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Ultrastructural anatomy of nodes of Ranvier in the
peripheral nervous system as revealed by

STED microscopy
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We used stimulated emission depletion (STED) superresolution
microscopy to analyze the nanoscale organization of 12 glial and
axonal proteins at the nodes of Ranvier of teased sciatic nerve fibers.
Cytoskeletal proteins of the axon (betalV spectrin, ankyrin G) exhibit
a high degree of one-dimensional longitudinal order at nodal gaps. In
contrast, axonal and glial nodal adhesion molecules [neurofascin-186,
neuron glial-related cell adhesion molecule (NrCAM)] can arrange in a
more complex, 2D hexagonal-like lattice but still feature a ~190-nm
periodicity. Such a lattice-like organization is also found for glial ac-
tin. Sodium and potassium channels exhibit a one-dimensional peri-
odicity, with the Na, channels appearing to have a lower degree
of organization. At paranodes, both axonal proteins (betall spectrin,
Caspr) and glial proteins (neurofascin-155, ankyrin B) form periodic
quasi-one-dimensional arrangements, with a high degree of interde-
pendence between the position of the axonal and the glial proteins.
The results indicate the presence of mechanisms that finely align
the cytoskeleton of the axon with the one of the Schwann cells, both
at paranodal junctions (with myelin loops) and at nodal gaps (with
microvilli). Taken together, our observations reveal the importance of
the lateral organization of proteins at the nodes of Ranvier and pave
the way for deeper investigations of the molecular ultrastructural
mechanisms involved in action potential propagation, the formation
of the nodes, axon-glia interactions, and demyelination diseases.

nodes of Ranvier | STED nanoscopy | cytoskeleton | axon-glia interaction |
sciatic nerve

n recent years, knowledge of the ultrastructural organization of

the axon initial segment (AIS) has been greatly extended by
using optical nanoscopy to visualize its molecular composition.
Stochastic optical reconstruction microscopy (STORM) and
stimulated emission depletion (STED) microscopy were indeed
crucial for the identification of a ~190-nm periodic organization
of the key components of the AIS. In particular, a periodic
spatial arrangement was discovered for cytoskeletal proteins
(actin, ankyrin G, betalV spectrin), adhesion molecules (neu-
rofascin), and channels (voltage-gated sodium Na, channels) (1-
4). In the distal part of the axon, this periodicity has been found
for actin, adducin, ankyrin B, and betall spectrin in virtually
every neuron type from the central and peripheral nervous sys-
tems (CNS and PNS) (1, 2, 5, 6). Although myelination of axons
does not alter the patterning of the subcortical cytoskeleton
(5, 6), it changes its molecular composition, promoting the
clustering of specific markers at the nodes of Ranvier, where the
action potential is regenerated (reviewed in refs. 7, 8). At nodes
of Ranvier, the myelin sheath formed by oligodendrocytes (in the
CNS) or Schwann cells (in the PNS) is interrupted. Still, the
nodal gap is surrounded by perinodal astrocytes and microvilli
stemming from the Schwann cells in the CNS and PNS, respec-
tively (9). Interestingly, the AIS and the nodes of Ranvier share
most of their components, and at least two of them, ankyrin G and
betalV spectrin, are arranged in a periodic fashion in both com-
partments (3, 5).

The subcortical periodic cytoskeletal lattice is not a unique
feature of neurons. Indeed, its periodic character was revealed

WWww.pnas.org/cgi/doi/10.1073/pnas. 1619553114

also in oligodendrocyte precursors (5) and in Schwann cells (6).
During axon ensheathment, cytoskeletal rearrangements—and
actin disassembly in particular—constitute a fundamental process
(10, 11). Altogether, these observations raise questions as to the
relation and the possible reciprocal influence between the axonal
and glial cytoskeletal lattices, especially at paranodes, which are
the regions flanking the nodal gaps. There, the myelin loops
contact the axon to form the paranodal junctions (PNJs), and the
axon-glia interaction is extremely tight (12, 13). This interaction is
also important for the recruitment of Na, channels at nodal gaps
of the PNS, as this process is orchestrated by proteins present on
the membrane of the Schwann cells microvilli (14-17).

The molecular composition of nodes of Ranvier has been ex-
tensively studied in the last decades, however little is known
about their molecular structure at the nanoscale. To gain insight
into their organization and into the axon-glia interaction, we
applied STED nanoscopy to analyze the ultrastructural molecular
anatomy of the nodes of Ranvier in teased sciatic nerve fibers.
We found a periodic organization of the axonal cytoskeletal
proteins betalV spectrin and ankyrin G and of potassium chan-
nels (K,7.2 or KCNQ?2) at nodal regions. Na, channels and ad-
hesion molecules (neurofascin-186, NrCAM) exhibited a less
pronounced longitudinal periodicity. Predominantly glial proteins
[actin, neuron glial-related cell adhesion molecule (NrCAM)] and
neurofascin can form a 2D periodic structure with a hexagonal-like
lattice. Interestingly, the distribution and geometry of proteins at
the nodes is not always symmetrical and homogeneous. At paran-
odes, both axonal [betall spectin and Contactin-associated protein
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1 (Caspr)] and glial markers (neurofascin-155 and ankyrin B) are
highly periodically arranged, with strictly related positions. There-
fore, subdiffraction fluorescence microscopy of nodes of Ranvier
indicates the presence of mechanisms that allow a fine alignment of
the axonal and glial cytoskeleton and adhesion molecules.

Results

Nanoscale Organization of the Nodes of Ranvier.

Axonal cytoskeleton. We previously reported a periodic arrange-
ment of the nodal-resident subcortical proteins betalV spectrin
and ankyrin G using STED nanoscopy on ~300-nm thin sections
of sciatic nerve fibers (3, 5). However, the 3D organization of the
structure of interest is lost when slicing the specimen into thin
sections. Therefore, we first aimed at imaging betalV spectrin and
ankyrin G in teased but unsliced sciatic nerve fibers (Fig. 1).
Confocal microscopy demonstrated the successful antibody pen-
etration and staining of the structures of interest throughout the
sample (Fig. S1). The in situ STED analysis at enhanced lateral
imaging resolution compared with diffraction-limited microscopy
clearly visualized the ~190-nm periodic arrangement of both
proteins at nodes of Ranvier, even in intact nerve fibers and with
conventional primary-secondary antibody labeling (Fig. 1.4 and B,
Left). Given the complex 3D geometry of unsliced sciatic nerve
fibers and the small size of the nodes, we exploited the sensitivity
of autocorrelation (AC) analysis to characterize the protein ar-
rangements. AC provides information regarding the presence and
orientation of a periodic organization. The peaks of a profile of
the AC along a certain direction are related to the spacing,
completeness, and stretch of the periodic structure. This analysis
(Materials and Methods) proved to be extremely sensitive, as it is
able to detect ordered molecules almost regardless of their con-
centration, even in cases where human assessments fail to readily
recognize any periodicity (compare simulations shown in Figs. S2
and S3). AC on selected regions of the 3D betalV spectrin and
ankyrin G images revealed the presence of a predominantly lon-
gitudinal (i.e., along the axis of the axon) periodicity (Fig. 1 4 and
B, Middle), which becomes even more evident from a vertical line
profile of the AC intensities (Fig. 1 A and B, Right). Indeed, the
peaks show a regular periodicity. Interpeak spacings of several
nodes of Ranvier were measured to better define this periodicity.
Intensity line profiles traced on the raw STED images provided an
average interpeak spacing of 188 + 45 nm for betalV spectrin
(Pnodes = 35, Rspacings = 205, +1 SD for all spacings stated in this
article) and 180 + 59 nm for ankyrin G (nodes = 12, pacings = 55)
(Fig. 1H). These values are in agreement with our previously
reported observations in thin sections (180 + 35 nm for betalV
spectrin) (3, 5) and therefore indicate that STED nanoscopy is
capable of revealing the ultrastructural organization at myelin
sheath gaps even in intact fibers.

Na, and K, channels. Na, channels are periodically arranged along
the AIS (1, 4), colocalizing with ankyrin G. Because clustering of
Na, channels at nodes of Ranvier is required for action potential
propagation, we analyzed their ultrastructural anatomy at the
nodal gap. To our surprise, the periodicity of Na, channels is not
sharply one-dimensional (Fig. 1C and Fig. S44). Indeed, besides
the one-dimensional longitudinal component (Fig. 1C, Left), the
AC often reveals also other directions of periodicity, and in some
cases, the vertical line profile of the AC exhibits only few peaks at
the expected distance (Fig. 1C, Right). Despite this, the interpeak
spacing of the lattice-like structure was measured to be similar to
that of the one-dimensional organization, at 192 + 54 nm (1,04es =
45, Nypacings = 250) (Fig. 1H).

We then looked at potassium channels to understand if this
behavior is a general feature of nodal channels or whether it is
peculiar of Na, channels. Specifically, we focused on the subunit
K,7.2 (KCNQ?2), which is highly enriched at the nodes of the PNS
along with K;7.3 (KCNQ3) (18, 19). Immunolabeling of K,7.2
in sciatic nerves indicates a sharp, one-dimensional periodicity

E192 | www.pnas.org/cgi/doi/10.1073/pnas.1619553114

(193 + 31 nm, nydes = 44, Rgpacings = 243) (Fig. 1 D and H and
Fig. S4B). Two-color stainings indicate that K,7.2 interleaves
with ankyrin G and Na, channels, with their AC revealing the
same period. However, the cross-correlation analysis (a measure
of similarity of two series as a function of the lag of one relative
to the other; see also Fig. S3) highlights a phase shift, indicating
that Kv7.2 is spatially separated from sodium channels and
ankyrin G at the nodes (Fig. S5). In conclusion, both Na, and K,
channels are periodically arranged at the nodal gap, but the
latter exhibits a more prominent longitudinal organization.
Adhesion molecules and glial proteins. We further studied the
nanoarchitecture of the adhesion molecules neurofascin and
NrCAM. Although the former is an axonal protein, the latter is
present both in the axon and in the Schwann cell microvilli that
surround the nodal gap (15). Neurofascin and NrCAM are
enriched in the AIS, where they exhibit a weak periodic orga-
nization and intercalate with the actin lattice (3) (Fig. S6).
Neurofascin was detected using an anti-pan-neurofascin anti-
body against the C terminus of the protein, and therefore, both
nodes (where neurofascin-186 is present) and paranodes (with
neurofascin-155) are stained in the corresponding images (Fig.
1E) (20). At the nodes, both neurofascin and NrCAM show two
organizational features: a mainly longitudinal organization (Fig.
1 E and F, Left) and a 2D lattice-like pattern with several axes of
periodicity, which appears as a hexagon in the AC and resembles
the Na, channel pattern (Fig. 1 E and F, Right and Fig. S2).
Interestingly, actin also exhibits a similar arrangement at nodal
gaps. Indeed, it forms complex filamentous periodic structures
(Fig. 1G, Left), which, however, can also be as simple as single
spots at the corners of hexagons (Fig. 1G, Right). When per-
forming costainings with axonal markers, actin appears more on
the outside of the axon, and therefore, we conclude that the
strong actin signal at nodal gaps originates from glial actin pre-
sent in the microvilli (Fig. S7). A vertical line profile on the AC
of the hexagonal-like lattices generates peaks with an unexpected
periodicity of ~300 nm (compare with Fig. S2). Nevertheless, the
~190-nm frequency sharply appears for all proteins by simply
aligning the line profile with the nodes of the lattice (Fig. 1G,
Right, gray line). In general, the interpeak spacings of neuro-
fascin, NrCAM, and actin are similar to the other nodal proteins
analyzed, with 200 + 58 nm for neurofascin-186 (7,04es = 62,
spacings = 238), 192 £ 62 nm for NrCAM (0des = 20, Nspacings =
120), and 182 + 38 nm for actin (7noges = 37, Mspacings = 186)
(Fig. 1H). Axonal adhesion proteins, as well as proteins present
on the Schwann cells microvilli, are thus found to be preferen-
tially periodically organized at myelin sheath gaps.

Symmetry of the nodes. In some cases, nanoscopy revealed an in-
homogeneous staining of nodal gaps, which was especially ob-
vious in the case of Na, channels. In 62 out of 137 nodes
(45.2%), Na, channels showed a longitudinal enrichment on
lines, often accompanied by grooves with a less bright staining
(Fig. S44). These features can be asymmetrically distributed, as
they appear only on one side of the node (i.e., on the upper or
lower part). For the other analyzed proteins, the presence of
lines and furrows is less prominent and more difficult to detect
and quantify. Nevertheless, costaining of Na, channels with K,7.2
or neurofascin indicates overlapping patterns, with grooves al-
most depleted from or lines enriched with both proteins (Fig. S4
C and D), suggesting that these structures might be particular
membrane folds. Another interesting nanoanatomical feature
when imaging the two opposite sides of the nodes is the differ-
ence in the geometry of the sharp arrangement of the K,7.2
lattice. Indeed, even if the pattern is one-dimensional and per-
pendicular to the axon on one side of the node, on the other side
the lattice can appear distorted or tilted (Fig. S4B). Altogether,
even if we cannot rule out that these differing patterns are
caused by the sample preparation procedure, the observations
suggest that nodal gaps are not necessarily symmetrical objects
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Fig. 1. Organization of proteins at nodal gaps of sciatic nerve fibers. Representative STED images (Left) are shown for each protein. The yellow dashed box on the STED
image indicates the region in which the 2D AC (Middle) was performed. The y axis of the AC is aligned with the axon. AC intensities are depicted using a red hot look-up
table. The vertical line profile AC (Right) is the plot line profile of intensities along a vertical 1-pixel wide line passing through the center of the AC and hence highlights
the presence of longitudinal patterns. The gray bars are centered at +0.2 um y lag, where the peaks of periodicity are expected. (A) Representative image of axonal
betalV spectrin along with AC and line profile of the AC reveals a predominantly longitudinal periodicity. The dashed white lines indicate the outline of the axon, which
has the same orientation in all other panels/proteins. (B) Axonal ankyrin G (monoclonal antibody) shows a predominantly longitudinal periodicity. Comparable results
were obtained with both anti-ankyrin G antibodies used in this study. (C) Axonal voltage-gated sodium channels (Pan-Na,) exhibit longitudinal periodic AC peaks at
~190 nm (Left) or multiple, hexagonal-like axes of periodicity (Right). More examples of Na, arrangements at the nodes are provided in Fig. S4A. (D) Subunit 7.2 of
axonal voltage-gated potassium channel (K,7.2 or KCNQ2, N terminus antibody) forms a highly periodic one-dimensional lattice. The two images represent
opposing sides of the same node. More examples of K,7.2 arrangements at the nodes are provided in Fig. S4B. Comparable results were obtained with both
anti- K,7.2 antibodies used in this study. (E) Axonal neurofascin has a ~190-nm periodic organization but lacks a sharp longitudinal pattern. Neurofascin was
detected using a pan-neurofascin antibody; therefore, paranodes are also stained. The red dashed line indicates the position of the node (“N”). (F) Axo-glial
NrCAM shows either a mainly longitudinal ~190 nm periodicity (Left) or a hexagonal-like pattern (Right), although with slightly longer spacing. (G) Glial actin
exhibits a hexagonal-like periodic organization. The intensities along the dashed line on the right AC are represented in the vertical line profile AC (gray line).
Note, even if actin is present both on the axon and in the microvilli, the signal is mainly produced by glial actin. The red dashed line indicates the position of
the node (“N"). (H) Interpeak spacing of line profiles measured from the raw STED images. The box plot includes the 25th, 50th, and 75th percentile, whereas
thewhiskersiindicate the'SD: The red dotsrepresentthe:average values. The periodicity of all proteins is within the same range of 180-200 nm. All image data
were smoothed with a 1-pixel low pass Gaussian filter and represents the overlay of several optical sections. (All scale bars, 1 pm.)
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but might have some folds in the membrane and that their spatial
organization on opposing sides should be considered.

Axon-glia interaction at nodal gaps. The proteins present on the
microvilli play a key role in the ultrastructural organization of
the nodes (15-17, 21), and hence, a strong relation between the
spatial arrangements of glial and axonal proteins can be hy-
pothesized. To examine this, we performed dual-color STED
recordings of the microvilli by labeling actin and the axon by
staining the adhesion molecule neurofascin-186 (Fig. S7). Un-
fortunately, the sample preparation required for staining actin
with phalloidin is not optimal for neurofascin-186, thus resulting
in an incomplete labeling of the latter. As a result, ACs exhibit
only one peak at ~190 nm. The cross-correlation shows a weak
out-of-phase periodicity, and neurofascin-186 puncta appear to
be present in actin-deprived regions, suggesting a bias in the
position of both proteins (Fig. S7).

In conclusion, although the proteins of the axonal cyto-
skeleton, betalV spectrin and ankyrin G, show a pronounced
longitudinal periodicity at nodal gaps, some axonal transmembrane
proteins (K, channels) follow this longitudinal periodicity, whereas
others (Na, channels, neurofascin-186, and NrCAM) are arranged
in a more complex lattice, which also still features the ~190-nm
periodicity. This different arrangement could be due to the in-
teraction with the Schwann cell microvilli, whose proteins (actin
and NrCAM) can exhibit a hexagonal lattice-like order.

Nanoscale Organization of the Paranodes.

Axonal and glial markers. The ultrastructural organization of PNJs
has been extensively investigated with electron microscopy and
revealed the septate-like junctions (for example, refs. 12, 13, 22),
but the arrangement of the main paranodal markers at the
nanoscale is still unknown. We first analyzed the subcortical ax-
onal cytoskeleton at paranodes by imaging betall spectrin. Betall
spectrin shows a marked long-range longitudinal periodicity at
paranodes, which extends to juxtaparanodes and internodes (5)
and is also revealed by the AC (Fig. 24). The interpeak spacing for
betall spectrin was measured to be 193 + 32 nm (%paranodes = 37,
Nspacings = 247) (Fig. 2E) and is therefore consistent with the
typical ~190-nm lattice. Costaining and dual-color STED imaging
of the nodal betalV spectrin and the paranodal betall spectin
isoforms reveals a continuity of the spectrin scaffold along the
axon, without any interruption at the transition between these two
regions (Fig. S8).

Next, we investigated the arrangement of transmembrane pro-
teins at the paranodes. We intended to find out if the periodic
longitudinal organization of the subcortical cytoskeleton is pre-
served or partially transformed into a lattice, as shown for the
nodes. STED nanoscopy of the axonal adhesion molecule Caspr at
paranodes reveals a longitudinal periodic arrangement (Fig. 2B),
with an interpeak spacing of 191 + 53 nm (Mparanodes = 63, Mspacings =
305) (Fig. 2E). Likewise, the glial adhesion molecule neuro-
fascin-155 features the presence of a highly periodic structure
with an interpeak spacing of 206 + 59 nm (Mparanodes = 35,
Nspacings = 150) (Fig. 2 C and E). Finally, to prove the periodic
organization of the glial cytoskeleton at paranodes, we analyzed
ankyrin B, which is supposed to be present at myelin loops and to
anchor neurofascin-155 at this position (23). Similar to the other
paranodal proteins, ankyrin B is also organized in a periodic
fashion (183 + 34 nm, Mparanodes = 34, Rpacings = 140) (Fig. 2 D
and E). The lattice formed by ankyrin B at paranodal loops,
however, might be organized differently compared with the ax-
onal ankyrin scaffold. Ankyrin B obviously cannot form a con-
tinuous subcortical lattice throughout the paranodes, as the
myelin loops constitute separate cellular compartments, which
necessarily interrupt the structure.

Relative arrangement of glial paranodal markers. To obtain additional
insight into the arrangement of glial proteins [at the paranodal
loops and clarify their mutual localization, we performed dual-
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Fig. 2. Organization of proteins at paranodes of sciatic nerve fibers. Rep-
resentative STED images of proteins at the paranodes (Upper). The red
dashed line indicates the position of the node (“N”). The yellow dashed box
on the STED image marks the region in which the AC was performed (Lower
Left). The y axis of the AC is always aligned with the axon. (Lower Right) The
plot line profiles of intensities along a vertical 1-pixel wide line passing
through the center of the AC, highlighting the presence of longitudinal
patterns. The gray bars are positioned at +0.2 pm y lag, where the peaks of
periodicity are expected. (A) Axonal betall spectrin, (B) axonal Caspr, (C) glial
neurofascin-155, and (D) glial ankyrin B (monoclonal antibody) all show a
long-range ~190-nm longitudinal periodic arrangement. The high back-
ground makes the ankyrin B pattern less pronounced but still discernable
(see also Fig. 3 B, D, and F). Comparable results were obtained with both
anti-ankyrin B antibodies used in this study. In C neurofascin was detected
using a pan-neurofascin antibody; therefore, the node is also stained.
(E) Interpeak spacing of line profiles measured on raw STED images. The box
plot includes the 25th, 50th, and 75th percentile, whereas the whiskers in-
dicate the SD. The red dots represent the average values. The periodicity of
all proteins is within the same range of 180-206 nm. All image data were
smoothed with a 1-pixel low-pass Gaussian filter and represent the overlay
of several optical sections. (All scale bars, 1 um.)

color STED nanoscopy of actin and the adhesion protein neu-
rofascin-155. At paranodes, actin forms prominent fibers that
surround the axon (5). Costaining of actin and neurofascin-155
indicates that the two proteins intercalate, similarly to the ar-
rangement at the AIS and at the nodal gap. Indeed, even if the
ACs of both species have a strong longitudinal periodicity, the
cross-correlation reveals a prominent phase shift (Fig. 3 4, C,
and E). This observation, together with the fact that the actin
staining appears on the outside of neurofascin-155, suggests that
the actin filaments are actually positioned not at the utmost tip
of the paranodal loops but deeper inside or next to the mem-
brane of the loops themselves. At the same time, ankyrin B and
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Fig. 3. Correlation between the glial proteins at paranodes. Two-color STED
images of a node and paranodes in which (A) actin and neurofascin or
(B) ankyrin B (monoclonal antibody) and neurofascin have been labeled. Single
color images and overlay are shown. In A, neurofascin labeling is incomplete
and only the part close to the node was stained. The nodal gap from the same
image is depicted in Fig. S7. The red dashed line indicates the position of the
node (“N”). (C and D) AC (for single-channel images) and cross-correlation
(CC, for the merged image) of the regions indicated by the yellow dashed
boxes in A and B reveal periodic longitudinal patterns for both ACand CC. The
y axis is aligned with the axon. (E and F) Vertical line profiles of intensities
along the panels shown in C and D confirm the ~200-nm periodic organization
of the glial proteins (gray bars positioned at +0.2 um y lag) and reveal an out-
of-phase (for actin and neurofascin-155) or in-phase (for ankyrin B and
neurofascin-155) cross-correlation. All image data were smoothed with a 1-pixel
low-pass Gaussian filter and represent the overlay of several optical sections.
(All scale bars, 1 um.)

neurofascin-155 colocalize: The AC shows the same periodicity,
and the cross-correlation confirms the alignment of the two
proteins (Fig. 3 B, D, and F) (23).

Alignment of the axonal and glial cytoskeleton at paranodes. Given the
presence of a periodic arrangement on both cellular sides of the
paranodes, we investigated whether the structures are actually
coaligned and if there is a correlation between the components
of the axon and glia. To this end, we performed a set of dual-
color STED recordings by colabeling an axonal and a glial pro-
tein. We started by costaining Caspr and neurofascin-155, which
are supposed to interact through contactin (24). As shown in
Fig. 4 A, D, and G, the proteins colocalize along transversal
loops, feature the same periodicity, and their positions are
strongly correlated, therefore confirming the biochemical and
functional data from literature (20, 24-27).

We also looked at the positioning of the myelin loops with re-
spect to the subcortical cytoskeleton of the axon by analyzing the
relative localization of neurofascin-155 and betall spectrin. The
AC shows that the two protein patterns have the same periodicity.
However, their positions are slightly shifted but not entirely com-
plementary to each other, even if strongly cross-correlated (Fig. 4 B,
E, and H). This result depends on the epitope recognized by the
antibodies: The neurofascin antibody is directed against the short
intracellular domain of neurofascin-155, whereas the betall spectrin

D’Este et al.

antibody binds to the C terminus of the protein. Spectrin tetramers
are ~200 nm long, run parallel to the cell membrane, and are formed
by dimers that are connected head-to-head through their C termini,
whereas the N terminus binds actin (28). Therefore, using antibodies
directed against the N terminus of spectrin would generate a larger
phase shift. Nevertheless, the results indicate the alignment of the
myelin loops to the subcortical axonal cytoskeleton.

Additionally, we probed the correlation between the sub-

cortical cytoskeleton of axon and glia by imaging betall spectrin
and ankyrin B. Once again, auto- and cross-correlation indicate
the same in-phase periodicity of the proteins (Fig. 4 C, F, and I).
The dual-color experiments therefore clearly indicate the align-
ment of the glial and axonal subcortical cytoskeleton. Taken
together, both axonal and glial cytoskeletal proteins exhibit an
almost one-dimensional longitudinal periodicity of ~190 nm at
paranodes. This organization is unperturbed up to the level of
transmembrane proteins and likely reflects the organization of
the myelin loops and PNJ.
Potassium channels at juxtaparanodes. Juxtaparanodal regions are
found beneath the compact myelin next to the paranodes and are
populated by different subtypes of voltage-gated potassium
channel 1 (K1 channels), whose function is to stabilize the action
potential conduction (29, 30). In cultured hippocampal neurons, the
subtype K,1.2 channels are located along the AIS; have a sharp,
long-range periodic organization; and are aligned with actin, as ev-
ident from the cross-correlation (Fig. S6 B, D, and F). Because Na,
channels alternate with actin (1), K,1.2 channels and Na, channels
are also interleaved along the AIS. In sciatic nerves, a periodic or-
ganization of K,1.2 at juxtaparanodes is not visible (Fig. S9), even if
the betall spectrin scaffold is still periodically organized (Fig. 24 and
Fig. 4B). Costaining of K,1.2 and neurofascin shows a perfect
complementarity of the two proteins at the transition between
paranodes (with neurofascin-155) and juxtaparanodes, providing vi-
sual evidence of the function of the PNJ in keeping juxtaparanodal
K, channels separated from nodal Na, channels (31, 32) (Fig. S9).

We thus observe that the subcortical axonal cytoskeletal or-
ganization at juxtaparanodes is not passed outwards to the K,1.2
channels, whose localization is nevertheless influenced by the
glial proteins.

Discussion

Nodes of Ranvier mediate saltatory conduction of the action
potential and have been shown to be critical in the pathogenesis
of various neurodegenerative diseases (33-36). Even if their
molecular inventory has been well characterized, the organiza-
tion of these molecules at the nanoscale is still largely unknown.
We found that, at paranodes, cytoskeletal and adhesion mole-
cules of both the axon and glia show a ~190-nm longitudinal
periodic arrangement and are coaligned, suggesting a role of the
subcortical cytoskeleton in the arrangement of the PNJ (Fig. 5).
Although axonal cytoskeletal proteins and K, channels exhibit a
longitudinal periodic order at the nodes, Na, channels and glial
proteins can be positioned in a more complex 2D lattice that re-
sembles the one found in red blood cells (28). Microvilli of the
Schwann cells orchestrate the positioning of the axonal trans-
membrane proteins at nodes (15-17, 21), which, at the same time,
are subjected to the structure of the axonal subcortical cytoskel-
eton. Therefore, we propose a model in which the subcortical
cytoskeletal proteins actin, spectrin, and ankyrin act as a scaffold
onto which transmembrane proteins can be docked at discrete
positions, which, in turn, might have an effect on the molecular
anatomy of the microvilli. The actual localization of the trans-
membrane proteins likely depends on the positioning of both the
axonal cytoskeleton and glial proteins (Fig. 5). In the CNS, the
myelin sheath gaps are surrounded by the perinodal astrocytes
(37), and the mechanism leading to the formation of the nodes of
Ranvier differs from the one in the PNS presented here; indeed, it
does not rely on the interaction with proteins present on the mi-
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Fig. 4. Nanoscale alignment of the axonal and glial cytoskeleton at paranodes. Two-color STED images of paranodes labeled for (A) axonal Caspr and glial
neurofascin, (B) axonal betall spectrin and glial neurofascin, and (C) axonal betall spectrin and glial ankyrin B (polyclonal antibody). Single-color images and
overlays are shown. The red dashed line indicates the position of the node (“N”). (D-F) AC (for single-channel images) and cross-correlation (CC, for the
merged image) of the regions indicated by the yellow dashed boxes in A-C. The y axis is aligned with the axon. A longitudinal periodicity can be observed for

all ACand CC. (G-/) Vertical line profile of intensities along the panels shown

in D, E, and F, respectively. The gray bars highlight the +0.2 um y lag. All proteins

show peaks at the expected position, and CC indicates in-phase colocalization (G and /) or a slight phase shift (H). All image data were smoothed with a 1-pixel

low-pass Gaussian filter and represent the overlay of several optical section

crovilli (7, 38). Investigations of the nodes in the CNS could hence
provide different results and clarify the mechanisms that lead to
the fine positioning of adhesion proteins and channels at nodal
gaps. Furthermore, analysis of heminodes (the structures at the
edges of neighboring myelinating cells that eventually fuse into
complete nodes) at the nanoscale during the myelination process
may clarify the mechanisms of the axon—glia interplay.

The organization of channels at nodal gaps is particularly in-
triguing, with the K,7.2 subunit showing a much higher order
compared with the interleaved Na, channels. Impairment in Na,
channel expression results in delayed maturation of the nodes of
Ranvier and slows down nerve conduction velocity (39, 40),
whereas mutations in nodal potassium channels are associated
with myokymia, epilepsies, and encephalopathies (41, 42). The
mechanisms leading to the accumulation of Na, channels at the
nodes in the PNS are dependent on neurofascin-186 and
NrCAM (15). However, it is poorly understood how K,7.2, which
has an ankyrin G binding site, is recruited at the nodes. Clustering
of K,7.2 (but not Na, channels) at the nodes is abolished in
quivering-3J mice, which lack the betalV spectrin C terminus, even
if these two proteins do not interact (43). This evidence, along
with the presented data, might suggest the presence of different
mechanisms for the clustering and/or organization of sodium and
potassium channels at the nodes.

Nanoscopy of the nodes revealed a frequent asymmetry and
inhomogeneity in the organization of the nodal proteins, with
different lattice geometries on opposing sides, including lines
and/or furrows. This latter feature was predominantly observed
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s. (All scale bars, 1 pm.)

for Na, channels, and other markers, like K,7.2 and neurofascin,
concomitantly showed similar distributions (Fig. S4). To under-
stand the function of this spatial organization, several points will
need clarification: (i) whether it is an artifact introduced by the
sample preparation, even if this was observed with different
fixation and permeabilization procedures; (if) whether all nodes
feature this inhomogeneity and whether it appears only on one
particular side of the node; (iii) whether this structure is present
already at heminodes, or if it appears merely in mature nodes;
and (iv) whether the glia has an influence in creating the nodal
asymmetry. Further experiments are therefore required to un-
derstand the origin and meaning of this morphological disparity.

The discovery of the actin/spectrin subcortical periodicity at
internodes and in oligodendrocyte precursors already suggested
the presence of a periodic organization of the cytoskeleton at
paranodes (5, 6). At the same time, it has been shown that the
glial cytoskeleton undergoes severe rearrangements during the
ensheathment process and, in particular, that F-actin disassembly
is a critical step at this stage (10, 11). Despite the periodic orga-
nization in myelinating precursors (5, 6), betall spectrin is not
present at myelin loops, whereas ankyrin B is still expressed and
seems to be the main component of the subcortical cytoskeleton.
Ankyrin B interacts with the adhesion protein neurofascin-155,
but its targeting to paranodes follows independent mechanisms
(23). Therefore, it is not clear how the glial cytoskeleton regulates
the positioning of the adhesion molecule neurofascin-155 to per-
mit the axon—glia alignment. The positioning of actin bundles at
the paranodal loops is also not clear, as they intercalate with
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Fig. 5. Proposed model for the molecular organization of nodes of Ranvier in the PNS. The molecular organization of each different compartment (node,
paranode, and juxtaparanode) is displayed to highlight both the vertical (Upper, side view) and the lateral (Lower, top view) positioning of the glial and
axonal cytoskeleton. The upper part of the top view is an overlay of the axonal and glial proteins and highlights the influence of the glia on the organization
of the nodal gaps. The lower part shows the organization of the axonal components only, without the influence of the glia. Actin and spectrin (and ankyrin
G at the nodal gap) constitute a continuous ~190-nm periodic axonal subcortical scaffold onto which the other components (channels and adhesion mol-
ecules) assemble at discrete positions possibly because of the interplay with the glia. At nodes, these components can feature a 2D hexagonal-like periodic
organization, also characteristic of proteins present in the microvilli (top view, Upper), or a one-dimensional longitudinal periodicity (top view, Lower).
Positioning of nodal K,7.2 follows almost exclusively a one-dimensional order and does not seem to be influenced by the microvilli. At paranodes, glial and
axonal proteins show a highly regular one-dimensional periodic organization that probably reflects the position of myelin loops. The glial and axonal
cytoskeleton are aligned and the actin/spectrin scaffold might be densely occupied. It appears that actin bundles are positioned at the side of myelin loops as
they alternate neurofascin bands. At juxtaparanodes, actin and spectrin are periodically arranged. However, K,1.2 channels do not exhibit a specific pattern
but are complementary to neurofascin. AnkB, ankyrin B; AnkG, ankyrin G; Blispec, betall spectrin; plVspec, betalV spectrin; K,1.2, K, 1.2 channels; K,7.2, K, 7.2
(KCNQ2); Na,, Na, channels; NF155, neurofascin-155; NF186, neurofascin-186.

neurofascin-155 and hence the PNJ (Fig. 3), and the structure they
form appears different from the fine and thin actin filaments
composing the subcortical lattice in the axons. Possibly, these actin
bundles are positioned on the edges of the myelin loops (Fig. 5).
Elucidating the mechanisms and timing of the rearrangement of
the actin/spectrin/ankyrin scaffold during myelination will there-
fore be crucial to comprehend the process leading to the forma-
tion of paranodes.

Ankyrins bind to spectrin, sodium channels, and adhesion
molecules, thereby connecting the subcortical actin/spectrin cyto-
skeleton to the extracellular environment. Depletion of ankyrin
G leads to the loss of the entire AIS structure, underscoring the

odic betall spectrin subcortical cytoskeleton and the PNJ (Fig. 5),
suggesting the presence of other proteins that exert the anchoring
function of ankyrin. Protein 4.1B is a possible candidate (46), and
therefore, the ultrastructural molecular organization of 4.1B might
be the missing link between the positioning of the PNJ and the
axonal cytoskeleton.

The fact that all of the proteins analyzed exhibit a quasi—one-
dimensional organization at paranodes may indicate that the
majority of the docking sites on the actin/spectrin subcortical ax-
onal lattice are actually occupied (Fig. 5), making the axon—glia
interaction very tight. Unfortunately, the labeling strategy (using
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importance of ankyrins as scaffolding proteins (44). However, no
ankyrin isoforms are reported on the axonal side of paranodes
(23), and at the same time, PNJs are found to be intact in mice
lacking axonal betall spectrin (45). Nevertheless, the presented
data show a strong correlation between the position of the peri-
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antibodies) and imaging technique used in this study do not cur-
rently provide sufficient resolution to identify the presence of
subpatterns along the Caspr and neurofascin-155 paranodal
bands. Therefore, it is not possible, at present, to establish a re-
lationship between the ~190-nm periodic pattern formed by the
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Table 1. List of proteins analyzed in the present study, along with their function, position at the nodes, localization, reagents used for
the detection, fixation, and permeabilization conditions (Fig. S1A)

Protein Function Compartment Location Label Fixation/permeabilization
BIV spectrin Cytoskeleton Nodal gap Axon Anti-BIV spectrin SD Methanol/—*
Ankyrin G Cytoskeleton Nodal gap Axon Santa Cruz, Sc-28561 PFA 4%/methanol
Santa Cruz, Sc-12719 PFA 4%/methanol
Na, channels lon channel Nodal gap Axon Sigma-Aldrich, S8809 PFA 4% + Triton 0.1%/Triton 0.5%*
K,7.2 (KCNQ2) lon channel Nodal gap Axon Synaptic Systems, 368 003 PFA 4%/methanol
Abcam, Ab22897 PFA 4%/methanol
Neurofascin-186 CAM Nodal gap Axon Abcam, Ab31457 PFA 4%/methanol
NrCAM CAM Nodal gap Axon and glia Abcam, Ab24344 PFA 4%/methanol
Actin Cytoskeleton Nodal gap Axon and glia Phalloidin PFA 4%/Triton 0.5%*
Paranode Axon and glia
Juxtaparanode Axon
Il spectrin Cytoskeleton Paranode Axon BD Bioscience, 612563 PFA 4%/methanol
Juxtaparanode Axon
Ankyrin B Cytoskeleton Paranode Glia NeuroMab, 73-145 PFA 4%/methanol
Santa Cruz, Sc-28560
Neurofascin-155 CAM Paranode Glia Abcam, Ab31457 PFA 4%/methanol
Caspr CAM Paranode Axon NeuroMab, 75-001 PFA 4%/methanol
Ky1.2 lon channel Juxtaparanode Axon NeuroMab, 73-008 PFA 4%/methanol
Acetylated tubulin Cytoskeleton Axon Sigma-Aldrich, T7451 PFA 4%/methanol

A dash (-) indicates no further permeabilization performed.
*The fixation and permeabilization conditions used for two-color stainings.

adhesion molecules and the transverse bands spaced by ~30 nm,
as evident from electron microscopy studies at the PNJ (13, 22).
The potassium channels K;1.2 do not exhibit a periodic orga-
nization at juxtaparanodes, even if the regular spectrin/actin scaf-
fold is present (5), whereas in mice lacking axonal betall spectrin,
K, channels were found to invade paranodes (45). This result can
be explained in two ways: (i) the identification of a lattice at jux-
taparanodes is technically difficult due to the fine 3D structure of
the compartment and the presence of channels and membrane
folds, and (i) the interaction between axon and glia does not in-
duce a periodic docking of transmembrane proteins onto the actin/
spectrin scaffold at juxtaparanodes (Fig. 5). Analysis of other
transmembrane and adaptor proteins of axon and glia enriched at
juxtaparanodes and internodes will be necessary to appreciate the
organization of proteins underneath compact myelin more fully.
In conclusion, we investigated and presented the nanoscale mo-
lecular organization of 12 proteins at the nodes of Ranvier of sciatic
nerve fibers, providing a superresolution map of this compartment.
Therefore, the presented results pave the way for further studies that
will be required for a deeper characterization of these structures. Our
work notably highlights the importance of the 2D organization of
molecules at nodes, a yet-unexplored aspect, and provides evidence
of the axon-glia interplay in their organization. Although a tight
longitudinal periodic alignment of the glial and axonal cytoskeleton is
present at paranodes, at nodal gaps the organization can be a com-
plex lattice whose arrangement is influenced by the glial microvilli.
Nodes are the largest known vertebrate intercellular junctions, and
their ultrastructural molecular organization is strikingly tidy and co-
ordinated. It is likely that (autoimmune) neurodegenerative and
demyelinating diseases, besides altering the structure of the PNJs
(34), affect their nanoscale molecular order. We are convinced that
further insights regarding the pathogenic mechanisms of these dis-
eases will come from the study of the ultrastructural anatomy of
nodes of Ranvier in animal models or explants from patients.

Materials and Methods

Sciatic nerves were extracted from C57BL/6 mice 3-6 mo old (mixed sexes)
in accordance with Animal Welfare Law of the Federal Republic of
Germany (Tierschutzgesetz der Bundesrepublik Deutschland, TierSchG) and
the regulation about animals used in experiments (August 1, 2013, Tier-
schutzversuchsverordnung). For the procedure of euthanizing rodents for
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subsequent preparation of any tissue, all regulations given in §4 TierSchG
are followed. Because euthanization of animals is not an experiment on
animals according to §7 Abs. 2 Satz 3 TierSchG, no specific authorization or
notification is required. Nerves were fixed and permeabilized differently
depending on the antibody staining (Table 1 and Fig. S1A). When possible,
effective labeling and preservation of the structures of interest were first
tested on hippocampal neurons in comparable conditions. Free-floating
partially teased fibers were blocked in PBS containing 1% BSA for 45 min.
Both primary and secondary antibody incubations were performed for 1-2 h
at room temperature or overnight at 4 °C in PBS supplemented with 0.05%
Triton X-100. After each step, samples were rinsed three times for 10 min in
PBS with 0.05% Triton X-100. At the end, samples were completely teased
on a coverslip and mounted in Mowiol supplemented with DABCO.

The proteins and corresponding antibodies used in the present study are
listed in Table 1. Anti-betalV spectrin SD antibody was a kind gift of Michele
Solimena, Dresden University of Technology, Dresden, Germany. Secondary
antibodies (sheep anti-mouse, Dianova, cat. no. 515-005-003; goat-anti-rabbit,
Dianova, cat. no. 111-005-003) were labeled with STAR580 (Abberior, cat.
no. 1-0101-005-2) or STAR635P (Abberior, cat. no. 1-0101-007-6). Phalloidin
was coupled to STAR635 (Abberior, cat. no. 2-0205-002-5).

Imaging was performed on a two-color Abberior STED 775 QUAD scanning
microscope (Abberior Instruments GmbH) equipped with 488 nm, 561 nm,
and 640 nm pulsed excitation lasers; a pulsed 775 nm STED laser; and a 100x
oil immersion objective lens (N.A. 1.4). Pixel size was 30 nm for all of the
images. Stacks were acquired by using the Abberior easy3D STED module.
Laser powers and dwell times were optimized for each sample.

All acquired images were processed and visualized using the ImSpector
software package (Max-Planck Innovation) and ImageJ (https:/imagej.nih.gov/ij/).
Smoothing was performed using a 1-pixel low-pass Gaussian filter within the
software ImSpector. Brightness and contrast were applied uniformly to all parts
of the images. Line profiles were measured along a 3-pixel wide line. Interpeak
distances were determined using the multipeak fitting function in OriginPro8.5.

AC and cross-correlation analyses were performed for one- and two-color
images, respectively. Regions of interest (e.g., nodes, paranodes) were cropped and
rotated, to align the vertical axis of the correlation with the axon orientation,
maintaining the pixel size. The correlations were calculated with the Matlab
R2015b function “xcorr2,” subtracting beforehand the average of the image, to
avoid an (uninformative) additive triangular signal in the correlation. The profile
along the vertical axis of the correlation image was examined for periodicities.
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