maximum at ~90–100 nm shifts, indicating that the centers of the spectrin tetramers lie

halfway between the adjacent actin-adducin rings.

Finally, to assess the possible functional implication of this quasi-1D, periodic cytoskeletal

structure, we performed two-color imaging of βIV-spectrin and sodium channels (Nav) in

the axon initial segments (28). Sodium channels are enriched in the axon initial segments

and are important for the generation of action potentials (15, 33). We immunostained the N-

terminal region of βIV-spectrin, which is at the two ends of the spectrin tetramer.

Interestingly, Nav and the N-terminus of βIV-spectrin exhibited alternating periodic patterns

with Nav being most abundant approximately halfway between the ends of the spectrin
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tetramers (Fig. 4D, E and Fig. S9D) (28). The periodic distribution of Nav is thus most likely

coordinated by the underlying periodic cytoskeleton structure, presumably through ankyrin-

G (34), which interacts with both sodium channels and βIV-spectrin (9, 15, 35, 36). The

periodic pattern of Nav appeared less regular than that of βIV-spectrin, potentially because

each spectrin tetramer contains two separate Nav binding sites (through ankyrin-G) which

are not fully occupied, or because not every Nav molecule is anchored to the underlying

cytoskeleton. It is also possible that the antibody against Nav was less specific.

The above results suggest that the cortical cytoskeleton of axons is comprised of short actin

filaments that are capped by adducin at one end and arranged into ring-like structures, which

wrap around the circumference of the axon (Fig. 4F). Spectrin tetramers connect the

neighboring actin/adducin rings along the long axis of the axon, tightly regulating the

periodicity of the cytoskeleton structure to ~180–190 nm and giving the axonal cytoskeleton

a long-range order. Despite the molecular composition differences between the axon initial

segments and distal axons, for example ankyrin-G and βIV-spectrin are confined in the axon

initial segment by an exclusion effect of the distal axon proteins ankyrin-B and βII-spectrin

(31), the cytoskeletal organization is similar between the initial and distal segments of the

axons, both adopting a quasi-1D, periodic structure. Interestingly, this periodic cytoskeleton

structure was only observed in axons, but not in dendrites, which instead primarily contained

long actin filaments running along the dendritic axis. Although the microscopic interactions

between the molecular components of the axon cytoskeleton are likely similar to those

between the erythrocyte analogues (9, 10), the overall structure of this quasi-1D, periodic

cytoskeleton in axons is distinct from the 2D, pentagonal/hexagonal structure observed for

the erythrocyte membrane cytoskeleton (11, 12). In Drosophila motoneuron axons near the

neuromuscular junctions, spectrin and ankyrin appear to organize into an erythrocyte-like,

pentagonal/hexagonal lattice structure (16), which is distinct from the quasi-1D, periodic,

ladder-like structure that we observed in the axons of vertebrate brains. Whether the

difference is due to invertebrate versus vertebrate animals or peripheral versus central

nervous systems awaits future investigations.

The periodic, actin-spectrin-based cytoskeleton observed here is unlikely to be involved in

myosin-dependent axonal transport. If the analogy to the erythrocyte membrane

cytoskeleton holds, the capped short actin filaments in the ring-like actin structures in axons

are likely bound by tropomyosin (9, 10), which may prevent the binding of myosins.

Myosin-dependent axonal transport could, however, be mediated by the long actin filaments

that were observed to run along the axon shaft. The quasi-one-dimensional, periodic, actin-

spectrin cytoskeleton may instead provide elastic and stable mechanical support for the axon

membrane, given the flexibility of spectrin. Elastic and stable support is particularly

important for axons because they can be extremely long and thin, and have to withstand

mechanical strains as animals move (37). Indeed, loss of β-spectrin in C. elegans leads to

spontaneous breaking of axons, which is caused by mechanical strains generated by animal

movement and can be prevented by paralyzing the animal (37). The highly periodical sub-

membrane cytoskeleton can also influence the molecular organization of the plasma

membrane by ordering important membrane proteins along the axon. Indeed, we found that

sodium channels were distributed periodically along the axon initial segment in a

coordinated manner with the underlying actin-spectrin cytoskeleton. An axonal plasma

membrane with periodically varying biochemical and mechanical properties may not only

influence how an action potential is generated and propagated, but might also affect how

axons interact with other cells.
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Fig. 1.
STORM imaging reveals distinct organization of actin filaments in the axons and dendrites

of neurons. (A) Conventional fluorescence image of actin (green) and a dendritic marker,

MAP2 (magenta), in a cultured hippocampal neuron fixed at 7 DIV. (B) 3D STORM image

of actin in a dendritic region corresponding to the white box in (A). The z-positions in the

STORM image are color-coded according to the color scale, with violet and red indicating

positions closest to and farthest from the substratum, respectively. (C) Magnification of the

region inside the red box in (B). The yz cross-section corresponding to the white-boxed

region is shown in the inset. (D) Conventional fluorescence image of actin (green) and

MAP2 (magenta) in a neuron fixed at 12 DIV. (E) 3D STORM image of actin in a region

containing axons (devoid of the dendritic marker MAP2), corresponding to the yellow box

in (D). The yz cross-sections corresponding to the white-boxed regions are shown in the

insets. The 3D STORM image of a region containing a dendrite of this neuron is shown in

Fig. S1B (28). (F) Conventional fluorescence image of actin (green) and an axon initial

segment marker, NrCAM (magenta), in a neuron fixed at 9 DIV. (G) 3D STORM image of

actin in a region containing the axon initial segments, corresponding to the dashed yellow

box in (D).
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Fig. 2.
Actin filaments in axons form a quasi-1D, periodic structure with a uniform spacing of

~180–190 nm. (A) 3D STORM image of a segment of axon (upper panel) and the

distribution of localized molecules after the 3D image was projected to one dimension along

the axon long axis (lower panel). (B) Fourier transform of the 1D localization distribution

shown in (A). The Fourier transform shows a fundamental frequency of (190 nm)−1 and an

overtone. (C) Histogram of the spacings between adjacent actin ring-like structures (N =

204). The red line is a Gaussian fit with mean = 182 nm and standard deviation = 16 nm.
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Fig. 3.
Spectrin and adducin exhibit quasi-1D, periodic patterns in axons, quantitatively similar to

that observed for actin. (A) 3D STORM image of βII-spectrin in axons. βII-spectrin is

immunostained against its C-terminal region, which is situated at the center of the rod-like

αII-βII spectrin tetramer. Inset: the yz cross-section of the boxed region showing the ring-

like structure. (B) Histogram of the spacings between adjacent spectrin rings (N = 340). The

red line is a Gaussian fit with mean = 182 nm and standard deviation = 18 nm. (C, D) Same

as (A, B) but for βIV-spectrin, which is specifically located in the initial segments of axons.

βIV-spectrin is immunostained against its N-terminal region, which corresponds to the ends

of the spectrin tetramer. The red line superimposed on the histogram is a Gaussian fit with

mean = 194 nm and standard deviation = 15 nm (N = 88). (E, F) Same as (A, B) but for

adducin, an actin-capping protein. The red line superimposed on the histogram is a Gaussian

fit with mean = 187 nm and standard deviation = 16 nm (N = 216).
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Fig. 4.
Actin, spectrin, and adducin form a coordinated, quasi-1D lattice structure in axons, and

sodium channels are distributed in a periodic pattern in coordination with the actin-spectrin-

based submembrane cytoskeleton. (A) Two-color, STORM image of actin (green) and βII-
spectrin (magenta). βII-spectrin is immunostained against its C-terminal region, which is

situated at the center of the spectrin tetramer. (B) Two-color, STORM image of actin (green)

and adducin (magenta). (C) Two-color, STORM image of βII-spectrin (green) and adducin

(magenta). (D) Two-color, STORM image of sodium channels (Nav, green) and βIV-

spectrin (magenta). βIV-spectrin is immunostained against its N-terminal region, which is

situated at the two ends of the spectrin tetramer. The distributions of the localized molecules

along the axon shafts are shown in Fig. S9 (28). (E) Spatial correlations between actin and

βII-spectrin C-terminus (A, black), between actin and adducin (B, blue), between adducin

and βII-spectrin C-terminus (C, red), and between sodium channels and βIV-spectrin N-

terminus (D, green). The correlation function is calculated for varying relative shifts

between the two color channels along the axons. (F) A model for the cortical cytoskeleton in

axons. Short actin filaments (green), capped by adducin (blue) at one end, form ring-like

structures wrapping around the circumference of the axon. Spectrin tetramers (magenta)

connect the adjacent actin/adducin rings along the axon, creating a quasi-1D lattice structure

with a periodicity of ~180–190 nm. The letters “C” and “N” in the legend mark the C-

terminus (magenta triangle) and N-terminus of β-spectrin (magenta square), respectively.

Ankyrin and sodium channels, not shown in the model, also form semi-periodic patterns in

coordination with the periodic cytoskeletal structure.
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