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Axonsin the adult central nervous system (CNS) do not regenerate following injury,
in contrast to neuronsin the peripheral nervous system and neuronal growth during
embryonic development. The molecular mechanisms that prevent regeneration

of neurons in the CNS remain largely unknown'2. Here, to address the intracellular
response toinjury, we developed anin situ cryo-electron tomography and cryo-
electron microscopy platform to mimic axonal damage and present the structural
mechanism underlying thalamic axon regenerationinduced by the drug epothilone B.
We observed that stabilized microtubules extend beyond the injury site, generating
membrane tension and driving membrane expansion. Cryo-electron microscopy
reveals the in situ structure of microtubules at 3.19 A resolution, which engage
epothilone B within the microtubule lattice at the regenerating front. During
repair, tubulin clusters are delivered and incorporated into polymerizing
microtubules at the regenerating site. These microtubule shoots serve as scaffolds
for various types of vesicles and endoplasmic reticulum, facilitating the supply

of materials necessary for axon repair until membrane tension normalizes. We
demonstrate the unexpected ability of neuronal cells to adjust to strain induced
by epothilone B, which creates homeostaticimbalances and activates axons to

regeneration mode.

Axons in the CNS are susceptible to failure in regeneration following
injury' . Patients with brain injury often experience functional and
cognitive deterioration®, resulting in unfavourable outcomes such as
paralysis and mortality. The challenges associated with axon regen-
eration arise from a combination of two key factors: the inhibitory
microenvironment of the CNS and the intrinsic suppression in the
process of axonal repair and regrowth. In particular, little is known
about interconnected causalities at the cellular and molecular level;
therefore, understanding the molecular determinants of axonal degen-
eration and the mechanisms that facilitate regeneration is critical.
During axonal injury, damage to membranes allows the leakage of
cellular components, triggering several key events to mitigate the dam-
age’. Ca*" influx occurs immediately®®, leading to an ionic imbalance
that triggers secondary reactions, such as mitochondrial dysfunction
and microtubule depolymerization, presumably owing to accelerated
catastrophe, a rapid phase of microtubule depolymerization. When
the damage at the plasma membrane is repaired, further leakage is
prevented. After injury, most axons exhibit bulb-like morphologies,
termed retraction bulbs, at the tips of closed injury sites'®", which are
considered hallmarks of axons that will not regenerate.

Several studies have revealed a critical role for neuronal cytoskel-
eton dynamics in regeneration behaviours and outcomes. Cyto-
skeletal elements, including microtubules and actin, have been

implicated in axon stability and neuroregeneration? . In particular,
microtubule-stabilizing agents, such as Taxol or epothilone B (EpoB),
have been examined for their effects on axon regeneration in the
CNS®2° Of particular interest is the use of EpoB as this US Food and
Drug Administration (FDA)-approved anti-cancer compound s able to
pass through the blood-brain barrier, unlike conventional Taxol com-
pounds?. Invitro structural studies of Taxol and epothilone derivatives
showed that they bind B-tubulin on the inner microtubule lumen®,
Both Taxol and EpoB stabilize microtubule assembly by forcing tubulin
dimers into a straight conformation, which is energetically favour-
able for microtubule formation and elongation. The administration of
pharmacologically relevant quantities of EpoB induces axonal repair in
adult mice following spinal cord injury?’; however, the molecular basis
of EpoB-induced axonal regeneration remains unknown.

In this study, we developed a platform that mimics axon injury
(axotomy) on electron microscopy grids, facilitating direct obser-
vation of intracellular reorganization in injured axons. We revealed
that regeneration is facilitated by hyper-polymerizing microtubule
shoots, which maintain axonal microtubule identity and are stabilized
by EpoB, as observed at near atomic resolution using cryo-electron
microscopy (cryo-EM). These shoots aid in trafficking components for
membrane repair, acting as rails until actin growth cones reform and
membrane tension normalizes. This platform offers insights into axon
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repair mechanisms and has applicationin testing therapeutic agents,
revealing unexpected neuronal plasticity and altered molecular events
for axon regeneration.

Cryo-EM platform for axon injury model

To gaininsights into the molecular mechanisms that underlie axonal
regeneration followinginjury, we established atwo-pronged approach
combining cryo-EM and cryo-electron tomography (cryo-ET) to visual-
ize the ultrastructure within regenerating axons and light microscopy-
based observations to measure specific growth dynamics (Fig. 1a).
We dissected CNS thalamictissue fromthe brain of 15.5-day-old mouse
embryos (E15.5) and grew explants on specimen grids for cryo-EM or
glass dishes for light microscopy (Fig.1a). Axon growth was prominent
during theinitial stages of explant formation; the axons matured and
the growthratereached aplateau after 6-8 days in vitro (DIV) (Fig. 1b).
After axon growth plateaued, we performed axotomy (Supplementary
Video 1) by removing distal axons that were more than 250 pm away
from the somawith aglass capillary using amicromanipulator. We then
characterized axonregeneration with and without EpoB by a combina-
tion of light and electron microscopy (Fig.1a,c-fand Supplementary
Video 2). Under control conditions without EpoB, most injured axons
degenerated or stalled (84% retracted, 12% stalled, n = 33), with no
observed growth or regeneration within 1 h of axotomy. By contrast,
when EpoB was administered immediately following axotomy, using
the same concentration range asin a previous mouse study (approxi-
mately 1 nM) and corresponding to concentrations administrated to
patients with breast cancer?®?, visible regeneration was observed
following alatency period lasting approximately 10 min (66% regener-
ated, 24% stalled, n =29; Fig. 1c-e and Supplementary Video 2). How-
ever, EpoB-induced axon regeneration was dose-dependent; doses
of1nMand 10 nM promote regeneration, whereas lower (0.1 nM) and
higher (100 nM-10 pM) doses had no effect or were detrimental to
injured axons (Extended Data Fig. 1a,b and Supplementary Video 3).
As a control, we validated the occurrence of axon regeneration by
administering 1 nM of Taxol (Extended Data Fig. 1c and Supplemen-
tary Video 4).

Membrane stretching at regenerating site

We visualized the tip of regenerating axons by live imaging of neu-
rons (Fig. 2a), as well as by fixed staining (Extended Data Fig.1d) 1 h
post-axotomy in the presence of EpoB. Unlike control axons, which
typically display anactin-rich growth cone, regenerating axons lacked
this structure (Fig. 2b and Extended Data Fig. 1e). Instead, the tubulin
signal extended directly up tothe plasmamembrane at the regenerating
front (Fig.2a, Extended Data Fig.1d and Supplementary Video 5). This
observationled us to hypothesize that the extended microtubules may
mechanically stretch the membrane owing to the absence of actin at
the growth cone. To test this, we used a mechanosensitive membrane
dye, Flipper-TR?, which monitors membrane tension based on changes
influorescence lifetime (alonger lifetime indicates higher membrane
tension), using fluorescence lifetime imaging microscopy (FLIM).
At 1h after EpoB-induced regeneration, the fluorescence lifetime at
the axontip was significantly longer than at the axon shaft of the same
axon (3.64 nsat the axontip versus 3.24 ns at the axon shaft), indicating
increased membrane tension at the regenerating site (Fig. 2c). At4 h,
the difference became insignificant (2.91 ns versus 2.90 ns) (Fig. 2d),
showing that membrane tension had normalized. The membrane ten-
sion measured atthe growth cone at 4 h was similar to that observedin
normal growing axons (2.99 ns versus 2.91 ns) (Fig. 2e). Therefore, we
concluded that membrane tensionis transiently increased during early
stages of regeneration due to the extension of microtubules towards
the membrane surface, and gradually resolves as the regeneration
progresses.
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Regeneration driven by microtubule shoots

Togainadeeper understanding of the repair process at the axon tip, we
vitrified regenerating axons at varying time points following axotomy:
immediately (15 min) and after 1-24 h, and analysed the process using
cryo-EM (Fig. 2f). Immediately after axotomy, injured axonal mem-
branes were sealed (Extended Data Fig. 2a) and exhibited aretraction
bulb morphology, despite the presence of EpoB (Extended Data Fig. 2).
Ultrastructural observation by cryo-EM of the retraction bulb showed
various cellular components, such as vesicles and actin (Extended Data
Fig. 2a). Microtubules were not readily visible when examining the
injured site towards the proximal direction, consistent with the general
neuronal degeneration process in which microtubules depolymerize®.
In the presence of EpoB at 1 h after axotomy, we observed bundles of
microtubules shooting outward from the injury site (Fig. 2g-i and Sup-
plementary Video 6). These microtubules extended 19.1 pm (median,
Fig.2g,h) beyond the damagessite, similar to the typical growth rate of
thalamic axons during the initial fast-growing phase?. These cryo-EM
images of microtubule shoots extending from injury sites lacked dis-
cernable plasma membrane (Fig. 2i). This phenomenon was specific
to regenerating sites, as control neurons without injury had an intact
plasmamembrane. The defectislikely dueto theincreased membrane
tensioninregenerating axons, leading to ruptured membranes during
the cryo-preparation process. To verify this notion, we vitrified control
neurons under hypotonic conditions, thus increasing membrane ten-
sion, whichresulted in axons lacking plasma membrane (Extended Data
Fig.3a,b).Inparallel, we verified membrane resealing after axotomy at
the regenerating sites by co-labelling membranes and microtubules
during regeneration (Fig. 2a) and using non-cell-permeable tubulin
antibodies, resulting in an axon interior devoid of fluorescent signal
as seen by confocal microscopy (Extended Data Fig. 3c).

Shoots adopt axonal microtubule pattern

Taking advantage of the high contrast achieved by the absence of the
plasmamembrane, we performed cryo-EM analyses of the microtubule
shootsattheregeneratingsite togaininsight into their architecture and
structural mechanism. We performed a series of large-scale axotomies,
inwhich alarge number of axons were cut simultaneously withinan EM
grid square (Fig.3a). We collected insitu cryo-ET data (Supplementary
Video 6) and cryo-EM data suitable for high-resolution single-particle
analysis (SPA) (Fig. 3a, magenta circles). Despite the extremely limited
target area, typically one grid square per grid, and the resulting lim-
ited number of available microtubules for analysis, we obtained a 3D
reconstruction of the microtubule shoots at 3.19 A without applying
microtubule-specific pseudohelical symmetry (Fig. 3 and Extended
DataFig. 4). Image processing showed that the microtubule shoots all
displayed a13-protofilament arrangement (Fig.3c-e), whichis a physi-
ologically relevant assembly, in contrast to the diverse protofilament
arrangements (9-16 protofilaments) observed for in vitro-assembled
microtubules®®3°, This observation suggests the presence of
microtubule-associated proteins (MAPs) mediating the 13-protofilament
assembly of microtubules® ®, Our analysis also revealed that all 1,663
microtubules displayed parallel polarities (Fig. 3b,c), such that the plus
ends of all microtubules would face the distal ends of the regenerat-
ing axons, extending away from the injury sites. Corroborating these
cryo-EM analyses, we have also observed the presence of EB3 comets
(Extended Data Fig. 5a and Supplementary Video 7) at the tip of the
regenerating axons by fluorescence microscopy, which further validates
that the plus ends of the microtubules are at the regenerating end. This
parallel alignment of microtubules is characteristic of axons** %, indicat-
ing that the mechanisms that align microtubule polarities inaxons were
alsoactingonthese EpoB-induced microtubule shoots. Together, these
resultsindicate that the microtubule shoots displayed the characteristic
physiological arrangement that is normally found in axons.
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Fig.1|Integrative platform for axotomy and visualization of EpoB-mediated
axonregeneration. a, The experimental pipeline developedin this study.

(1) Thalamus tissue was dissected from embryonic day 15.5 (E15.5) embryos
and cultured on electron microscopy (EM) grids (top) and glass-bottom dishes
(bottom). (2) Explants extended axons onto EM grids (top; scale bar,200 um)
orglass-bottom dishes (bottom; scale bar,200 um), showing axon-dominant
neurite extensions (middle; scale bar, 100 um). (3) Upon maturation, a thin
needle wasused to cut the targeted axon (scale bar, 50 um); the overall
procedureis showninSupplementary Video 1. (4) Cryo-EM or cryo-ET (top;
scale bar,200 nm) and light microscopy (bottom; scale bar,100 pm) analyses
were performed. b, Explant growth on electron microscopy grids. Explant
images were acquired at different time points using a1l0x objective and the
longest neurite length from the explant centre was measured.n=20 (DIV1),

EpoB concentrates at microtubule shoots

We then examined whether the microtubule shoots were stabilized
by EpoB. Our 3D reconstruction revealed an inter-dimer distance
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andn=12(DIV 8). Dataare mean = s.e.m.c,Axonregenerationinthe presence
of EpoBrecorded by differential interference contrast microscopy, showing
the neurite tip at axotomy (Ax, t = 0 min, asterisk). Scale bars, 20 um. Video
ofregenerating axons (Ax'"EpoB*) and retracting or stalled axons (Ax"EpoB")
(control) are available in Supplementary Video 2. d, Quantification of axon
reactions after axotomy.n=29 (Ax'EpoB*) and n =33 (Ax'EpoB~) axons.
e, Snapshots of regenerating axons labelled with SiR-tubulin (Ax'EpoB* and
AX'EpoB’). The mild microtubule-stabilizing effect of SiR-tubulin was negligible
inthe control (AX’EpoB~) axons. Scale bar, 5 pm. f, Quantification of axon
length over time. Start pointis the axotomy site. Dataare mean +s.e.m.n=29
(AX'EpoB*)andn=33 (AX'EpoB").

of 83.3 A within a protofilament, compared with 81.8 A in unstable,
dynamic microtubules and 84.0 A in guanosine-5’-((a,8)-methyleno)
triphosphate (GMPCPP)-stabilized microtubules® (Fig. 3g). It hasbeen
shown previously that drug-stabilized in vitro microtubules have a
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stretched conformation, expanding the inter-dimer distance®. These
indicate our in situ microtubule shoots use a stretched conformation
due to drug stabilization. Indeed, although with low occupancy, we
detected EpoB densities in the pocket proximal to the S9-F10 loop
of B-tubulin on the inner microtubule lumen side (Fig. 3f), consist-
ent with the location found in previous in vitro studies®*?. In our
experiments, EpoB was used at 1 nM. Given that the cellular concen-
tration of tubulinis generally estimated to be approximately 25 pMin
non-neuronal cells*® and even higher in neurons®, the EpoB-to-tubulin
ratio in our experiments was significantly (three orders of magni-
tude) lower than those used in prior in vitro experiments to visual-
ize epothilone-tubulin complexes (0.2 to 0.5 mM epothilone)? %,
Although direct observation of the enrichment is stillneeded, this com-
parison suggests that EpoB-bound tubulin accumulates at the regen-
erationsite to stabilize the lattice and prevent the depolymerization of
microtubule shoots.

Tubulin clusters move to the injury site

Next, we examined the origin of the microtubule shoots. We ini-
tially hypothesized that de novo synthesis of tubulin subunits can
fuel microtubule polymerization at the regenerating site, possibly
similar to our previous cryo-ET observation indicating local actin
synthesis at axon branching points*’. However, we ruled out the pos-
sibility that tubulin subunits themselves are locally synthesized, as
ribosomes were not readily visible at the injury sites (Fig. 2i and Sup-
plementary Video 6). Fluorescence live-cellimaging of microtubules
using the Tubulin Tracker dye revealed the formation of bright puncta
upon addition of EpoB (Fig. 4a, asterisks) irrespective of whether
axotomy was performed. The density of the punctaincreased in a
dose-dependent manner (Extended Data Fig. 5b). These puncta moved
bi-directionally along axons (Fig. 4b-e, Extended Data Fig. Sb-fand
Supplementary Video 8), in contrast to sparse puncta in untreated
axons (Fig. 4a,b). Therefore, we reasoned that these bright puncta
could be clusters of short microtubules or tubulin oligomers that
can be transported towards the tip of the regenerating site, as we
validated that Tubulin Tracker similarly detects tubulin oligomers
and microtubules in our control experiment (Extended Data Fig. 5c).
Following axotomy, a substantial proportion of EpoB-induced
clusters exhibited anterograde movement towards the injury site
(Fig. 4b—-e and Supplementary Video 8), with 39% travelling more
than 5 um and 9% moving retrogradely. By contrast, clusters in the
absence of EpoB showed minimal displacement, with the majority
(74%) remaining within 1 pm and 16% moving retrogradely (Fig. 4b-e
and Supplementary Video 8). This observation suggests that once an
injury occurs, a signal is propagated towards upstream of the injury
site, triggering anterograde transport of tubulin clusters. We fur-
ther investigated whether the transport of the clusters is mediated
by motor proteins. Kinesin-5 (KIF11in humans) has been previously
shown to limit transport of short microtubules by other motor pro-
teins*. Indeed, when we inhibited kinesin-5 using monastrol in our
EpoB-treated axons, there was an increased transport frequency of
tubulin clusters (Extended Data Fig. 5g,h and Supplementary Video 9),
supporting a role of kinesin-5 as a negative regulator of the process.
Furthermore, we validated the colocalization of the tubulin clusters
with kinesin motors (Supplementary Video 10). These results together
indicate thatthe transportis drivenby an anterograde kinesin-based
molecular motor.

Tubulin spirals drive microtubule regrowth

To further understand the provenance of the microtubule shoots, we
took advantage of the presence of microtubule inner-luminal proteins
(MIPs). MIPs are tightly packed within microtubules, with neighbour-
ing particles spaced 18.5 nm apart in control neurons (Fig. 4f,g and
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Extended Data Fig. 5i), and primarily consist of MAP6** and, poten-
tially, tubulin chaperones®. They are commonly found inside neuronal
microtubules, regardless of species or neurontype. Our tomographic
datarevealed that microtubule shoots at the regenerating tip often
lack MIPs. This may reflect rapid microtubule polymerization at the
injury site and delayed MIP incorporation. To investigate further, we
collected tomographic data at the pre-cut site 15 min after axotomy,
before microtubule shoots appeared but after the initialmembrane clo-
sure, and found that the particle occupanciesin microtubules treated
with EpoB were similar to those in control microtubules (Fig. 4f,g). We
then quantified MIP occupancy at various time points during regenera-
tion (Fig. 4fand Extended Data Fig. 6). Our analysis revealed the pres-
ence of microtubule shoots with varying levels of MIP densities, which
decreased at the 1 h time point after axotomy (Fig. 4f,g). In extreme
cases, microtubules observed at the remote distal ends were found
completely without MIPs (Fig. 4g,h, yellow arrowhead). The propor-
tions of microtubules with aninter-MIPs distance of more than 50 nm
(indicating sparse MIPs presence) were 23% (control), 29% (15 min), 44%
(1h), 51% (3 h), 51% (6 h) and 34% (24 h) (Fig. 4f). More MIPs appeared
as repair progressed, eventually returning to an occupancy resem-
bling thatinthe control, suggesting the maturation of newly generated
microtubules. Together with the presence of EB3 at the regenerating
tip (Extended DataFig. 5a and Supplementary Video 7), we concluded
that microtubule polymerization is activated at the regenerating site
to form microtubule shoots rapidly. Established microtubules may
also be transported from the axon shaft as a standard mode of axonal
transport*.

The notion that microtubule shoots polymerize at the distal end
suggests that the observed tubulin clusters that were transported
anterogradely in the presence of EpoB (Fig. 4 and Supplementary
Video 8) are likely to represent tubulin oligomers. Previous studies
have shown that tubulin oligomers form an openspiral assembly from
longitudinally connected tubulins***, exposing the luminal surface
outwards. This formationis also observed when Taxol-stabilized micro-
tubules disassemble into tubulin spiral oligomers under depolymer-
izing conditions*®. The binding sites for Taxol and EpoB are located
on the luminal side of 3-tubulin and they share a similar stabilization
mechanism. Therefore, we reasoned that these stabilized tubulin oli-
gomers mightoriginate from the depolymerization of EpoB-stabilized
microtubules. The oligomers could serve as areadily available pool of
tubulin subunits that could be quickly incorporated into new micro-
tubules at the regeneration site. We searched our cryo-ET data for
tubulin clusters or oligomers that might act as precursors for rapidly
growing microtubule shoots in proximity to the regenerating portion
of axons. We found oligomers (Fig. 5a,b and Supplementary Video 11)
withanintermolecular spacing of 4.6 nm (Fig. 5c, compared with 5.5 nm
for the measurement of F-actin as a control), a diameter of 37.8 nm
(Fig. 5d, left) and awidth of 4.2 nm (Fig. 5d, right), consistent with the
dimensions of a tubulin monomer (4 nm x 5nm) and the diameter of
single-protofilament tubulin spiral oligomers assembled in vitro*®
(38.6 nm). These oligomers exhibited spiral features with variable
degrees of packing, ranging from tightly coiled structures to fully
extended, linear string-like forms (Fig. 5b). They frequently clustered
together, occupying a large volume within the cytosol that were not
enclosed by lipid membranes. The oligomers were attached to the tips of
microtubules (Fig. 5e), unwound from the common spiral-like morphol-
ogy, consistent with the in vitro observation of purified tubulins**¢,
suggesting that we have captured microtubule polymerizationinsitu
by cryo-ET. Reinforcing the possibility that microtubules are locally
assembled, we found several deformed microtubules—for example,
branching morphologies or doublet-like protofilament arrangements—
at regenerating sites treated with EpoB (Fig. 5f and Supplementary
Video 12). A mother microtubule with splayed or spread protofila-
ments emerging into new daughter microtubules was identified, which
presumably represented anintermediate inthe microtubule assembly
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Fig.4|EpoB-induced tubulin cluster dynamics and microtubule maturation
during axonregeneration. a, Regenerating axons exhibit tubulin clustersin
the presence of EpoB. Left, representative images of tubulin clusters (asterisks).
Scalebars, 5 pm. Right, quantification of cluster densities per 100 pm of axon
shaftand tips. AX"EpoB*: n =33 axons (178 particles); AXEpoB™: n =28 axons
(16 particles); Ax EpoB*: n = 69 axons (149 particles); AX EpoB™: n = 67 axons
(30 particles). Scatter plots show median with interquartile range. Two-tailed
Mann-Whitney test, P < 0.0001.b, Temporal snapshots showing tubulin
movements with or without EpoB and axotomy. Tubulin clustersin AX'EpoB*
axons show pronounced anterograde movement. Axotomy sites are marked
withscissorsand ared dotted line. Representative videos are shown in
Supplementary Video 8. c-e, Analysis of tubulin cluster movements within

30 min after axotomy. ¢, Distance of tubulin clusters from the injury site
(distancetravelled inward). AX’EpoB*: n=33,12 axons; AX'EpoB:n =31,
15axons; P=0.1764 (not significant). d, Distance of tubulin clusters from
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theregenerating tip (distance travelled outward) is decreased with EpoB
(P<0.0001). e, Net displacement of tubulin clusters (distance outward versus
distanceinward) shows a bias for anterograde transport with EpoB (P<0.0001).
Dataare presented as dot plot with median and interquartile range. Two-tailed
Mann-Whitney test. f, Spatial distribution of MIPs during regeneration. Stacked
bar graphs show fractions of microtubules with sparse (grey, >50 nm spacing)
versus dense (blue, <50 nm spacing) MIP occupancy. Fractions of sparsely
populated filaments were 23% (control, n = 634),29% (15 min, n = 256), 44%
(1h,n=2025),51% (3 h,n=401),51% (6 h,n=336); and 34% (24 h, n=912).
Observed microtubules were located at pre-cut sites at15 min after axotomy
and at post-cutsitesat1h after axotomy. g, Cryo-ET reconstructions showing
MIPs at different stages of regeneration. Ayellow arrowhead indicates a
MIP-free microtubule tip.Scale bar, 50 nm. Arepresentative reconstruction is
presentedinSupplementary Video 6. h, Tomographic snapshot of regenerating
axon tips with MIP-free microtubules. Scale bar,100 nm.
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Fig. 5| Spiral-like tubulin oligomers as precursors of polymerizing
microtubules. a, Snapshots of cryo-ET sections showing clusters of spiral-

like tubulin oligomers (yellow arrowheads) at post-cut sites. Scale bars,

50 nm. The corresponding tomogramisshown in Supplementary Video 11.

b, Segmentation of tubulin spirals from atomographicreconstructionin2
different views (80° rotated) to visualize the geometry of the spiral structures.
Rightimage highlights oligomers with loose packing. Scale bar, 50 nm.

¢, Intermolecular spacing of microtubules, F-actin filaments and tubulin spirals.
Inboxplots, the centre line represents the median, box edges delineate 25th
and 75th percentiles, and whiskers extend from minimum to maximum values.
n=170segments (6 microtubules), n=97 segments (8 F-actin filaments),n =182
segments (16 tubulin spirals). d, Size distribution of spiral-like oligomers.

process (Fig. 5f and Supplementary Video 12). We have previously
observed such aspecific microtubule assembly in the presence of the
microtubule-nucleation factor SSNAlinvitro*. We interpret our find-
ingasthe urgent need for microtubule polymerization resulting in fast
and deformed growth, which s then repaired upon the normalization of
neuronal homeostasis.
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Dot plots show the distribution of diameter and width of tubulin oligomers
withmedian and 25th and 75th percentiles as horizontal lines. Left, diameter:
n=163oligomers, median:37.8 nm, 25th percentile: 34.3 nm, 75th percentile:
40.7 nm. Right, width: n=53 oligomers, median: 4.2 nm, 25th percentile:
3.2nm, 75th percentile: 4.9 nm. e, Top, magnified images of tomographic
sections, highlighting tubulin spirals attached to microtubule ends.

Some spirals are unfolding into straighter conformations. Bottom, outline
sketches of the polymerizing microtubules (green) with oligomers attached.
Scalebar, 50 nm. f, Tomographic snapshot showing microtubule branching
(greenarrowhead) with aschematic on theright.Scalebar,200 nm. The
corresponding tomogramis shownin Supplementary Video12.

Cargo transport toregeneration sites

Cryo-EM-based observations and tomographic reconstructions of
EpoB-mediated regenerating axons revealed the presence of vari-
ous cellular components (Extended Data Fig. 7a-c). Actin stress
fibres formed along the microtubule shoots (Extended Data Fig. 7d).



We found that vesicles transported along the microtubule shoots
and accumulated at the microtubule tips (Fig. 2i). The surrounding
vesiclesranged up to 600 nmin diameter (Extended Data Fig. 7b) with
alarge population of small vesicles (median 44 nm; Extended Data
Fig.7b,c), presumably presynaptic vesicles**. We observed endoplasmic
reticulum stretching towards the tip of the regenerating axon as well
as clustered materials that were not enclosed by a membrane bilayer
(Extended DataFig. 7c). Various dense materials of different sizes were
foundinside of vesicles or on their membranes (Extended Data Fig. 7e).

Liveimaging of regenerating axons revealed theinitial rapid regrowth
ofthe axon, which then slowed down (Fig. 2h and Extended Data Fig. 8).
With no obvious actin growth cone appearing during the initial stage
ofregeneration, thetip exhibited asmooth and flat regeneration front.
At 2-4 h, several membrane protrusions prototypical of growth cone
morphology appeared (Extended Data Fig. 8a). During this time, the
regenerating axon tip experienced the recovery of the membrane ten-
sion (Fig.2d) untilaround 4 h. Within 6 h, the regenerating axon did not
visibly grow (Extended Data Fig. 8b,c), but after the 24 and 48 h time
points, these axons grew extensively (Extended DataFig. 8d,e). Cryo-EM
images of regenerating axons at 3 h and 6 h after axotomy showed
abundant numbers of vesicles (Extended Data Fig. 2b,c). Patches of
membranes appeared sporadically alongside the axon, probably
stabilized through crosslinking to cellular components. Membranes
were found to surround actin stress fibres (Extended Data Fig. 2c(ii)).
Twenty-four hours after axotomy, regenerated axons re-established
their typical morphology (Fig. 6a-c), topped with an actin-based
growth cone (Fig. 6c, right).

Collectively, our analysis demonstrated that axonal repair was trig-
gered by rapid microtubule growth induced by the stabilization of the
lattice by EpoB. Without anactin network at the regenerating site, the
growing microtubules apply mechanical force on the sealed plasma
membrane, increasing membrane tension. This is followed by bulk
intracellular transport along the microtubule shoots, suggesting that
these vesicles are probable sources of the newly generated plasma
membrane, and membrane tension normalizes within 4 h after injury.
Recovery of the axon growth cone is followed by the regrowth of the
axon observed at 24 h to 48 h time points, leading to the subsequent
slow rebuilding process of the neural network, which takes weeks?.

Discussion

The capacity of axon regeneration is influenced by a number of fac-
tors, including neuron type, developmental stage, age of the affected
neuron and the extent of damage and the surrounding environment.
Inthe CNS, regeneration is particularly hindered by a non-permissive
microenvironment characterized by inhibitory molecules, lack of
trophic support and the presence of oligodendrocytes®. However,
removing external inhibitory cues is not sufficient to activate CNS
axon regeneration. Although CNS neurons have shown the ability to
regrow ina permissive peripheral nervous system environment®, their
functional recovery remains limited*’, For example, only asmall subset
ofretinal ganglion cellsregenerate within a peripheral nervous system
graft®, These observations indicate the criticalness of intrinsic axonal
properties for successful CNS regeneration, independent of external
inhibitory factors.

In this study, we developed a cryo-EM-cryo-ET pipeline to induce
axonal injury and monitor the intrinsic axonal response at molecular
resolution. Using the FDA-approved anti-cancer drug EpoB, which
has demonstrated beneficial effects during recovery from spinal cord
injuries in mice?, we triggered axonal regeneration in CNS neurons.
Following injury, EpoB-treated neurons switch to a pro-regenerative
state despite disrupted cellular homeostasis. We found that rapid axon
regenerationis driven by EpoB-stabilized microtubule shoots, and not
by agrowth cone. These microtubules mechanically push the plasma
membrane plug that forms as animmediate contingency after injury.

We determined that axon regeneration proceeds through four phases
(Fig. 6d): (1) membrane closure and the formation of aretraction bulb;
(2) rapid microtubule growth; (3) recovery of membrane integrity and
re-establishment of the growth cone; and (4) axon regrowth. Axonal
injury and mechanical damage to the plasma membrane trigger a Ca®*
influx by activation of Ca** channels’ and induce microtubule depolym-
erization, causing axon retraction and the formation of a retraction
bulb oncethe membraneisresealed (phase1). During EpoB-mediated
regeneration, rapid microtubule growth stretches the membrane plug
astubulinclustersare delivered to theinjury site, a process that would
only be possible with the aid of EpoB or similar microtubule-stabilizing
factors in the presence of a Ca* pool at the injury site (phase 2). We
propose that EpoB concentrates at tubulin oligomer clusters, which
are transported to the regenerating tip to support rapid microtubule
extension. Similar tubulin oligomers have been observedinvitroin the
presence of MAPs, nucleotide analogues and Taxol** 5, suggesting that
EpoB may similarly promote their formation. Inadditionto facilitating
oligomer assembly, EpoB further stabilizes the microtubule lattice at
the shoots, thereby promoting regeneration. Notably, although the
local accumulation of EpoB at the regeneration site could result from
activated anterograde transport (Fig. 4b-e, Extended Data Fig. 6g,h
and Supplementary Videos 9 and 10), EpoB may also become enriched
on newly polymerizing microtubules throughout the axon, where it
actstostabilize dynamic microtubules regardless of position. Overall,
regeneration growth plateaus approximately 2-3 h after axotomy,
probably owing to mechanical limitations from the membrane stretch-
ing and depletion of materials. At this point, microtubule shoots may
serve as scaffolds and transportation routes, while lipid replenishment
occurs more gradually (phase 3), and finally the steady growth of the
axon resumes (phase 4).

Several types of vesicles and cellular materials are actively trans-
ported along microtubules to re-establish axonal identity and integrity.
Thisactivationindicates thatinformation of axoninjury is transmitted
upstream, potentially to the soma** . The underlying mechanism that
drives the sequence of events remains unknown. Future studies will
be necessary to determine how neurons regulate and control axonal
repair and the sequence and type of intercommunication between the
injury siteand the soma.

Although we successfully elucidated the intracellular mechanism
underlying axon regeneration, our study remains limited in address-
ing the extracellular context that influences neural repair. It should
be noted that EpoB has also been implicated in scar repair?, suggest-
ing that its effects extend beyond intracellular microtubule stabiliza-
tion on the injured axons. Extrinsic factors such as tissue stiffness’®,
inhibitory and guidance molecules®, injury location within the brain
or nervous system, and interactions with other cells such as glia cells
haverolesin determining regenerative success®. Future development
ofthe cryo-EM visualization platform will be advantageous to directly
visualize the interplay between the extracellular environment and
intracellular repair mechanisms at the molecular level, in particular,
how extracellular cues influence microtubule remodelling, growth
cone formation and axon extension. Understanding the interactions
atthe molecular level will also be beneficial for designing more effec-
tive therapeutic strategies that not only targetintracellular regenera-
tionbutalso optimize the surrounding microenvironment to enhance
neural recovery.

Overall, our study highlights an unexpected molecular response to
EpoB that activates neuronal regeneration capabilities. EpoB alters
the sequence of events following injury and we found that neuronal
cells can adapt to the disruption of the order of cellular events until
normal homeostasis is recovered. Our study also provides fundamental
molecularinsightsinto the general mechanisms underlying neuronal
regulation, demonstrating the plasticity of neuronsinaccommodating
homeostatic disruptions. These disruptions include the absence of a
growth cone during neurite regrowth, alternation of the membrane
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Ax"EpoB*, t=24 h

@ Membrane closure

Growth cone extension

=

@ Axon regrowth

Fig. 6|Structural visualization and schematic sequence of EpoB-driven
axonregeneration. a, Cryo-EMimage (grid view) of aregenerating axonin the
presence of EpoB, 24 hafter axotomy. The axotomy site is indicated by ablack
dottedline. Theyellow shading highlights the path of the regenerating axon.
Black boxesindicate positions at which cryo-ET datawere collected and
reconstructed. Sectionsareshowninb,c.Scalebar, 50 pm.b, Cryo-ET snapshots
ofaregeneratingaxon 24 h after axotomy in the presence of EpoB, from the boxed
areasina.Scalebar,200 nm. ¢, Segmentation of the cryo-ET reconstructions
showninb.Someareasare surrounded by plasmamembranesand some remain
uncovered. Growth cones are established at the regenerating axon tip at this time.

486 | Nature | Vol 648 | 11 December 2025

Microtubules
Hl Plasma membrane
B Vesicles

Actins

r- - - — = T

‘ — Actin ‘
— g

Microtubules ‘

- - _ _

«— High tension
! °5° |
| - E
\ 1 jﬁ.e,@@ |
Vesicles - :
L _ _Tubdincluster

r— - - - — — — — — T
\ \
‘ °® ° o o o® o ‘
L[Efﬂ?%:;’ |
| \
L N 4

d, Summary of the molecular events in EpoB-induced axon regeneration.

(1) Theinitial reaction after axoninjury or axotomy ismembrane closure,
resembling the morphology of aretractionbulb. (2) Inthe presence of EpoB,
stabilized microtubules shoot out fromtheinjury site towards the plasma
membrane, resultinginincreased membrane tension. Using these stabilized
microtubules as tracks, tubulin clusters and vesicles asmembrane source are
shuttled towards the growing axon. (3) Vesicles deliver materials for regeneration,
including the necessary membrane support at theregenerating front, resulting
innormalizing membrane tension (4). Ultimately, repair iscomplete, and anew
growth coneis established at the axontip that navigates the growth of the axon.



tension and hyper microtubule formation in a confined area. Under-
standing the basis of axon regeneration s critical forimproving thera-
peutic options and recovery after traumatic axonal injury.
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Methods

Grid preparation

Quantifoil gold grids (R1/4, 200 mesh, 100 Holey SiO, Films or Multi
A, 300 mesh) were glow discharged using a Pelco easiGlow at 15 mA
current and 0.38 mbar residual air pressure for 60 s. Then grids were
immediately placed in a cell culture dish (Greiner Bio-One 627170),
covered with 2 mlof1 mg ml™ poly-L-lysine (Sigma Aldrich P2636) pre-
paredin 0.1 Mborate buffer (di-sodium tetraborate decahydrate, Carl
Roth 1303-96-4) and incubated overnight at 37 °C. Afterwards, grids
were thoroughly washed three times in 1x PBS (Gibco 10010049) or
ultrapure water and coated with 5 pg ml™ laminin (Gibco 23017015)
solutionfor atleast 2 h at 37 °C. After laminin coating, grids were cov-
ered with Neurobasal medium (Gibco 21103049) and incubated at 37 °C
until cells were seeded.

Preparation of primary mouse thalamus explants and
dissociated neurons

All animal procedures were approved by the Animal Care and Use
Committee (ACUC) of the National Heart, Lung and Blood Institute
(NHLBI) animal protocol H-0331 in accordance with NIH research
guidelines for the care and use of laboratory animals. Cultures were
prepared from embryos (E15.5) of CD-1 mice (Charles River Labora-
tories). Thalamus tissue was dissected from the brain of embryos and
placed in cold Hanks’ Balanced Salt Solution (HBSS, Gibco 14170112)
supplemented with 1x HEPES (Gibco 15630080). The thalami were
then cut into smaller fragments. For explant cultures, the thalamus
tissue with a size of approximately 200 um was placed onto coated
p-Dish 35 mm (Ibidi 80156), glass coverslips, or coated electron
microscopy (EM) grids (see grid preparation above). For dissoci-
ated cells, thalamus pieces were incubated with 1x Trypsin-EDTA
(0.5%, Gibco 15400054) and 1x DNase for 15 min at 37 °C. After the
enzymatic treatment, tissue pieces were washed three times with
plating medium (Neurobasal medium containing 5% fetal bovine
serum (Gibco 10437028), 1x B27 (Gibco 17504044), 1x Glutamax
(Gibco 35050061)) and then dissociated by trituration in 2 ml of
plating medium. Cells were seeded onto coated Ibidi petri dishes or
engraved glass coverslips (Electron Microscopy Sciences, 72264-23)
ata concentration of 150,000 cells per ml. After 1 h of plating, the
medium was exchanged to 1x Neurobasal supplemented with 1x B27,
1x penicillin-streptomycin (Gibco 15140122), and 1x Glutamax. After
3 daysinvitro (DIV 3), half of the culture medium was exchanged with
fresh medium.

Distal axotomy and induction of axon regeneration

Micropipettes used for axotomy were made of borosilicate capillaries
(inner diameter = 0.0056, outer diameter = 0.022; Drummond Scien-
tificCompany1-000-005) and were formed using aMicropipette puller
P-97 (Sutter Instrument) with a final tip diameter of -1 um. A freshly
prepared micropipette was placed into a needle holder of a micro-
manipulator (Eppendorf TransferMan 4r) mounted on an inverted
Leica DMi8 microscope. Distal axotomy was performed on thalamus
explants on DIV 6-9 as described above. Approximately 5 axons were
identified using a 5x air objective and visualized with a40x air objec-
tive. Lesions were performed at least 250 um away from the centre
of the explant by swiftly moving the tip of the micropipette across
the axons. The distal part of the axon after the injury was gently but
thoroughly cleared near the cut site. Performing axotomy on different
surfaces, such asglass and EM grids, requires adjustmentsin handling.
On a glass surface, axotomy is straightforward due to the rigidity
and stability of the substrate. However, when working with EM grids,
which are more delicate and fragile, greater precision and care were
required to avoid damaging the grid surface. We found that the grid
surface remained visibly intact when the cut was clean, and the pro-
cedure was reproducible giving consistent experimental outcomes.

Axonal regeneration was induced by adding 1 nM of EpoB (from Soran-
gium cellulosum; Sigma E2656) except for control and comparison
experiments. EpoB was dissolved in DMSO (Sigma D8418) at a con-
centration of 2 mMand stored at -20 °C. For comparison, 1 nM Taxol
(Sigma Aldrich 1912) was also used for inducing axon regeneration
(Extended Data Fig. 1c). Taxol was dissolved in DMSO at 1 mM con-
centration and stored at —20 °C.

Cryo-EM sample preparation

Mouse primary thalamus explant tissue was plated onto coated
cryo-EM grids (see above) and cultured for 6-9 days. The grid squares
on the edge of the grid were gently pierced by a sharp tweezer, so
that the broken grid squares could be used as a reference point to
find axon cut sites. Phase contrastimages of the grids were then cap-
tured with a 4x objective using an EVOS digital colour fluorescence
microscope (Thermo Fisher Scientific). The thalamus explant tissues
were then subjected to axotomy as described before. Immediately
after axotomy, the culture dishes were either treated with vehicle
control DMSO or 1 nM of EpoB for different times. At the given time
point, grids (control and EpoB-treated) were drained of excess liq-
uid by blotting from the side with filter paper. Then, immediately
3 ul of conditioned neurobasal medium (medium incubated with
untreated neurons for the same number of days in vitro) was added
to the grids. For hypotonic experiments, neurons were incubated
with hypotonic solution (culture medium at DIV 8 diluted 3 times
with ultrapure water) for 5 min before vitrification. The grids were
thenvitrified inliquid ethane using a Vitrobot Mark VI Freeze-plunger
(Thermo Fisher Scientific), conditioned at 25 °C and 100% humidity.
The grids were screened on a Glacios cryo-TEM operated at 200 kV
and equipped withaFalcon 4 direct electron detector (Thermo Fisher
Scientific) for determining ice thickness.

Lentivirus production and transduction

Lentiviral plasmids containing genes of interest and tagged with
fluorescent proteins for labelling neuronal organelles were obtained
as follows. pTRIP-CMV-EB3-mScarlet-1 was constructed via Gibson
assembly of EB3-mScarletinto the pTRIP-CMV-GFP-2A vector opened
at the Nhel and Kpnl sites. eGFP-KIF5A was a gift from J. Bonifacino
(Addgene plasmid 172201)®". pBa.GFP-KIF5B was a gift from M. Bentley
(Addgene plasmid #134625)%%. pGFP-Kif5c was a gift from M. Peckham
(Addgene plasmid #71853)%, For overexpression of kinesin genes,
we constructed the lentiviral target vector pLEX-hSYN-mCherry
from a pLKO.1 backbone by removing the U6 shRNA overexpression
cassette and replacing the CMV promoter with the neuron-specific
human synapsin promoter by Gibson Assembly. All kinesin genes
were amplified by PCR and subcloned into pLEX-hSYN-mCherry by
Gibson Assembly. Lentiviral particles were produced as described
previously*. Lentiviral vectors with viral packaging vectors (psPAX2
and pCMV-VSV-G) were co-transfected in Lenti-X-293T cells (TaKaRa)
using TransIT-293 transfection reagent (Mirus Bio 2700). The medium
was exchanged to Neurobasal medium the next day and incubated
with cells for 24 h. The virus-containing medium was then passed
through a 0.45-pm filter, aliquoted, and stored at —80 °C. Alterna-
tively, lentiviruses were concentrated using Lenti-X-concentrator
(TaKaRa 631231) according to the manufacturer’s protocol. The amount
of virus used for experiments was determined by adding different
volumes of virus to neurons and visually inspecting the expression
levels of fluorescent protein. After 1 h of plating, neurons were trans-
duced with the desired lentiviruses on DIV 0, and the medium was
exchanged the next day. On DIV 8-10, live imaging was performed as
described below.

Live-cellimaging and analysis
Primary neurons or tissue samples were cultured on p-Dish 35 mm (ibidi
80136) or p-Dish 35 mm with location grids (ibidi 80156) for 6-10 DIV



at 37 °C and 5% CO,. For the tracking of tubulin, neurons were incu-
bated with 100 nM Tubulin Tracker Green (Thermo Fisher Scientific
T34075) for 15-30 min or with 100 nM SiR-tubulin (Cytoskeleton Spi-
rochrome CY-SC002) for 30 min, respectively. Neurons were gently
washed once, and 1 ml of conditioned neurobasal medium was added
to the dish. The movements of fluorescently labelled spots inside the
axons were recorded using a Nikon AIR microscope or a Zeiss LSM
980 Airyscan microscope, with a 60x oil-immersion objective and
a stage top incubator set to 37 °C and 5% CO,. The microscope was
controlled using NIS-ELEMENTS software (Nikon) or Zeiss ZEN soft-
ware. Movies were recorded immediately after distal axotomy at time
intervals of 5 minand 30 s for SiR-tubulinand Tubulin Tracker, respec-
tively. For Supplementary Video 10, the movements of Tubulin Tracker
and kinesins were captured every 5 s. The fluorescence tracking and
movement analysis was done with FJI/IMAGE]J 2.3.0/1.53f** and the
KymoToolbox plugin according to the available protocol®. It should
be noted that Tubulin Tracker might also affect microtubule stabiliza-
tion; however, these effects appeared to be minimal, as we observed
clear differences between axons treated with and without EpoB. For
imaging EB3 dynamics (Extended Data Fig. 5a), thalamus neurons
were transduced with lentivirus encoding EB3-mScarlet-lon DIV 5.
On DIV 8, axotomy was performed, and EpoB-induced regenerating
axons were imaged with a ZEISS LSM 980 Airyscan microscope using
a 60x oil-immersion objective at different time points. Images were
acquired every 4 s for 2 min at specified time points. For colocaliza-
tion of microtubules and plasma membrane, thalamus explants were
incubated with 100 nM SiR-tubulin for 1 h, subjected to axotomy, and
allowed toregenerate in the presence of 1 nM EpoB. After 1 h of regen-
eration, 0.1x final concentration of CellMask (ThermoFisher Scientific
C10046) was added to the regenerating axons, and the regenerating
front wasimmediately imaged using aNikon A1R confocal microscope
with a 60x oil-immersion objective. For Extended Data Fig. 3¢, thala-
mus explants after axotomy were incubated with fluorescently labeled
tubulinantibody (1:500) and imaged for 30 minto directly visualize any
potential microtubules. We did not observe any microtubule staining,
confirming that the membrane was sealed. Forimaging actin, microtu-
bules, and plasma membrane together (Extended DataFig. 1f), 50 nM
of SPY555-FastAct (Cytoskeleton Spirochrome CY-SC205), 50 nM of
SPY650-Tubulin (CY-SC503),and aMemGlow 488 (1:200,000) (Cytoskel-
eton MGO1-10) were incubated with the neurons for 30 min prior
toimaging.

Immunofluorescence analysis

Thalami explants cultured on glass coverslips at DIV 6 were subjected
to axotomy and treated with either DMSO or 1 nM EpoB, followed by
fixation for 15 min with 4% paraformaldehyde (Electron Microscopy
Sciences 15710). Paraformaldehyde-fixed explants were permeabi-
lized with 0.5% Triton X-100 (Sigma Aldrich T9284) prepared in 1x
PBS for 5 min at room temperature. Explants were then blocked in
10% Normal Goat Serum (Cell Signaling Technology 5425) for 1 h and
stained with anti-MAP2 (Millipore AB5622,1:1,000) and anti-Taul (Mil-
lipore MAB3420, 1:1,000). The samples were washed with 1x PBSTx
(PBS containing 0.1% Triton X-100) and incubated for 1 h with donkey
anti-mouse Alexa Fluor 647 (ThermoFisher Scientific A31571,1:1,000)
and goat anti-rabbit Alexa Fluor 568 (ThermoFisher Scientific A11036,
1:1,000). Nuclei were stained with Hoechst 33342 (0.02 pg mi™, Ther-
moFisher Scientific 62249). For the assessment of membrane integrity
(Extended Data Fig. 1d), explants were processed without permea-
bilization and Triton X-100, and stained with 12G10 (anti-a-tubulin,
DSHB AB_1157911, 1:500) and CellBrite Red (Biotium 30023, 1:5,000)
for plasma membrane staining. Cells were mounted using ProLong
Gold anti-fade (ThermoFisher Scientific P36934). Cells were imaged
using Zeiss LSM 880 or Zeiss LSM 780 confocal microscopes with the
tile scan option with 60x and 40x objectives. Acquired images were
processed using FIJI.

Polygon montage of cryo-EM images

Polygon-montage images covering awhole grid square, in which distal
axotomy was performed, were acquired on a Glacios cryo-TEM oper-
ated at 200 kV, equipped with a Falcon 4 direct electron detector at a
magnification of 13,500x, at binning 4, corresponding to a pixel size
of 4.121 nm at a defocus of —200 pm. Polygon montages for Extended
Data Fig. 3 were acquired using Titan Krios cryo-TEM (ThermoFisher
Scientific) equipped with a Gatan Bioquantum energy filter and a K3
Summit direct detector at an acceleration voltage of 300 kV using
SerialEM®¢ at a magnification 0f 19,500x, at binning 2, corresponding
to a pixel size of 0.9 nm at a defocus of —=30 pm. Images were binned
4xtoreduce file size and facilitate processing.

Cryo-ET dataacquisition

Low-magnification (13,500x) images of the grids were recorded and
manually matched to previously recorded phase contrast images.
Broken grid squares were used as reference points to find axon cut
sites. Locations proximal to the axon cut site as well as further away to
visualize actively regenerating axons were selected. Tomographic data
were acquired using a Titan Krios TEM equipped with a Bioquantum
energy filterand aK3 Summit direct (Gatan) detector atanacceleration
voltage of 300 kV.Images were recorded at anominal magnification of
33,000%, corresponding to a calibrated pixel size of 2.67 A.

Tilt series were collected in super-resolution mode using SerialEM®,
ranging from —60° to 60° with 2° angular increments, yielding a total
of 61images per tilt series. The total accumulated electron dose per
tomogramwas kept below 125 e~ A2with the dose rate of -25 e~ pixel™s™
(Extended Data Table 1). A dose-symmetric acquisition scheme was
used, inwhichtiltangles are recorded in analternating pattern from 0°
towards higher positive and negative tilts. At low tilt angles (including
0°), each projection was acquired with 3 movie frames, eachreceiving
approximately 0.5e A2, totalling-1.5e” A2 pertilt. Tocompensate for
the increased effective thickness and reduced contrast at higher tilt
angles, we applied tilt-dependent dose weighting, based on a cosine
correction modelimplemented in SerialEM, increasing the total dose
pertilt at steeper angles proportionally to the apparent pathlength of
the electronbeam through the specimen. The dose per frame remained
constant, with higher tilt angles acquired using more frames, up tofive.
The defocus range was between -1 pm and -5 pm.

Cryo-ET reconstruction, segmentation and analysis

Tilt series were motion-corrected and filtered according to their cumu-
lative dose using MOTIONCOR2?. The tilt series were aligned using
the IMOD ETOMO package®®, Tomograms were reconstructed without
binning from aligned stacks as weighted back-projectioninIMOD. The
contrast of the tomograms was increased by binning the tomograms
four times and applying a MATLAB-based deconvolution filter®. The
binned and deconvoluted tomograms were manually segmented using
AMIRA (ThermoFisher Scientific) or 3DMOD (IMOD). For subtomo-
gramanalysis of F-actin within stress fibres for validation, RELION 5.0”°
was used throughout the workflow (Extended Data Fig. 6). Tilt series
alignment and tomographic reconstructions were performed within
RELION. A total of 1,555 segments of the filaments with 90% overlap,
with abox size of 514 A were manually selected from the area of interest
using IMOD, and the corresponding coordinates were imported into
RELION for subtomogram extraction in the form of a 2D stack. For
subtomogram averaging, an initial cylinder reference of 40 A diam-
eter was used, followed by 3D classification to create an initial model
with a feature. Further refinement was performed using all particles
with a combination of classification and refinement schemes. The
known helical parameter of F-actin was not applied as the averaging
was for a validation purpose, yielding a nominal resolution of 27.7 A.
Contrast transfer function (CTF) correction was applied only during
subtomographic analysis, following 3D reconstruction using RELION.



Article

Finally, the known structure of F-actin (PDB: 8A2T) wasfitted to validate
that the filament indeed follows the actin feature.

For Fig. 5b, the tubulin spirals were traced in the IMOD software.
For Fig. 5¢c, intensity profiles of the individual units in microtubules,
F-actin and tubulin spirals were plotted using the ‘line scan-plot profile’
optioninlmageJ, and theintermolecular spacing was measured as the
distance between the corresponding peaks of a given line scan. The
diameter and width of the tubulin spirals was measured using Image].

Cryo-EM data collection and processing for in situ microtubule
SPA

Videos of microtubules beyond axon injury sites were acquired on a
TitanKrios TEM, equipped with a Gatan Bioquantum energy filter and
aK3 Summit direct detector at an acceleration voltage of 300 kV. The
dose rate on the camera was set to 23 e” A2 s\ Images were collected
using SerialEM in super-resolution mode at 81,000x magnification,
corresponding to a pixelsize of 1.099 A, using a defocus range from -0.8
to —-2.2 um. Images were acquired as 54-frame movies, accumulating
atotal electron dose of 53 e~ A2, A total of 4,398 holes were manually
selected, resulting in the acquisition of 4,034 images (Extended Data
Table 1). Images were motion-corrected with MOTIONCOR2. From
those, 587 holes contained microtubules for analysis, corresponding
to 396 cumulative pum of microtubules.

Microtubule 3D reconstructions were performed using CryoSPARC
4.5 and FREALIGN 9.117? (Extended DataFig. 4). The 4,034 images were
imported and the CTF was estimated prior to the processing. Microtu-
bules were traced and segmented using the ‘filament tracer’ module
with overlapping boxes of 82.5 A step size, corresponding to the length
of one tubulin heterodimer. A total 0f 399,396 boxes (640 pixels, 703 A)
were extracted and downsampled to 512 pixels (1.3738 A per pixel), then
2x binned for faster processing. 2D classification was performed twice
to discard particles with no filamentous features, resulting in 129,110
particles. The particles were classified by 3D classification with the
templates of known microtubule architectures®, showing all analysed
microtubules (1,663 tubules) have a13-protofilament arrangement. 3D
reconstructionwas performed using homologous refinement, yielding
amap at 5.6 A resolution.

The alignment parameters were imported to FREALIGN for pseudo-
helical refinement (twist —27.64°, rise 9.695 A) and an established seam
detection protocol”. Particles with ambiguous seam assignments were
excluded. Theresultingalignment parameters were reimported back to
CryoSPARC for final refinement. Final reconstructions were generated
using 114,673 unbinned particles without applying microtubule-specific
pseudohelical symmetry (Clreconstruction). Acombination of local
refinement and per-particle defocus refinement yielded aglobal reso-
lution of 3.54 A. Focused refinement on 2 protofilaments covering
200 A segment improved the resolution to 3.19 A. These reconstruc-
tions showed key featuresincluding the S9-S10 loop that distinguishes
a-and B-tubulin and clear EpoB density with clear topological detail.
The final map without sharpening was used for display in Fig. 3e, and
the conventionally B-factor sharpened map (B-factor —68.3 A) was
showninFig. 3f. Thelocal resolution was estimated using CryoSPARC.

Intra-dimer and inter-dimer spacing within microtubules were meas-
ured as follows. First, a reference model consisting of two af3-tubulin
dimers (PDB:3JAS, chains A, B, Kand H, renamed to chains A-D) fitted
into the cryo-EM density map using the fit-in-map tool in Chimera.
The model was aligned opposite to the seam side to allow canonical
lattice fitting. Next, individual chains were separated using the split
command. Each tubulin monomer (x or ) was then independently
refined against the density map using the fit-in-map tool. These four
monomers were used for the distance calculation. To extract dis-
tances, we measured median distances between corresponding Ca
atoms across tubulin subunits: intra-dimer distances were calculated
between chains A (a-tubulin) and B (B-tubulin) within a single dimer.
Inter-dimer distances were calculated between chains B (B-tubulin) and

C (a-tubulin) of adjacent dimers. To avoid bias from flexible regions,
only Ca atoms from structurally conserved regions (residues 1-37
and 48-170, excludingloop residues) were considered in the distance
calculations.

Model building and refinement

The initial model was prepared using PDB code 6DPU; fit into the
cryo-EM map using ChimeraX™ and further refined by rounds of manual
fitting in COOT” with subsequent real-space refinement in PHENIX",
The map had clear density for EpoB, and the initial coordinates were
taken from the monomer library (EPB). The protein sequence was
assigned to mouse TUBAIA (Uniprot P68369) and TUBB3 (Uniprot
Q9ERD?7), respectively, as they are the most prominent isotypes in
braintissue and provided the best fit. The structure showed GTP bound
to a-tubulin and GDP bound to 3-tubulin. Isotropic B-factors were
assigned in phenix.refine. The final model had a MolProbity score of
1.429 with a correlation coefficient CC(mask) of 0.83 and an FSC(model,
masked) of 0.5 at 3.61 A and of 0.143 at 3.17 A. As a note, the peptide
bonds of P274 in a-tubulin and P272 in 3-tubulin showed cis configu-
ration. Data collection, reconstruction and refinement statistics are
givenin Extended Data Table1.

MIP analysis

The MIP detection in tomograms was performed using an in-house
workflow based on the procedure described previously** and the
scheme given in Extended Data Fig. 6a. The workflow is divided into
three steps: microtubule tracing, density tracing inside microtubules
and MIP particle picking.

Microtubules were segmented using a semi-automated approach”
availablein the Amira2021.2 software (Thermo Fisher Scientific) using
ahollow cylinder as a template with 100 nm length, 7 nm radius for
lumen, and 15 nmradius for external shell. The coordinates of the traced
filaments were resampled using a cubic interpolation to provide a
uniform and dense representation of the centre lines.

Densities were template-free picked in 3D by adapting the Python
package PySeg’® for processing MIPs within microtubules. PySeg
utilizes discrete Morse theory to analyse all densities in a volume
independently of their size or shape and sort them by their relevance
(topological persistence). Firstly, tomograms were smoothed by a
Gaussian low-pass filtering at g, = 0.5 pixels. Secondly, amask for the
microtubule lumenwas generated; the lumen volume was segmented
around the previously computed microtubule centre line by the dis-
tance transform. Finally, Pyseg was configured for processing only the
volume within lumen masks. Originally, PySeg was designed to trace
densities and their interconnections. Here we were only interested
in picking lumenal particles independently of interconnections or
associations within the microtubule shell. Therefore, connectivity
information was only used to sort densities by their topological per-
sistence. Greyscale minima positions were identified and the most
relevant ones (higher topological persistence) were preserved by
topological persistence simplifications, while discarding those gener-
ated from noise or spurious densities as described”. The persistence
threshold was adapted to consider the different contrast conditions for
each tomogram. Since the microtubule shell is a polymer of tubulins
with aregular density, it is expected that the number of minima per
volume unit (density) for every microtubule in the dataset is constant.
Consequently, the persistence threshold was adjusted adaptively to
obtain the same density of minima at the shell for every microtubule,
specifically 0.006 vertices per nm®. The shell volume was computed
similarly to the lumen, but increasing the distance to the centre line
accordingtothe shell'sexternal radius and subtracting the lumen. MIPs
typically have a diameter of 6 nm; we used the mean shift clustering
method®® with abandwidth set to 5 nmto avoid over-picking inherent
to complexes composed of several visible domains (density minima).
In addition, we visually supervised several microtubules to ensure
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that MIPs were associated with a single picked particle (Extended
Data Fig. 6a).

Microtubule polarity

The polarities of individual microtubules were obtained by the 3D
alignment process in RELION during microtubule SPA. Rotations of
individual microtubule segments relative to areference density (EMD-
0614) were extracted. The average rotation value was calculated among
allmicrotubule segmentsinasingleimage and used as areference axis.
The absolute values of the rotations normalized by the reference axis
were plotted to assess the distributions of polarities.

Membrane tension analysis

Thalamus explant tissue plated on grid-etched glass-bottom dishes
were used to perform axotomy as described above. Axons after the
injury were incubated with 1nM EpoB for 1 hin a cell culture incuba-
tor. The glass-bottom dish with the explants were treated with1 uM of
Flipper-TR (CY-SC020) for 5 mininthe microscope’simaging chamber
setat37 °Cand 5% CO,. Theregenerating axons on the dish were located
with the help of a photoetched grid on the 35 mm glass-bottom dish.
Single z-plane FLIM images of the regenerating axons were acquired
usingaLeica SP8 Falcon FLIM confocal microscope, with a40x or 60x
objective and the Leica Las X (v.3.5.7) software. Point scanning excita-
tion was performed at 488 nm using a pulsed white-light laser with
emission collected over a bandwidth of 550-650 nm onto a hybrid
single molecule detector (HyD SMD) in single photon counting mode
with apinholesetto1A.U. Aformat of 512 x 512 allowed for pixel sizes
of 0.144 (40x) or 0.180 (60x). The fluorescence from regenerating
axons was measured as frames accumulated over 30-50 images to
obtain enough photons per pixel for subsequent analysis. Initial life-
time fitting showed that a bin of two provided counts in the range of
600-1,000 photons per pixel and that decays were well fit by a dual
exponential, as reported in the literature®. Final FLIM image quanti-
fication was performed by transforming fluorescence decay curves
into phasor space using transformation algorithms in the IDL (NV5
Geospatial). Average lifetime values from regions of interest were then
computed from the centres of the phasor clouds for each region of
interest. ‘Regenerating front’ or ‘growth cone’ is defined as the very
end of the axon, and ‘axon shaft’ was defined as a region approximately
15 um away from the tip of the axon. The data were plotted using
GraphPad Prism.

Tubulin Tracker binding

The binding ability of the Tubulin Tracker dye to tubulin monomers,
microtubules and tubulin spirals** induced by p150 fragment 1-105
was determined by measuring the emission spectra of the dye whenit
was bound to the substrate. The p150 protein was purified using the
protocol described previously**. Tubulin was purified using cycles of
polymerization and depolymerization from porcine brains*‘. Micro-
tubules were polymerized at 37 °Cusing a final concentration of 1 mM
GTPin1x BRB80 buffer (80 mM PIPES-KOH pH 6.8,1 mM MgCl,,1 mM
EGTA) for 30 min. Tubulin was mixed with different concentrations
(10 pMand 100 pM) of p150 as specified in the figure. 200 nM of Tubulin
Tracker was added to each well of a Corning 384-well black plate. The
absorbance was measured using a BMG CLATIOstar+ plate reader and
plotted using GraphPad Prism.

Statistics and reproducibility

Sample sizes were not predetermined using statistical methods. The
study utilized random assignment of samples in which each sample
received aunique treatment or condition. All attempts of replication,
both technical and biological were successful. All experiments were
performed and analysed from at least three biologically independent
experiments except for Extended Data Figs. 5c and 8b,c, for which
experiments were performed two times. Calculations of the raw data

were performed in Microsoft Excel15.35, MATLAB 2021b (MathWorks)
and the final data were plotted using GraphPad PRISM 7. Significance
tests used for each comparison are mentionedin the respective figure
legends.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Tomograms used in the figures were deposited to the Electron Micros-
copy Database (EMDB) with accession codes EMD-71751 (regular axon),
EMD-71752 (regenerating axon after axotomy showing branching micro-
tubules), EMD-71753 (regenerating axon after axotomy showing polym-
erizing microtubules), EMD-71754 and EMD-71755 (regenerating axons
after axotomy). The cryo-EM map from subtomogram averaging of
actin stress fibres is available as EMD-71840. The SPA reconstruction
ofinsitu EpoB-induced microtubules is available under accession code
EMD-71750, and the coordinates of the final model under PDB code
9PND. Source data are provided with this paper.
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Extended DataFig.1|EpoB doseresponse and cytoskeletal organization
inregenerating axons. a) Representativeimages of regenerating thalamus
axonstreated with different doses of EpoB shown at different time points.
Magentadotted linesindicate the cutsite.Scale bar:10 um. Corresponding
movies are shownin Supplementary Video 3. b) Quantification of regeneration
inresponseto different doses of EpoB. The stacked bar graph shows meanasa
horizontallinets.e.m.n=7(0.1nM),n=13 (1nM),n=14 (10 nM), n=16 (100 nM),
n=17 (1uM),n=16 (5 M) and n =13 (10 pM) axons. c) Representative images of
regenerating thalamus axons treated with taxol shown at different time points.
Magentadotted linesindicate the cutsite.Scale bar 20 pm. The corresponding

movieisshowninSupplementary Video 4. d) Immunofluorescence image of
thalamus axons after axotomy and treated with EpoB for 1 h, fixed and stained
with tubulinantibody 12G10 (cyan) and CellBrite membrane labeling dye (yellow).
The axons were not permeabilized to maintain membrane integrity. Scale bar:
5um. e) Control thalamus explants stained with SPY555-actin (magenta) and
SPY650-tubulin (cyan).Scalebar: 5 um.f) Regeneration test of thalamus explants
after axotomy at different time points. The axons were stained with SPY650-
tubulin (Cyan, microtubules), SPY555-actin (magenta, plasma membrane) and
MemGlow 488 (plasmamembrane, Yellow). Scale bar: 5 um. The corresponding
videosareshowninSupplementary VideoS.
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Extended DataFig.2|Time course of ultrastructural changesinregenerating
axonswithand without EpoB. a) Axoninjury sitein the presence of EpoB,

15 min after axotomy. Top left: Cryo-EM snapshot with a white dotted line
indicating the axotomy site and white boxes indicating positions of magnified
insets. The black arrow indicates the axonal growth direction. Scalebar: 2 pm.
Top right: Magnified images of square insets. Scale bar:200 nm. Bottom left:
Segmentation of axonborders fromimage above, which appears swollen,
showingaretraction bulb-like morphology. Bottom right: Segmentation of
axonborders and visible cellular components from magnified insets above
withmicrotubules (green), actin (magenta), membranes (orange) and vesicles
(browncircles).b) Aregenerating axonin the presence of EpoB 3 h after
axotomy. Top: cryo-EMimage of aregenerating axon beyond the axotomy site
(black dottedline). The black arrow indicates the axonal growth direction.
Scalebar1pum.Zoomed-inimages of theboxesi-vare shownontheright.

Scale bar:100 nm. Bottom: Schematic depicting the border and visible cellular
components at this magnification. Microtubules are showningreen and other
membranous structures areinlight yellow or orange. c) Aregenerating axonin
the presence of EpoB 6 h after axotomy. Top: cryo-EM image of aregenerating
axonbeyond axotomy site (black dotted line). The black arrow indicates axonal
growth direction.Scalebar1pm.Zoomed-inimages of the boxesi-vare shown
ontheright.Scale bar:100 nm. Bottom: Schematic depicting the border and
visible cellular components at this magnification. Microtubules are shown in
green, actinin magentaand other membranous structuresareinlight yellow
ororange. The tip of microtubule-shootsis topped by actin bundles. d) Atip
ofanaxoninthe absence of EpoB,1h after axotomy. Top: Low magnification
cryo-EMimage. The black arrow indicates axonal growth direction. Scalebar:
1pum. Bottom: Schematic of visible structures. Actinis shownin magentaand
membranous structures are in light yellow or orange.
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Extended DataFig.3|Quality control of cryo-EMimages showing membrane
rupture under high tension. a) Cryo-EM montage of athalamus axonincubated
inhypotonic media conditions before vitrification. The top panel shows a high-
magnification montage of an axon. Under hypotonic conditions, membrane
tensionincreasesand compromises membrane integrity during the vitrification
process.Scalebar:400 nm. Dotted white lines indicate the positions of
zoomed-ininsets shown below the montage. Alight orange shade highlights

the trace of the axon. Scale bar: 200 nm. b) High-magnification cryo-EM
montage of acontrol axon (neurons grown in normal culture media). Scale bar:
400 nm.Zoomed-ininsets at differentlocations were shownbelow the montage.
Alight orange shadeis used to highlight the trace of the axon. Scalebar: 200 nm.
c) Liveimaging of axons after axotomy and treated with EpoB. Fluorescently-
labelled tubulin antibody (cyan) was added. No microtubule staining, showing
the plasmamembrane was sealed immediately after axotomy. Scale bar: 20 pm.
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Extended DataFig. 4 | SPA processing workflow for high-resolution
reconstruction of microtubule shoots1 hafteraxotomy. The3D
reconstruction was performed using FREALIGN and CryoSPARC. Using
CryoSPARC, microtubules were segmented into 399,396 overlapping

boxes (703 A) withan 82.5 Astep size, corresponding to the tubulin
heterodimer length. After alignment and 2D classificationin CryoSPARC,
129,110 particles with clear filament features were retained for 3D classification
and 3D reconstruction. Allanalyzed microtubules (n =1663) exhibited a
13-protofilamentarchitecture. Seam detection was conducted in FREALIGN

v9.11using previously established protocols™. Final reconstructions were
performed using 114,673 particles with theidentification of clear seam position
using CryoSPARC. The reconstruction was performedin Clwithoutimposing
pseudo-helical symmetry, preserving the a/B-tubulin distinction. After per-
particle defocus refinement and focused refinement, the analysis yielded a C1
reconstructionat3.19 A resolution (gold-standard FSC at 0.143) visualizing a
clear EpoB engagement. GSFSC, Local resolution map, orientation distribution
and map-to-model FSCareincludedin the figure.
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Extended DataFig. 5| EpoB enhances microtubule dynamics and oligomer
transport duringregeneration. a) Liveimaging of EpoB-induced regenerating
thalamus axon tip transduced with EB3-mScarlet encodinglentiviruses. EB3
signals were found at the regenerating axon tip, suggesting active growth of
plus-end-out microtubules. The axotomy site isshown with awhite dotted line.
Corresponding movies are available in Supplementary Video 7. b) Scatter dot
plots showing counts of tubulin tracker punctain thalamus control axonsin the
presence of different concentrations of EpoB. Meanis indicated as horizontal
line. One-Way Anova was used for statistical testing, and p-values are 0.0259
(0.1nMvs1nM),<0.0001(0.1nMvs 10 nM) and 0.0020 (1 nMvs10 nM).N=19
(0.1nMEpoB),N=24 (1nMEpoB)andN =27 (10 nM EpoB) puncta. c) Tubulin
Tracker binding affinity to tubulin monomers, polymerized microtubules and
tubulin spirals. Tubulin Tracker alone does not show any fluorescence, but it
canbindand fluoresceinthe presence of tubulin spiralsand microtubules. The
dataisshown as bar graphs overlaid with data points, in which the fold change
influorescence between different experimental conditions is plotted. Tubulin
spiralswereinduced by p150 protein. d) Distances traveled by tubulin clusters
away from the axotomy site within 30 min of observation. The violin plots
represent medianandinterquartilerange. Ax-EpoB+: n =39 particles (16 axons),
and Ax-EpoB-: n = 66 particles (29 axons). Significance was tested using the
two-tailed Mann-Whitney test. P-values are reported at the corresponding
comparisons onthegraphs. e) Distances traveled by tubulin clusters toward
regenerating sites within 30 min of observation. The violin plots represent
median withinterquartile range. Ax-EpoB+: n =39 particles (16 axons), and
Ax-EpoB-:n=66 particles (29 axons) from at least three biologicallyindependent
experiments. Significance was tested using the two-tailed Mann-Whitney
test. p-values arereported at the corresponding comparisons on the graphs.

f) Net distance (outward vsinward) traveled by tubulin clusters within 30 min
of observation. The violin plots represent median with interquartile range.
Ax-EpoB+: n =39 particles (16 axons), and Ax-EpoB-: n = 66 particles (29 axons)
fromatleastthreeindependent experiments. Significance was tested using
the two-tailed Mann-Whitney test. p-values are reported at the corresponding
comparisonsonthegraphs. g) Distances traveled by tubulin clusters away
from the axotomy site within 10 min of observation. The violin plots represent
medianwithinterquartile range. Ax-EpoB+Monas—: n = 60 particles (6 axons),
and Ax-EpoB+Monas+: n =32 particles (7 axons) from at least three independent
experiments. Significance has been tested using the two-tailed Mann-Whitney
test. p-valuesarereported at the corresponding comparisons on the graphs.
h) Distances traveled by tubulin clusters towards the axotomy site within

10 min of observation. The violin plots represent median with interquartile
range. Ax-EpoB+Monas—:n =60 particles (6 axons), and Ax-EpoB+Monas+:
n=32particles (7 axons) fromat least three independent experiments.
Significance has been tested using two-tailed Mann-Whitney test. p-values are
reported atthe corresponding comparisons onthe graphs. i) Distribution of
distances between neighboring MIPs at different times after axotomy in the
presence of EpoB. The dot plots show medianwithinterquartilerange.n =634
(control), 256 (t=15min),2025(t=1h),401(t=3h),336 (t=6 h),912(t=24h)
particles. Median:18.5 nm (control)17.6 nm (15 min) 24.2 nm (1 h),22.6 nm (3 h),
24.3nm (6 h),18.3 nm (24 h). At t =15 min, the observed microtubules are
located at the pre-cut site asnoregeneration of microtubules are observed at
this time point. Att >1h, all the microtubules are located at the post-cut sites.
One-Way Anovawas used for statistical testing and p-values are >0.9999
(controlvs 0.25 h),<0.0001 (control vs1h),<0.0001 (control vs 3 h),<0.0001
(controlvs 6 h)and >0.9999 (control vs 24 h).
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following 3D reconstruction using RELION 5.0.
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Extended DataFig.7|Cellular and vesicular components atregenerating membranes (highlightedin light yellow), presynaptic vesicles (highlighted
axonsites. a) Representative cryo-EM snapshot of cellular components at inlightblue), and clusters of materials (highlighted in light brown) near
regeneratingsites after axotomy in the presence of EpoB. Membranous and microtubules. Scalebar:100 nm.d) Cryo-ET section showing actin stress fiber
vesicular entities accumulate at regeneration sites. Vesicles are highlighted formation (highlightedin light pink). Scale bar:100 nm. Subtomogram average
inlightblue and microtubules (MT) ingreen. Scale bar:100 nm. b) Vesicle size ofactin fibersat 27.7 A resolution for validation. e) Various cryo-EM snapshots of
distribution as dot plot. n=110 vesicles, median: 43.9 nm, 25th percentile: regenerating axons showing vesicles coated with proteins (yellow arrowheads)
32.7 nm, 75" percentile: 76.6 nm. ¢) Representative sections of acryo-ET and vesicles with componentsininner compartments (magenta arrowheads).

reconstructions of aregeneration site showing endoplasmic reticulum (ER) Scalebar:100 nm. Multivesicular body (MVB).
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Extended DataFig. 8| Dynamic progression of EpoB-induced axon
regeneration over hours. a) Liveimages of an EpoB-induced, regenerating
axontip shown atdifferent time points during repair. Forabout 2 h, the
regenerating front displays a flat rapidly moving axon tip. After two hours, a
typical actin-rich finger-like growth cone appears. Scale bar:10 um. Zoomed-in

images of the tipareshownintheinsets. Scalebar:5 pm.b) Live images of EpoB-

induced regenerating axons recorded continuously for 6 h. Straightened axon
snapshots at different time points are shown for comparison with the axotomy
siteindicating with adotted whiteline. Scale bar:10 pm. c) Quantification of
the cumulative length of axons during EpoB-induced regeneration over 6 h.

n=2axons fromtwo biologicallyindependent experiments. The bar graph
isoverlaid with corresponding data points. d) Snapshots of EpoB-induced
regenerating axons captured at 0,24 and 48 h.Images were straightened for
comparison. EpoB-induced axonal growth continues for at least 48 hbeyond
axotomy. Scalebar:10 pm. e) Quantification of the cumulative length of
axons during EpoB-induced regeneration. The bar graph shows mean +s.e.m.
Significance was tested using One way ANOVA. P-values are 0.0030 (0 hvs 24 h)
and <0.0001 (0 hvs 48 h).n=5axons fromthree biologically independent
experiments.



Extended Data Table 1| Data collection, reconstruction, and refinement statistics

Data Set

EMD-71750

PDB 9pnd

Cryo-EM in situ
axonal microtubules
(thalamus)

EMD-71751

Cryo-ET
control
thalamus axon

EMD-71752

Cryo-ET
regenerating
thalamus axon after
axotomy showing
branching
microtubules

EMD-71753

Cryo-ET
regenerating
thalamus axon after
axotomy showing
polymerizing
microtubules

EMD-71754

Cryo-ET
regenerating
thalamus axon

24 h after axotomy

EMD-71755

Cryo-ET
regenerating
thalamus axon

24 h after axotomy

EMD-71840

Cryo-ET
subtomogram
averaging of a
stress fiber from a
regenerating axon

Data collection statistics

Microscope TFS Titan Krios TFS Titan Krios TFS Titan Krios TFS Titan Krios TFS Titan Krios TFS Titan Krios TFS Titan Krios
Energy filter BioQuantum GIF BioQuantum GIF BioQuantum GIF BioQuantum GIF BioQuantum GIF BioQuantum GIF BioQuantum GIF
Detector Gatan K3 Gatan K3 Gatan K3 Gatan K3 Gatan K3 Gatan K3 Gatan K3
Grid type Quantifoil Au 200 R1/4 SiO2  Quantifoil Au 200 R1/4 SiO2  Quantifoil Au 200 R1/4 SiO2  Quantifoil Au 200 R1/4 SiO2  Quantifoil Au 200 R1/4 SiO2  Quantifoil Au 200 R1/4 SiO2  Quantifoil Au 200 R1/4 SiO2
Magnification 81000 33000 33000 33000 33000 33000 33000
Voltage (kV) 300 300 300 300 300 300 300
Electron dose (e/A2) 53 125 125 125 125 125 125
Dose rate (e/pixel/s) 23 12 12 12 12 12 12
Defocus range (um) -0.8t0-2.5 -11t0-25 -2.8t0-4.2 -3.0to-4.5 -4.0t0-5.0 24t0-3.6 -3.0t0-5.0
Number of movie frames 55 3 3 4 4 3 3
Pixel size (A) 0.5495 1.338 1.338 1.338 1.338 1.338 1.338
Tilt series (angular increment) n/a -36°to 46° (2°) -60° to 60° (2°) -60° to 60° (2°) -60° to 60° (2°) -26° to 30° (2°) -60° to 60° (2°)
Number of micrographs 4034 1 tomogram
Number of particles (total) 399396 1555
Number of particles (final) 118551 1555
Symmetry imposed C1
FSC threshold 0.143 0.143
Global resolution (A) 3.19 27.7
Refinement i
Particles used for final map 118551
Map sharpening B factor (A2) -68.3
Number of Residues

Proteins 1734

Nucleotides (GDP/GTP) 4

Ligands (EpoB) 2
Number of Atoms

Proteins 13580

Nucleotides (GDP/GTP) 120

Ligands (EpoB) 70

Metal ions (Mg?*) 4

Water 4
B-factors

Protein 122.99

Nucleotides (GDP/GTP) 96.70

Ligand (EpoB) 154.85

Metal ions 126.43

Water 96.87
R.m.s deviations

Bond lengths (A) 0.002

Bond angles (°) 0.458
Validation

MolProbity score 1.29

Clashscore 5.39

Rotamer outliers (%) 0.75

CaBLAM outliers (%) 0.81

CpB outliers (%) 0.00

CC(mask) 0.83

FSC(model, 0.5) 3.61
Ramachandran Plot

Favored (%) 98.78

Allowed (%) 122

Outliers (%) 0.00
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 000F

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For EM-data collection of SPA and tomograms, Serial-EM 4.2 application (https://bio3d.colorado.edu/SerialEM/) was used. For
immunofluorescence and live imaging, either Zeiss 2.3, or NIS elements 6 softwares were used.

Data analysis Analysis was performed using Fiji 1.54 (https://imagej.net/software/fiji/downloads) with plugins described in the methods section.
For electron microscopy — MATLAB 2021b, RELION 5 (https://www2.mrc-Imb.cam.ac.uk/relion/), Frealign 9 .11(grigoriefflab.janelia.org/
frealign), customized pipeline for microtubule analysis (PMID: 26424086), CryoSPARC 4.5 (https://cryosparc.com/) and for tomographic

reconstruction IMOD 4.12 (bio3d.colorado.edu/imod/) was used.

For segmentation, AMIRA 2021.2 (ThermoFisher Scientific) and IMOD 4.12 were used.
For MIPs segmentation, Pyseg 2.0 (https://github.com/anmartinezs/pyseg_system) was used.

Prism 7 and Microsoft Excel 15.35 were used for statistical analysis and graphical data presentation (https://www.graphpad.com/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

GMPCPP-stabilized microtubules (PDB: 6dpu, https://www.rcsb.org/structure/6DPU) and GDP-bound microtubules (PDB: 6dpv, https://www.rcsb.org/
structure/6DPV) were used to compare with EpoB-bound microtubules.

F-actin (PDB: 8a2t, https://www.rcsb.org/structure/8A2T) was used to validate the filament subtomogram averaging.

Tubulin dimer (PDB: 3JAS, https://www.rcsb.org/structure/3JAS) was used to measure inter-dimer distance of tubulin within EpoB-bound microtubules.

Tomograms used in the figures were deposited to the Electron Microscopy Database (EMDB) with accession codes EMD-71751 (regular axon), EMD-71752
(regenerating axon after axotomy showing branching microtubules), EMD-71753 (regenerating axon after axotomy showing polymerizing microtubules),
EMD-71754 and EMD-71755 (regenerating axons after axotomy). The cryo-EM map from subtomogram averaging of actin stress fibers is available as EMD-71840.
The SPA reconstruction of in situ EpoB-induced microtubule is available under accession code EMD-71750, and the coordinates of the final model under PDB code
9pnd. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A - Human participants, their data, or biological material was not used.

Reporting on race, ethnicity, or  N/A - Human participants, their data, or biological material was not used.
other socially relevant

groupings

Population characteristics N/A - Human participants, their data, or biological material was not used.
Recruitment N/A - Human participants, their data, or biological material was not used.
Ethics oversight N/A - Human participants, their data, or biological material was not used.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No formal statistical methods were used to predetermine sample size. Instead, sample sizes were chosen based on established protocols in
the field. All experiments were performed in at least three independent biological replicates unless otherwise stated. For each replicate,
multiple axons were analyzed, and the results were consistent across replicates. We did not make assumptions beyond the empirical
reproducibility of the data. We consider these sample sizes sufficient, as the observed effects were robust and reproducible across
independent experiments.

Data exclusions  None

Replication All key findings were reproducible across both technical and biological replicates. While some individual experiments occasionally failed due
to technical issues (variability in tissue preparation, culture quality, or imaging conditions), none of these failures altered the overall
conclusions.

Randomization  The study employed random assignment of samples where each sample received a unique treatment or condition.

Blinding Double-blinded analysis was not feasible due to the visibly distinct phenotypes of the experimental groups, which made blinding not possible.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods 3
n/a | Involved in the study n/a | Involved in the study D
S)
|:| |Z Antibodies |:| ChiIP-seq ®}
—
|:| Eukaryotic cell lines |Z |:| Flow cytometry é
|Z |:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging \a
|:| Animals and other organisms g
|Z |:| Clinical data L
<
X]|[] Dual use research of concern
|Z |:| Plants

Antibodies
Antibodies used The information about dilution and manufacturer are mentioned in the Methods section.
Validation Antibodies and their validation from the manufacturer's site.

Anti MAP2, 'Detect Microtubule-Associated Protein 2 (MAP2) using this Anti-Microtubule-Associated Protein 2 (MAP2) Antibody
validated for use in ELISA, IC, IH, IH(P) & WB with more than 55 product citations.'

Anti-Taul, 'Anti-Tau-1 Antibody, clone PC1C6 is an antibody against Tau-1 for use in IH & WB with more than 65 product citations.'

12G10, 'Recommended Applications: FFPE, Immunofluorescence, Immunohistochemistry, Western Blot.'

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Lenti-X-293T (TaKaRa #632180) cells were obtained from Takara. Lenti-X-293T is a HEK293T derivative optimized for
lentivirus production.

Authentication No further authentication
Mycoplasma contamination Cells are not mycoplasma contaminated.

Commonly misidentified lines  cells are not listed in the database of commonly misidentified cell lines.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Cultures were performed from embryos (at E15.5) of CD-1 mice (Charles River Laboratories). CD-1 pregnant mice from CRL
laboratories was obtained on E15.5, housed in the animal house for 1 -2 hours and then used for the experiments.

Wild animals No wild animals were used
Reporting on sex Cultures were performed from embryos (at E15.5) of CD-1 mice (Charles River Laboratories).
Field-collected samples  None

Ethics oversight All animal procedures were approved by the Animal Care and Use Committee (ACUC) of the National Heart, Lung, and Blood Institute
(NHLBI) animal protocol H-0331 in accordance with NIH research guidelines for the care and use of laboratory animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Plants

Seed stocks Not applicable

Novel plant genotypes  Not applicable

Authentication Not applicable
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