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SUMMARY

In the axons of cultured hippocampal neurons, actin
forms various structures, including bundles, patches
(involved in the preservation of neuronal polarity),
and a recently reported periodic ring-like structure.
Nevertheless, the overlaying organization of actin in
neurons and in the axon initial segment (AIS) is still
unclear, due mainly to a lack of adequate imaging
methods. By harnessing live-cell stimulated emission
depletion (STED) nanoscopy and the fluorescent
probe SiR-Actin, we show that the periodic subcor-
tical actin structure is in fact present in both axons
and dendrites. The periodic cytoskeleton organiza-
tion is also found in the peripheral nervous system,
specifically at the nodes of Ranvier. The actin patches
in the AIS co-localize with pre-synaptic markers.
Cytosolic actin organization strongly depends on
the developmental stage and subcellular localization.
Altogether, the results of this study reveal unique
neuronal cytoskeletal features.
INTRODUCTION

Investigations of neuronal actin organization have so far focused

on structural aspects of dendritic spines (Izeddin et al., 2011;

Korobova and Svitkina, 2010; Tatavarty et al., 2009; Testa

et al., 2012; Urban et al., 2011; Willig et al., 2014). At the same

time, very little is known about the actin architecture in axons.

Recently, super-resolution fluorescence microscopy revealed

a striking ring-like actin organization with a periodicity of

�180 nm in axons of cultured hippocampal neurons (Lukinavi-
�cius et al., 2014; Xu et al., 2013). Interestingly, electron micro-

scopy failed to reveal such structural features altogether (Jones

et al., 2014; Watanabe et al., 2012) and instead highlighted the

presence of actin-patch features. While actin patches in axons

have been identified as critical for maintaining neuronal polarity,

the role of the highly periodic lattice is still unclear (Arnold and

Gallo, 2014).

Disagreements regarding actin ultrastructure trace back to the

fact that actin is inherently difficult to image with nanoscale res-

olution. This is because the actin network is too fine and too
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dense to be resolved by diffraction-limited optical microscopy,

while the preparation required for electron microscopy is rather

harsh, altering the overall structure of the network (Fifková,

1985; Schnell et al., 2012). Optical nanoscopy of phalloidin-

stained actin is a good compromise between high-resolution im-

aging and the aggressiveness of sample preparation (Xu et al.,

2012). However, it typically requires chemical fixation, which

may itself cause artifacts (Schnell et al., 2012). Therefore, fluo-

rescence nanoscopy or super-resolution of actin in living cells

under relevant normal growth conditions is the method of choice

for overcoming these observational limitations.

Being membrane permeable, the recently introduced silicon

rhodamine actin label (SiR-Actin) allows labeling of actin inside

living cells, without the need to overexpress fluorescently tagged

proteins such as LifeAct, actin monomers, or actin-binding pro-

teins. Its fluorogenicity provides a high signal-to-noise ratio,

facilitating the visualization of finest details. SiR-Actin was

already successfully tested for stimulated emission depletion

(STED) nanoscopy, confirming the presence of a periodic actin

pattern also in axons of living neurons (Lukinavi�cius et al.,

2014). Here, we report several novel observations pertaining to

subcortical actin ultrastructure, enabled by the use of SiR-Actin

and two-color STED nanoscopy in living primary cultured hippo-

campal neurons. We discovered that subcortical actin forms a

periodic structure in the dendritic compartments in addition to

axonal compartments, where it is shown to appear shortly after

axon specification. A similar periodic pattern of cytoskeletal pro-

teins was also found in myelinated sciatic nerve fibers at the no-

des of Ranvier. Regarding cytosolic actin in living cells, SiR-Actin

reveals that its organization in patches and bundles is both

evolving in time (corresponding to developmental stage) and

spatially regulated (depending on subcellular compartment).

Actin bundles in the somatodendritic compartment end abruptly

at the beginning of the axon initial segment (AIS), while actin

patches in the AIS play a role in the organization of synaptic bou-

tons (Sankaranarayanan et al., 2003; Waites et al., 2011), since

they co-localize with pre-synaptic markers. Our work reveals

the ubiquity of the periodic structure of cytoskeleton in neurons

and elucidates the involvement of actin in the maintenance of

neuronal polarity. By the same token, our work also emphasizes

the utility of live-cell nanoscopy for the study of neuronal ultra-

structures, where these unprecedented imaging capabilities

will undoubtedly impact the search for mechanisms that underlie

basic neuronal functions.
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Figure 1. Live Imaging Shows a Periodic Structure of Actin Also in

Neurofascin-Negative Neurites

(A) Developmental staging of neurons according to the days in vitro (DIV), axon

initial segment (AIS) formation, and spine sprouting (adapted and modified

from Dotti et al., 1988).

(B) Experimental procedure of live-SiR-Actin and AIS labeling for two-color

STED nanoscopy. Cultured hippocampal neurons were incubated with 2 mM

SiR-Actin for 1 hr under growth conditions. Afterward, the AIS was live stained

with an anti-pan-neurofascin antibody (a-NF-186) to specifically mark the

axon. Living neurons were then immediately imaged by two-color STED

nanoscopy at room temperature.

(C) STED images of living neurons (8 and 17 DIV) in which actin periodicity is

present both in the axon and also in dendrites (insets show the specific neu-

rofascin labeling to highlight the axon). Arrowheads point to the axons. Scale

bar, 10 mm for 8 DIV and 1 mm for 17 DIV. (1–4) Close-ups of the regions

indicated in the images of the neurons at 8 and 17 DIV. Box 1 corresponds to

the neurite positive for neurofascin (an axon), while boxes 2–4 correspond to

neurites that are negative for neurofascin (dendrites). Scale bar, 1 mm.

Ce
RESULTS

Subcortical Actin Forms a Periodic Lattice Also in
Dendrites of Living Neurons
We exploited the membrane permeability of SiR-Actin to study

the organization of filamentous actin (F-actin) in living neurons

at different developmental stages. After 1.5 days in vitro (DIV),

corresponding to developmental stage 3, cultured neurons first

specify their axon, which becomes biochemically recognizable

starting from 5 DIV (Dotti et al., 1988). Indeed, at this stage, the

AIS assembles, and its characteristic proteins accumulate

(Boiko et al., 2007) (Figure 1A). To obtain sub-diffraction resolu-

tion, we employed STED nanoscopy (Göttfert et al., 2013). Living

cultured rat hippocampal neurons were first stained with SiR-

Actin under growth conditions. Subsequently, the axon was

identified by live labeling with an antibody directed against the

extracellular domain of the AIS marker neurofascin 186 (Davis

et al., 1996) (Figure 1B). This approach allowed a straightforward

distinction between axons and dendrites (Figures 1C and 2). Live

two-color STED imaging revealed a clear subcortical actin peri-

odic pattern in the axons.

To our surprise, the periodic organization was readily recogniz-

able also in neurofascin-negative processes representing den-

drites (Figure 1C). The spacing of the actin lattice in dendrites

was 192 ± 37 nm (n = 50) (Figure 1D) and is therefore in good

agreement with the 181 ± 20 nm previously measured with

STED in living axons labeled with SiR-Actin (Lukinavi�cius et al.,

2014). This suggests that the structural arrangement of the actin

scaffold is similar and likely the same in both axons anddendrites.

Next, we investigated the presence of the actin lattice in den-

drites of neurons at different developmental stages in vitro, start-

ing at 5 DIV, in order to ensure reliable distinction between axons

and dendrites (Figure 1A). Overall, 90 cells between 5 and 17 DIV

were analyzed using SiR-Actin labeling. An actin lattice in den-

drites was visible in 21 neurons (23.3%). More specifically, the

actin lattice was identified in 33.3% of neurons at 5 DIV (9 cells

out of 27 imaged), 25.6% at 8–9 DIV (10 out of 39), and 8.3%

at 16–17 DIV (2 out of 24) (Figure 1E). Note, however, that in neu-

rons at >16 DIV, the presence of spines highly enriched in actin

rendered the identification of the fine actin pattern much more

difficult (compare Figure 1C, 17 DIV), and their presence may

thus be underestimated at 16–17 DIV. Interestingly, phalloidin

staining failed to identify the actin lattice in dendrites at 5 DIV,

while it confirmed the results obtained with SiR-Actin labeling

in cultures older than 8–9 DIV (Figures 1E and S1). While high-

lighting deficiencies of detection with phalloidin at early time

points, this result rules out the possibility that the actin lattice

is induced by the SiR-Actin dye and, at the same time, demon-

strates that periodicity is not an artifact of the fixation procedure.
(D) Intensity profile corresponding to the dashed line in (C) box 3.

(E) Percentage of cells in which actin periodicity can be seen also in neuro-

fascin-negative neurites at different days in vitro, for both SiR-Actin and

phalloidin stainings (SiR-Actin, three independent experiments: 5 DIV, n = 27

cells; 8–9 DIV, n = 39; 16–17 DIV, n = 24; phalloidin, two independent exper-

iments: 5 DIV, n = 19; 8–9 DIV, n = 27; 16–17 DIV, n = 36). All images depict raw

STED data. SiR-Actin is shown using a delta lookup table (LUT) and neuro-

fascin using the fire LUT.
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Figure 2. Actin Rings Form before AIS Specification and Intercalate with Neurofascin

(A) Representative STED images of axons of living hippocampal neurons at different days in vitro (DIV). Insets represent the specific neurofascin labeling to

highlight the axon. SiR-Actin reveals that actin rings appear already at 2 DIV.

(B) Percentage of axons in which actin rings can be observed at different developmental stages, both with SiR-Actin and with phalloidin. Phalloidin has a weaker

sensitivity, and actin rings could not be detected at 2–3 DIV (SiR-Actin, three independent experiments: 2 DIV, n = 28 axons; 3 DIV, n = 24; 5 DIV, n = 28; 8–9 DIV,

n = 42; 16–17 DIV, n = 26; phalloidin, two independent experiments: 2 DIV, n = 20 axons; 3 DIV, n = 20; 5 DIV, n = 19; 8–9 DIV, n = 29; 16–17 DIV, n = 36).

(C) STED image of a living hippocampal neuron at 5 DIV stained with SiR-Actin (upper panel, green) and anti-neurofascin antibody (lower panel, red), and the

merged image.

(D) Line profile along the dashed line in (C) showing alternating intensity peaks of actin and neurofascin.

Scale bars, 1 mm. All images depict raw STED data.
Weconclude that the subcortical periodic organization of actin

is not a hallmark of axons as previously reported (Xu et al., 2013)

but is also present in dendrites.

The Actin Periodic Pattern Arises in Concert with Axon
Specification
In fixed cells stained with phalloidin, actin rings were reported to

arise in axons at around 5 DIV (Xu et al., 2013), at the time point

when the AIS assembles (Figure 1A). Indeed, also in our hands,

virtually all axons from 5 DIV on clearly show actin rings both

with live SiR-Actin and fixed phalloidin staining (Figure 2). How-

ever, live SiR-Actin STED imaging clearly revealed the presence

of actin rings in at least one of the neurites (which may develop

into the axon) as early as 2–3 days before, in 35.7% of the

analyzed neurons at 2 DIV, and 62.5% at 3 DIV (Figures 2A,

2B, and S2). Simultaneous two-color STED imaging revealed

that neurofascin intercalates with the actin rings (Figures 2C

and 2D). Note that we were not able to identify actin rings in fixed

phalloidin stained neurons of 2–3 DIV (Figures 2B and S2) (Xu

et al., 2013). Moreover, in some axons, both SiR-Actin and phal-

loidin showed amore complex lattice (Figure S2), whichmay pro-

vide the required rigidity when the neurite exceeds a given size.

Importantly, these results, together with the observation in

dendrites, rule out the possibility that the formation of the actin

pattern is dependent on AIS assembly.

ThePeriodic Structure of theCytoskeleton Is Replicated
at Nodes of Ranvier
So far, the periodicity of the subcortical cytoskeleton was proven

only in unmyelinated cultured neurons. Yet most of the axons in
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the central and peripheral nervous system exhibit a myelin coat

and a heterogeneous cytoskeleton with highly specialized com-

partments. Prominent examples include the nodes of Ranvier

and the AIS. Both share a similar molecular composition of ion

channels, cell-adhesion molecules, and cytoskeletal proteins

(Peles and Salzer, 2000; Susuki and Rasband, 2008). One of

the common cytoskeletal molecules is bIVspectrin, which was

shown to exhibit�180 nm periodicity in the AIS and is supposed

to connect the actin rings (Xu et al., 2013). Therefore, we

investigated the ultrastructural organization of bIVspectrin at no-

des of Ranvier of mouse sciatic nerve fibers. Optical nanoscopy

of myelinated axons is challenging, since the myelin sheets

coating the axon generate significant aberrations. To overcome

this problem, the nerve fibers were sliced into thin sections of

250–500 nm following melamine embedding (Punge et al.,

2008). Unfortunately, phalloidin and SiR-Actin stainings do not

persist during this procedure. The nodes were identified by

co-staining CASPR (contactin-associated protein), a protein

residing in the paranodal region (Einheber et al., 1997). STED

nanoscopy of the sciatic nerve revealed different bIVspectrin

patterns according to the relative axial position of the slice (Fig-

ure 3). A section of the middle part of the nerve (red plane in Fig-

ure 3A) shows a spotty organization of bIVspectrin only at the

sides of the node (Figure 3B), with typically six to eight evenly

spaced dots (Figure 3C). When a nerve was sliced at the lower

or upper side (blue plane in Figure 3A), including the subcortical

cytoskeletal layer, a more complex bIVspectrin pattern was

observed (Figure 3D), which still exhibits �180 nm periodicity.

In total, the separation of highly resolved bIVspectrin spots at

the nodes of Ranvier was on average 180 ± 35 nm (n = 49)



Figure 3. bIVspectrin Replicates AIS Orga-

nization at the Nodes of Ranvier

(A, B, and D) Sciatic nerves were embedded in

melamine and sliced in 250–500 nm thin sections

(A). Depending on the relative position of the slice to

the nerve, different staining patterns can be

observed. STED images of nodes of Ranvier from

nervessliced in themiddle (B) orat thebottom (D). In

both cases, nodes and paranodes are stained with

bIVspectrin (green) and CASPR (red), respectively.

(C) Line profile along the dashed line in (B) shows

�180 nm periodicity of bIVspectrin.

(E) Distribution histogram of measured interpeak

distances (n = 49 from eight nodes), indicating

average spacing ± 1 SD.

Scale bars, 1 mm. Images were smoothed with a

low-pass Gaussian filter.
(Figure 3E), which is in excellent agreement with the periodicity

shown for the AIS of unmyelinated cultured axons. This indicates

that the ultrastructural organization of the AIS is replicated at the

nodes of Ranvier and demonstrates the presence of a periodicity

also in sciatic nerves. Hence, the cytosolic periodic pattern may

be regarded as a general, ubiquitous feature of both the central

and peripheral nervous systems.

Cytosolic Actin Is Developmentally Regulated
SiR-Actin, of course, does not exclusively stain subcortical

F-actin. It also stains the cytosolic F-actin pool, revealing inter-

esting features. Focusing on axons, we noticed that the abun-

dance of actin bundles running along the main axis varies over

time, being high at 2 DIV (92.9%), decreasing until 8–9 DIV

(54.2%, 39.3%, and 21.4% at 3, 5, and 8–9 DIV, respectively),

and subsequently increasing again at 16–17 DIV (57.7%) (Fig-

ures 4A and 4B). In younger cultures, the filaments appear as

short, not-resolvable aggregate-like objects, while in older cul-

tures, they appear long and largely continuous and are sepa-

rated well by nanoscopy (Figures 2A, 4B, and S2). In mature

cultures (>16 DIV), the organization of these filaments changes

dramatically at the proximal side of the AIS, forming what can

be considered an actin organizational border (Figures 4B and

S3). In contrast, continuity in the actin organization across

somata and dendrites was observed (Figure S3). Such ultra-

structural differences indeed make it possible to distinguish be-

tween axons and dendrites by using their actin organization.

Previous electronmicroscopy studies showed the presence of

actin patches along the AIS, considering them responsible for

maintaining the neuronal polarity (Arnold and Gallo, 2014; Song

et al., 2009; Watanabe et al., 2012). SiR-Actin staining of living

neurons highlights the presence of these patches along the

AIS as well (bright localized locations in Figures 1C and 2A).

Patches were seen in 52.9%, 64.5%, and 75% of axons at 5,

8–9, and 16–17 DIV, respectively, indicating a developmental in-

crease in number (Figure S3). In order to better understand the

functional significance of these patches, we analyzed whether

they co-localize with the pre-synaptic active zone marker

bassoon or with the synaptic vesicle marker synaptotagmin-1.

In mature neuronal cultures, in which synaptic connections are

already strengthened and patches are clearly visible, they co-

localized with both bassoon and synaptotagmin-1 (Figures 4C
Ce
and S3), indicating that they represent the scaffolds which sup-

port pre-synaptic boutons (Sankaranarayanan et al., 2003;

Waites et al., 2011) rather than preventing the dendritic cargos

from entering into the axon.

In conclusion, cytosolic actin organization is highly depen-

dent on both the developmental stage of the neurons and

the subcellular compartment (axonal versus somatodendritic

compartment).

DISCUSSION

In this work, we used two-color STED live imaging to investigate

the ultrastructure of endogenous F-actin in living cultured hippo-

campal neurons. Previous work showed the presence of a cyto-

skeletal periodic lattice as a hallmark of axons (Xu et al., 2013).

SiR-Actin nanoscopy revealed the existence of the subcortical

actin lattice not only in axons but also in dendrites of cultured

neurons. The cytosolic actin organization is both developmen-

tally and spatially regulated, showing diverse features at different

DIV and in different subcellular compartments. We also identified

a similar cytoskeletal periodic organization in nodes of Ranvier,

alluding to the existence of this ultrastructural arrangement

also in myelinated neurons. The use of SiR-Actin in combination

with STED nanoscopy showed enhanced sensitivity compared

to phalloidin staining and is thus, at present, the best way to

detect fragile and fine actin features. The presented results are

in agreement with an early electron microscopy study on hippo-

campal slices, where actin filaments were decorated with

myosin S-1. There, an actin organization either in bundles or in

a periodic lattice-like form was described in both dendrites

and axons (Fifková and Delay, 1982). The presence of a similar

cortical actin organization in both axons and dendrites may

also explain how axons can acquire dendritic features when an-

kyrinG (the AIS master regulator) is impaired and how dendrites

can turn into axons upon AIS disruption (reviewed in Rasband,

2010). Indeed, this process would require the rearrangement of

cytosolic actin, but not of the subcortical actin structures. The

universality of the cytoskeleton periodicity is stressed by the

fact that it can be seen also at the nodes of Ranvier of sciatic

nerves and hence, for the first time, in the peripheral nervous sys-

tem. The organization of the cytoskeleton underneath the myelin

sheet, however, still needs to be investigated.
ll Reports 10, 1246–1251, March 3, 2015 ª2015 The Authors 1249



Figure 4. Cytosolic Actin Organization in

Living Neurons

(A) Percentage of axons at different developmental

stages in which SiR-Actin labeling shows longitu-

dinal bundles, rings or both (same dataset as

Figure 2).

(B) AIS-presenting actin filaments along the axon

in living cells (24 DIV, inset shows neurofascin

staining).

(C) Co-localization of actin patches (phalloidin

staining, green) with bassoon (red) in fixed neurons

at 17 DIV. The axon was identified by staining

NrCAM (inset, white; confocal image using an

Alexa-488-coupled secondary antibody). Scale

bars, 1 mm. All images are raw STED data.

(D) Model of actin organization in cultured neurons

at different developmental stages. The periodicity

of subcortical actin in the axon is present already at

2 DIV. The cytosolic actin arrangement varies,

consisting of short filaments in younger cultures (2–

3 DIV) (see also Figure S2), which disappear at �8

DIV. In mature cultures (17 DIV), long actin fibers

are present, but they stop mainly at the beginning

of theAIS. The red spot indicates a synaptic bouton

co-localizing with an actin patch. In dendrites, the

subcortical actin periodicity is not visible at 2 DIV

but becomes prominent by 8 DIV, when only few

actin filaments populate the dendrites. In mature

cultures, the presence of spines, in which actin is

highly enriched, and long filaments in the neurite

make the identification of the actin periodicity less

straightforward (compare Figure 1C, box 4). Note

also that actin organization differs in the soma.
The functional relevance of the detected reorganizations of

cytosolic actin is unclear (Figures 4A and 4D). It may link the

morphological staging of neuronal development with such cyto-

skeletal rearrangements (Dotti et al., 1988) (Figure 1A). Actin dy-

namics have been implicated in long-term potentiation and can

be modulated by neuronal activity (Fonseca, 2012; Ramachan-

dran and Frey, 2009), so one may speculate that the observed

cytosolic actin structures relate to neuronal plasticity.

SiR-Actin identified the presence of a cytosolic actin organiza-

tional border at the beginning of the AIS, where its organization

changes dramatically. This would account for the abrupt halt of

dendritic vesicles when they attempt to enter the axon (Petersen

et al., 2014). Another feature of cytosolic actin is the formation of

actin patches, which were thought to be the main candidates for

maintaining the neuronal polarity in mature cultures (Al-Bassam

et al., 2012; Arnold and Gallo, 2014; Jones et al., 2014; Song

et al., 2009; Watanabe et al., 2012) or precursors of filopodia in

developing sensory neurons (Spillane et al., 2011). The reported

data indicate that such actin patches are the scaffolds that sus-

tain synaptic boutons (Sankaranarayanan et al., 2003; Waites

et al., 2011). Cytosolic actin seems to be involved in the mainte-

nance of neuronal polarity, concretely, as shown here, in that its

organization changes dramatically at the proximal part of the

AIS. However, other unknown mechanisms or structures could

be involved in the separation of the axonal from the somatoden-

dritic compartment.

In conclusion, a number of new features below the diffraction

resolution limit have been discovered, opening up new questions
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related to how the periodic lattice forms. Our work underscores

once more the power of combining specific fluorescent probes

with modern super-resolution techniques. The presented results

suggest new roles for cytoskeletal proteins in controlling and

regulating neuronal development, function, and plasticity.

EXPERIMENTAL PROCEDURES

Cell Preparation

Living primary cultured hippocampal neurons were stained with 2 mM SiR-

Actin and neurofascin 186 and imaged as previously described (Lukinavi�cius

et al., 2014) using a two-color STED nanoscope (Göttfert et al., 2013) (see Sup-

plemental Experimental Procedures for details).

Antibodies

Primary antibodies and phalloidin conjugates were used as follows: anti-pan-

neurofascin (UC Davis/NIH NeuroMab Facility, catalog number [cat.] 75-172;

2 mg/ml), anti-bIVSpectrinSD (a kind gift of Michele Solimena; Dresden Univer-

sity of Technology, Dresden, Germany; 1:100 dilution), anti-NrCAM (Abcam,

cat. 24344; 1:100 dilution); anti-bassoon (Synaptic Systems, cat. 141 004;

1:100 dilution), anti-Synaptotagmin-1-Atto647N (Synaptic Systems, cat. 105

311AT1; 1:50 dilution), anti-Caspr (UC Davis/NIH NeuroMab Facility, cat. 75-

001; 2 mg/ml), phalloidin-STAR635 (Abberior, cat. 2-0205-002-5; 1:50 dilution),

and phalloidin-Atto590 (ATTO-TEC, cat. AD 590-81; 1:50 dilution).

Secondary antibodies (all purchased from Dianova: sheep anti-mouse,

cat. 515-005-003; goat-anti-rabbit, cat. 111-005-003; donkey anti-guinea

pig, cat. 706-005-148) were custom labeled with the dyes STAR580,

STAR635, or STAR635P (Abberior, cat. 1-0101-005-2, cat. 1-0101-002-1,

and cat. 1-0101-007-6, respectively), with the exception of Alexa 488 goat

anti-rabbit (Life Technologies, cat. A-11008) (see Supplemental Experimental

Procedures for details).
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