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In situ structural mechanism of epothilone- 
B-induced CNS axon regeneration

Satish Bodakuntla1,6, Kenichiro Taira1,6, Yurika Yamada1, Pelayo Alvarez-Brecht1,2, 
A. King Cada1, Nirakar Basnet1, Rui Zhang3, Antonio Martinez-Sanchez4, Christian Biertümpfel1 
& Naoko Mizuno1,5 ✉

Axons in the adult central nervous system (CNS) do not regenerate following injury,  
in contrast to neurons in the peripheral nervous system and neuronal growth during 
embryonic development. The molecular mechanisms that prevent regeneration  
of neurons in the CNS remain largely unknown1,2. Here, to address the intracellular 
response to injury, we developed an in situ cryo-electron tomography and cryo- 
electron microscopy platform to mimic axonal damage and present the structural 
mechanism underlying thalamic axon regeneration induced 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 Å 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 homeostatic imbalances and activates axons to 
regeneration mode.

Axons in the CNS are susceptible to failure in regeneration following 
injury1–3. Patients with brain injury often experience functional and 
cognitive deterioration4, 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-
age5. Ca2+ influx occurs immediately6–9, 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 sites10,11, 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 neuroregeneration12–17. In particular, 
microtubule-stabilizing agents, such as Taxol or epothilone B (EpoB), 
have been examined for their effects on axon regeneration in the 
CNS18–20. Of particular interest is the use of EpoB as this US Food and 
Drug Administration (FDA)-approved anti-cancer compound is able to 
pass through the blood–brain barrier, unlike conventional Taxol com-
pounds21. In vitro structural studies of Taxol and epothilone derivatives 
showed that they bind β-tubulin on the inner microtubule lumen22–24. 
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 injury20; 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 application in testing therapeutic agents, 
revealing unexpected neuronal plasticity and altered molecular events 
for axon regeneration.

Cryo-EM platform for axon injury model
To gain insights into the molecular mechanisms that underlie axonal 
regeneration following injury, we established a two-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 thalamic tissue from the 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 the initial stages of explant formation; the axons matured and 
the growth rate reached a plateau 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 µm away 
from the soma with a glass capillary using a micromanipulator. We then 
characterized axon regeneration with and without EpoB by a combina-
tion of light and electron microscopy (Fig. 1a,c–f and 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 as in a previous mouse study (approxi-
mately 1 nM) and corresponding to concentrations administrated to 
patients with breast cancer20,25, visible regeneration was observed 
following a latency 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 
of 1 nM and 10 nM promote regeneration, whereas lower (0.1 nM) and 
higher (100 nM–10 µM) 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 an actin-rich growth cone, regenerating axons lacked 
this structure (Fig. 2b and Extended Data Fig. 1e). Instead, the tubulin 
signal extended directly up to the plasma membrane at the regenerating 
front (Fig. 2a, Extended Data Fig. 1d and Supplementary Video 5). This 
observation led 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-TR26, which monitors membrane tension based on changes 
in fluorescence lifetime (a longer lifetime indicates higher membrane 
tension), using fluorescence lifetime imaging microscopy (FLIM).  
At 1 h after EpoB-induced regeneration, the fluorescence lifetime at 
the axon tip was significantly longer than at the axon shaft of the same 
axon (3.64 ns at the axon tip versus 3.24 ns at the axon shaft), indicating 
increased membrane tension at the regenerating site (Fig. 2c). At 4 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 at the growth cone at 4 h was similar to that observed in 
normal growing axons (2.99 ns versus 2.91 ns) (Fig. 2e). Therefore, we 
concluded that membrane tension is transiently increased during early 
stages of regeneration due to the extension of microtubules towards 
the membrane surface, and gradually resolves as the regeneration 
progresses.

Regeneration driven by microtubule shoots
To gain a deeper 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 a retraction 
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 depolymerize13. 
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 µm (median, 
Fig. 2g,h) beyond the damage site, similar to the typical growth rate of 
thalamic axons during the initial fast-growing phase27. 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 
plasma membrane. The defect is likely due to the increased membrane 
tension in regenerating 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, which resulted in axons lacking plasma membrane (Extended Data 
Fig. 3a,b). In parallel, 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 
plasma membrane, we performed cryo-EM analyses of the microtubule 
shoots at the regenerating site to gain insight into their architecture and 
structural mechanism. We performed a series of large-scale axotomies, 
in which a large number of axons were cut simultaneously within an EM 
grid square (Fig. 3a). We collected in situ 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 Å without applying 
microtubule-specific pseudohelical symmetry (Fig. 3 and Extended 
Data Fig. 4). Image processing showed that the microtubule shoots all 
displayed a 13-protofilament arrangement (Fig. 3c–e), which is a physi-
ologically relevant assembly, in contrast to the diverse protofilament 
arrangements (9–16 protofilaments) observed for in vitro-assembled 
microtubules28–30. This observation suggests the presence of 
microtubule-associated proteins (MAPs) mediating the 13-protofilament 
assembly of microtubules31–33. 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 axons34–36, indicat-
ing that the mechanisms that align microtubule polarities in axons were 
also acting on these EpoB-induced microtubule shoots. Together, these 
results indicate that the microtubule shoots displayed the characteristic 
physiological arrangement that is normally found in axons.
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EpoB concentrates at microtubule shoots
We then examined whether the microtubule shoots were stabilized 
by EpoB. Our 3D reconstruction revealed an inter-dimer distance 

of 83.3 Å within a protofilament, compared with 81.8 Å in unstable, 
dynamic microtubules and 84.0 Å in guanosine-5′-((α,β)-methyleno)
triphosphate (GMPCPP)-stabilized microtubules37 (Fig. 3g). It has been 
shown previously that drug-stabilized in vitro microtubules have a 
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Fig. 1 | Integrative platform for axotomy and visualization of EpoB-mediated 
axon regeneration. a, The experimental pipeline developed in 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 µm)  
or glass-bottom dishes (bottom; scale bar, 200 µm), showing axon-dominant 
neurite extensions (middle; scale bar, 100 µm). (3) Upon maturation, a thin 
needle was used to cut the targeted axon (scale bar, 50 µm); the overall 
procedure is shown in Supplementary Video 1. (4) Cryo-EM or cryo-ET (top; 
scale bar, 200 nm) and light microscopy (bottom; scale bar, 100 µm) analyses 
were performed. b, Explant growth on electron microscopy grids. Explant 
images were acquired at different time points using a 10× objective and the 
longest neurite length from the explant centre was measured. n = 20 (DIV 1), 

n = 16 (DIV 2), n = 15 (DIV 3), n = 14 (DIV 4), n = 15 (DIV 5), n = 26 (DIV 6), n = 14 (DIV 7) 
and n = 12 (DIV 8). Data are mean ± s.e.m. c, Axon regeneration in the presence 
of EpoB recorded by differential interference contrast microscopy, showing 
the neurite tip at axotomy (Ax, t = 0 min, asterisk). Scale bars, 20 µm. Video  
of regenerating 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 
in the control (Ax+EpoB−) axons. Scale bar, 5 µm. f, Quantification of axon 
length over time. Start point is the axotomy site. Data are mean ± s.e.m. n = 29 
(Ax+EpoB+) and n = 33 (Ax+EpoB−).
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during EpoB-induced axon regeneration. a, Colocalization of microtubule 
(SiR-tubulin) and membrane (CellMask) signals at regenerating axon tips 1 h 
after axotomy and EpoB treatment. Scale bar, 10 µm. b, Actin organization 
(SPY555-FastAct) at the tip of axons under control (Ax−EpoB−) and regenerating 
(Ax+EpoB+) conditions. Scale bars, 3 µm. c–e, Membrane tension analysis  
by FLIM. c, Membrane tension is increased at tips relative to shafts (>15 µm 
downstream from the tip) 1 h after axotomy (n = 12). d, Tension normalizes  
at 4 h (n = 14). e, Control neurons show no difference between tip and shaft 
(n = 20). Data are mean ± s.e.m.; two-tailed Mann–Whitney test. f, Cryo-EM 
images of regenerating axons. The grid view gives an overview of the location 
(left; scale bar, 200 µm), with a magnified view showing an axotomy site  

(right; scale bar, 5 µm). Arrow indicates axonal growth direction and dashed 
line and scissors indicate the axotomy site. g, Distribution of microtubule 
lengths in cryo-EM snapshots 1 h after axotomy. Ax+EpoB+: n = 17, median = 19.1; 
Ax+EpoB−: n = 21, median = 0. The centre line shows the median; two-tailed 
Mann–Whitney test. h, Time course of axonal extension by cryo-EM snapshots, 
in the presence of EpoB after axotomy. n = 6 (15 min), n = 17 (1 h), n = 6 (3 h) and 
n = 12 (6 h) axons. Data are mean ± s.e.m. i, High-magnification montage of a 
regenerating axon 1 h after axotomy with EpoB. Top, cryo-EM montage; dashed 
line indicates the axotomy site. Scale bar, 400 nm. Bottom, segmentation 
depicting microtubules (green), membranes (vesicles and endoplasmic 
reticulum (ER)) (orange) and actin (magenta). Arrow depicts axonal growth 
direction.
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stretched conformation, expanding the inter-dimer distance24. 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 β-tubulin on the inner microtubule lumen side (Fig. 3f), consist-
ent with the location found in previous in vitro studies22–24. In our 
experiments, EpoB was used at 1 nM. Given that the cellular concen-
tration of tubulin is generally estimated to be approximately 25 µM in 
non-neuronal cells38 and even higher in neurons39, 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)22–24. 
Although direct observation of the enrichment is still needed, this com-
parison suggests that EpoB-bound tubulin accumulates at the regen-
eration site 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 points40. 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-cell imaging 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 puncta increased in a 
dose-dependent manner (Extended Data Fig. 5b). These puncta moved 
bi-directionally along axons (Fig. 4b–e, Extended Data Fig. 5b–f and 
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 μm and 9% moving retrogradely. By contrast, clusters in the 
absence of EpoB showed minimal displacement, with the majority 
(74%) remaining within 1 μm 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 (KIF11 in humans) has been previously 
shown to limit transport of short microtubules by other motor pro-
teins41. 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 that the transport is driven by 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 

Extended Data Fig. 5i), and primarily consist of MAP642 and, poten-
tially, tubulin chaperones43. They are commonly found inside neuronal 
microtubules, regardless of species or neuron type. Our tomographic 
data revealed 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 initial membrane clo-
sure, and found that the particle occupancies in 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. 4f and 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 an inter-MIPs distance of more than 50 nm 
(indicating sparse MIPs presence) were 23% (control), 29% (15 min), 44% 
(1 h), 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 that in the control, suggesting the maturation of newly generated 
microtubules. Together with the presence of EB3 at the regenerating 
tip (Extended Data Fig. 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 
transport41.

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 open spiral assembly from 
longitudinally connected tubulins44–47, exposing the luminal surface 
outwards. This formation is also observed when Taxol-stabilized micro-
tubules disassemble into tubulin spiral oligomers under depolymer-
izing conditions48. The binding sites for Taxol and EpoB are located 
on the luminal side of β-tubulin and they share a similar stabilization 
mechanism. Therefore, we reasoned that these stabilized tubulin oli-
gomers might originate from the depolymerization of EpoB-stabilized 
microtubules. The oligomers could serve as a readily 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) 
with an intermolecular 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 a width of 4.2 nm (Fig. 5d, right), consistent with the 
dimensions of a tubulin monomer (4 nm × 5 nm) and the diameter of 
single-protofilament tubulin spiral oligomers assembled in vitro48 
(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 tubulins45,46, 
suggesting that we have captured microtubule polymerization in situ 
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 an intermediate in the microtubule assembly 
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Fig. 4 | EpoB-induced tubulin cluster dynamics and microtubule maturation 
during axon regeneration. a, Regenerating axons exhibit tubulin clusters in 
the presence of EpoB. Left, representative images of tubulin clusters (asterisks). 
Scale bars, 5 µm. Right, quantification of cluster densities per 100 µm of axon 
shaft and tips. Ax+EpoB+: n = 33 axons (178 particles); Ax+EpoB−: 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 clusters in Ax+EpoB+ 
axons show pronounced anterograde movement. Axotomy sites are marked 
with scissors and a red dotted line. Representative videos are shown in 
Supplementary Video 8. c–e, Analysis of tubulin cluster movements within 
30 min after axotomy. c, Distance of tubulin clusters from the injury site 
(distance travelled inward). Ax+EpoB+: n = 33, 12 axons; Ax+EpoB−: n = 31,  
15 axons; P = 0.1764 (not significant). d, Distance of tubulin clusters from  

the regenerating tip (distance travelled outward) is decreased with EpoB 
(P < 0.0001). e, Net displacement of tubulin clusters (distance outward versus 
distance inward) shows a bias for anterograde transport with EpoB (P < 0.0001). 
Data are 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%  
(1 h, 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 at 15 min after axotomy 
and at post-cut sites at 1 h after axotomy. g, Cryo-ET reconstructions showing 
MIPs at different stages of regeneration. A yellow arrowhead indicates a 
MIP-free microtubule tip. Scale bar, 50 nm. A representative reconstruction is 
presented in Supplementary Video 6. h, Tomographic snapshot of regenerating 
axon tips with MIP-free microtubules. Scale bar, 100 nm.
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process (Fig. 5f and Supplementary Video 12). We have previously 
observed such a specific microtubule assembly in the presence of the 
microtubule-nucleation factor SSNA1 in vitro49. We interpret our find-
ing as the urgent need for microtubule polymerization resulting in fast 
and deformed growth, which is then repaired upon the normalization of  
neuronal homeostasis.

Cargo transport to regeneration 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).  
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50 nm. The corresponding tomogram is shown in Supplementary Video 11.  
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corresponding tomogram is shown in Supplementary Video 12.
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We found that vesicles transported along the microtubule shoots 
and accumulated at the microtubule tips (Fig. 2i). The surrounding 
vesicles ranged up to 600 nm in diameter (Extended Data Fig. 7b) with 
a large population of small vesicles (median 44 nm; Extended Data 
Fig. 7b,c), presumably presynaptic vesicles50. 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 Data Fig. 7c). Various dense materials of different sizes were 
found inside of vesicles or on their membranes (Extended Data Fig. 7e).

Live imaging of regenerating axons revealed the initial rapid regrowth 
of the axon, which then slowed down (Fig. 2h and Extended Data Fig. 8). 
With no obvious actin growth cone appearing during the initial stage 
of regeneration, the tip exhibited a smooth 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) until around 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 Data Fig. 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 an actin 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 weeks20.

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. 
In the CNS, regeneration is particularly hindered by a non-permissive 
microenvironment characterized by inhibitory molecules, lack of 
trophic support and the presence of oligodendrocytes51. However, 
removing external inhibitory cues is not sufficient to activate CNS 
axon regeneration. Although CNS neurons have shown the ability to 
regrow in a permissive peripheral nervous system environment52, their 
functional recovery remains limited53. For example, only a small subset 
of retinal ganglion cells regenerate within a peripheral nervous system 
graft53. 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 mice20, 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 
regeneration is driven by EpoB-stabilized microtubule shoots, and not 
by a growth cone. These microtubules mechanically push the plasma 
membrane plug that forms as an immediate contingency after injury. 

We determined that axon regeneration proceeds through four phases 
(Fig. 6d): (1) membrane closure and the formation of a retraction 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 Ca2+ 
influx by activation of Ca2+ channels7 and induce microtubule depolym-
erization, causing axon retraction and the formation of a retraction 
bulb once the membrane is resealed (phase 1). During EpoB-mediated 
regeneration, rapid microtubule growth stretches the membrane plug 
as tubulin clusters are delivered to the injury site, a process that would 
only be possible with the aid of EpoB or similar microtubule-stabilizing 
factors in the presence of a Ca2+ 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 observed in vitro in the 
presence of MAPs, nucleotide analogues and Taxol44–48, suggesting that 
EpoB may similarly promote their formation. In addition to 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 
acts to stabilize 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. 
This activation indicates that information of axon injury is transmitted 
upstream, potentially to the soma54–57. 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 site and 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 repair20, suggest-
ing that its effects extend beyond intracellular microtubule stabiliza-
tion on the injured axons. Extrinsic factors such as tissue stiffness58, 
inhibitory and guidance molecules59, injury location within the brain 
or nervous system, and interactions with other cells such as glia cells 
have roles in determining regenerative success60. Future development 
of the 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 
at the molecular level will also be beneficial for designing more effec-
tive therapeutic strategies that not only target intracellular regenera-
tion but also 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 
molecular insights into the general mechanisms underlying neuronal 
regulation, demonstrating the plasticity of neurons in accommodating 
homeostatic disruptions. These disruptions include the absence of a 
growth cone during neurite regrowth, alternation of the membrane 
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Fig. 6 | Structural visualization and schematic sequence of EpoB-driven  
axon regeneration. a, Cryo-EM image (grid view) of a regenerating axon in the 
presence of EpoB, 24 h after axotomy. The axotomy site is indicated by a black 
dotted line. The yellow shading highlights the path of the regenerating axon. 
Black boxes indicate positions at which cryo-ET data were collected and 
reconstructed. Sections are shown in b,c. Scale bar, 50 µm. b, Cryo-ET snapshots 
of a regenerating axon 24 h after axotomy in the presence of EpoB, from the boxed 
areas in a. Scale bar, 200 nm. c, Segmentation of the cryo-ET reconstructions 
shown in b. Some areas are surrounded by plasma membranes and some remain 
uncovered. Growth cones are established at the regenerating axon tip at this time. 

d, Summary of the molecular events in EpoB-induced axon regeneration.  
(1) The initial reaction after axon injury or axotomy is membrane closure, 
resembling the morphology of a retraction bulb. (2) In the presence of EpoB, 
stabilized microtubules shoot out from the injury site towards the plasma 
membrane, resulting in increased membrane tension. Using these stabilized 
microtubules as tracks, tubulin clusters and vesicles as membrane source are 
shuttled towards the growing axon. (3) Vesicles deliver materials for regeneration, 
including the necessary membrane support at the regenerating front, resulting  
in normalizing membrane tension (4). Ultimately, repair is complete, and a new 
growth cone is established at the axon tip that navigates the growth of the axon.
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tension and hyper microtubule formation in a confined area. Under-
standing the basis of axon regeneration is critical for improving thera-
peutic options and recovery after traumatic axonal injury.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-025-09654-z.

1.	 Curcio, M. & Bradke, F. Axon regeneration in the central nervous system: facing the 
challenges from the inside. Annu. Rev. Cell Dev. Biol. 34, 495–521 (2018).

2.	 He, Z. & Jin, Y. Intrinsic control of axon regeneration. Neuron 90, 437–451 (2016).
3.	 Fawcett, J. W. The struggle to make CNS axons regenerate: why has it been so difficult? 

Neurochem. Res. 45, 144–158 (2020).
4.	 Sharp, D. J., Scott, G. & Leech, R. Network dysfunction after traumatic brain injury. Nat. 

Rev. Neurol. 10, 156–166 (2014).
5.	 Bradke, F., Fawcett, J. W. & Spira, M. E. Assembly of a new growth cone after axotomy: the 

precursor to axon regeneration. Nat. Rev. Neurosci. 13, 183–193 (2012).
6.	 Schlaepfer, W. W. Calcium-induced degeneration of axoplasm in isolated segments of rat 

peripheral nerve. Brain Res. 69, 203–215 (1974).
7.	 Wolf, J. A., Stys, P. K., Lusardi, T., Meaney, D. & Smith, D. H. Traumatic axonal injury induces 

calcium influx modulated by tetrodotoxin-sensitive sodium channels. J. Neurosci. 21, 
1923–1930 (2001).

8.	 Ziv, N. E. & Spira, M. E. Axotomy induces a transient and localized elevation of the free 
intracellular calcium concentration to the millimolar range. J. Neurophysiol. 74, 2625–2637 
(1995).

9.	 Schlaepfer, W. W. & Bunge, R. P. Effects of calcium ion concentration on the degeneration 
of amputated axons in tissue culture. J. Cell Biol. 59, 456–470 (1973).

10.	 Ramon y Cajal, S. & May, R. M. Degeneration and Regeneration of the Nervous System 
(Oxford Univ. Press, 1928).

11.	 Li, D., Field, P. M. & Raisman, G. Failure of axon regeneration in postnatal rat 
entorhinohippocampal slice coculture is due to maturation of the axon, not that of the 
pathway or target. Eur. J. Neurosci. 7, 1164–1171 (1995).

12.	 Tang-Schomer, M. D., Patel, A. R., Baas, P. W. & Smith, D. H. Mechanical breaking of 
microtubules in axons during dynamic stretch injury underlies delayed elasticity, 
microtubule disassembly, and axon degeneration. FASEB J. 24, 1401–1410 (2010).

13.	 Erturk, A., Hellal, F., Enes, J. & Bradke, F. Disorganized microtubules underlie the formation 
of retraction bulbs and the failure of axonal regeneration. J. Neurosci. 27, 9169–9180 
(2007).

14.	 Blanquie, O. & Bradke, F. Cytoskeleton dynamics in axon regeneration. Curr. Opin. Neurobiol. 
51, 60–69 (2018).

15.	 Tedeschi, A. et al. ADF/cofilin-mediated actin turnover promotes axon regeneration in the 
adult CNS. Neuron 103, 1073–1085.e1076 (2019).

16.	 Stern, S. et al. RhoA drives actin compaction to restrict axon regeneration and astrocyte 
reactivity after CNS injury. Neuron 109, 3436–3455.e9 (2021).

17.	 Wu, D. et al. Chronic neuronal activation increases dynamic microtubules to enhance 
functional axon regeneration after dorsal root crush injury. Nat. Commun. 11, 6131 (2020).

18.	 Hellal, F. et al. Microtubule stabilization reduces scarring and causes axon regeneration 
after spinal cord injury. Science 331, 928–931 (2011).

19.	 Sengottuvel, V., Leibinger, M., Pfreimer, M., Andreadaki, A. & Fischer, D. Taxol facilitates 
axon regeneration in the mature CNS. J. Neurosci. 31, 2688–2699 (2011).

20.	 Ruschel, J. et al. Systemic administration of epothilone B promotes axon regeneration 
after spinal cord injury. Science 348, 347–352 (2015).

21.	 Brunden, K. R. et al. The characterization of microtubule-stabilizing drugs as possible 
therapeutic agents for Alzheimer’s disease and related tauopathies. Pharmacol. Res. 63, 
341–351 (2011).

22.	 Nettles, J. H. et al. The binding mode of epothilone A on alpha,beta-tubulin by electron 
crystallography. Science 305, 866–869 (2004).

23.	 Prota, A. E. et al. Molecular mechanism of action of microtubule-stabilizing anticancer 
agents. Science 339, 587–590 (2013).

24.	 Howes, S. C. et al. Structural differences between yeast and mammalian microtubules 
revealed by cryo-EM. J. Cell Biol. 216, 2669–2677 (2017).

25.	 Perez, E. A. et al. Efficacy and safety of ixabepilone (BMS-247550) in a phase II study of 
patients with advanced breast cancer resistant to an anthracycline, a taxane, and 
capecitabine. J. Clin. Oncol. 25, 3407–3414 (2007).

26.	 Colom, A. et al. A fluorescent membrane tension probe. Nat. Chem. 10, 1118–1125 (2018).
27.	 Skaliora, I., Adams, R. & Blakemore, C. Morphology and growth patterns of developing 

thalamocortical axons. J. Neurosci. 20, 3650–3662 (2000).
28.	 Goodson, H. V. & Jonasson, E. M. Microtubules and microtubule-associated proteins. 

Cold Spring Harb. Perspect. Biol. 10, a022608 (2018).
29.	 Chretien, D., Metoz, F., Verde, F., Karsenti, E. & Wade, R. H. Lattice defects in microtubules: 

protofilament numbers vary within individual microtubules. J. Cell Biol. 117, 1031–1040 
(1992).

30.	 Mizuno, N. et al. Dynein and kinesin share an overlapping microtubule-binding site. EMBO 
J. 23, 2459–2467 (2004).

31.	 Baas, P. W., Rao, A. N., Matamoros, A. J. & Leo, L. Stability properties of neuronal 
microtubules. Cytoskeleton 73, 442–460 (2016).

32.	 Moores, C. A. et al. Mechanism of microtubule stabilization by doublecortin. Mol. Cell 14, 
833–839 (2004).

33.	 Tymanskyj, S. R. & Ma, L. MAP7 prevents axonal branch retraction by creating a stable 
microtubule boundary to rescue polymerization. J. Neurosci. 39, 7118–7131 (2019).

34.	 Heidemann, S. R., Landers, J. M. & Hamborg, M. A. Polarity orientation of axonal microtubules. 
J. Cell Biol. 91, 661–665 (1981).

35.	 Burton, P. R. & Paige, J. L. Polarity of axoplasmic microtubules in the olfactory nerve of the 
frog. Proc. Natl Acad. Sci. USA 78, 3269–3273 (1981).

36.	 Baas, P. W. & Lin, S. Hooks and comets: the story of microtubule polarity orientation in the 
neuron. Dev. Neurobiol. 71, 403–418 (2011).

37.	 Zhang, R., LaFrance, B. & Nogales, E. Separating the effects of nucleotide and EB binding 
on microtubule structure. Proc. Natl Acad. Sci. USA 115, E6191–E6200 (2018).

38.	 Itzhak, D. N., Tyanova, S., Cox, J. & Borner, G. H. Global, quantitative and dynamic mapping 
of protein subcellular localization. eLife 5, e16950 (2016).

39.	 Hiller, G. & Weber, K. Radioimmunoassay for tubulin: a quantitative comparison of the 
tubulin content of different established tissue culture cells and tissues. Cell 14, 795–804 
(1978).

40.	 Nedozralova, H. et al. In situ cryo-electron tomography reveals local cellular machineries 
for axon branch development. J. Cell Biol. 221, e202106086 (2022).

41.	 Myers, K. A. & Baas, P. W. Kinesin-5 regulates the growth of the axon by acting as a brake 
on its microtubule array. J. Cell Biol. 178, 1081–1091 (2007).

42.	 Cuveillier, C. et al. MAP6 is an intraluminal protein that induces neuronal microtubules to 
coil. Sci. Adv. 6, eaaz4344 (2020).

43.	 Chakraborty, S. et al. Cryo-ET suggests tubulin chaperones form a subset of microtubule 
lumenal particles with a role in maintaining neuronal microtubules. Proc. Natl Acad. Sci. 
USA 122, e2404017121 (2025).

44.	 Wang, Q., Crevenna, A. H., Kunze, I. & Mizuno, N. Structural basis for the extended  
CAP-Gly domains of p150(glued) binding to microtubules and the implication for tubulin 
dynamics. Proc. Natl Acad. Sci. USA 111, 11347–11352 (2014).

45.	 Ayukawa, R. et al. GTP-dependent formation of straight tubulin oligomers leads to 
microtubule nucleation. J. Cell Biol. 220, e202007033 (2021).

46.	 McIntosh, J. R. et al. Microtubules grow by the addition of bent guanosine triphosphate 
tubulin to the tips of curved protofilaments. J. Cell Biol. 217, 2691–2708 (2018).

47.	 Mandelkow, E. M., Mandelkow, E. & Milligan, R. A. Microtubule dynamics and microtubule 
caps: a time-resolved cryo-electron microscopy study. J. Cell Biol. 114, 977–991 (1991).

48.	 Ojeda-Lopez, M. A. et al. Transformation of Taxol-stabilized microtubules into inverted 
tubulin tubules triggered by a tubulin conformation switch. Nat. Mater. 13, 195–203 
(2014).

49.	 Basnet, N. et al. Direct induction of microtubule branching by microtubule nucleation 
factor SSNA1. Nat. Cell Biol. 20, 1172–1180 (2018).

50.	 Zhang, B. et al. Synaptic vesicle size and number are regulated by a clathrin adaptor 
protein required for endocytosis. Neuron 21, 1465–1475 (1998).

51.	 Silver, J., Schwab, M. E. & Popovich, P. G. Central nervous system regenerative failure:  
role of oligodendrocytes, astrocytes, and microglia. Cold Spring Harb. Perspect. Biol. 7, 
a020602 (2014).

52.	 Richardson, P. M., McGuinness, U. M. & Aguayo, A. J. Axons from CNS neurons regenerate 
into PNS grafts. Nature 284, 264–265 (1980).

53.	 Liu, K., Tedeschi, A., Park, K. K. & He, Z. Neuronal intrinsic mechanisms of axon regeneration. 
Annu. Rev. Neurosci. 34, 131–152 (2011).

54.	 Cho, Y., Sloutsky, R., Naegle, K. M. & Cavalli, V. Injury-induced HDAC5 nuclear export is 
essential for axon regeneration. Cell 155, 894–908 (2013).

55.	 Rishal, I. & Fainzilber, M. Axon-soma communication in neuronal injury. Nat. Rev. Neurosci. 
15, 32–42 (2014).

56.	 Varadarajan, S. G., Hunyara, J. L., Hamilton, N. R., Kolodkin, A. L. & Huberman, A. D. Central 
nervous system regeneration. Cell 185, 77–94 (2022).

57.	 Tian, F. et al. Core transcription programs controlling injury-induced neurodegeneration 
of retinal ganglion cells. Neuron 110, 2607–2624.e2608 (2022).

58.	 Moeendarbary, E. et al. The soft mechanical signature of glial scars in the central nervous 
system. Nat. Commun. 8, 14787 (2017).

59.	 Giger, R. J., Hollis, E. R. 2nd & Tuszynski, M. H. Guidance molecules in axon regeneration. 
Cold Spring Harb. Perspect. Biol. 2, a001867 (2010).

60.	 Gallo, V. & Deneen, B. Glial development: the crossroads of regeneration and repair in the 
CNS. Neuron 83, 283–308 (2014).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© This is a U.S. Government work and not under copyright protection in the US; foreign 
copyright protection may apply 2025, modified publication 2026

https://doi.org/10.1038/s41586-025-09654-z
http://creativecommons.org/licenses/by/4.0/


Article
Methods

Grid preparation
Quantifoil gold grids (R1/4, 200 mesh, 100 Holey SiO2 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 ml of 1 mg ml−1 poly-l-lysine (Sigma Aldrich P2636) pre-
pared in 0.1 M borate buffer (di-sodium tetraborate decahydrate, Carl 
Roth 1303-96-4) and incubated overnight at 37 °C. Afterwards, grids 
were thoroughly washed three times in 1× PBS (Gibco 10010049) or 
ultrapure water and coated with 5 µg ml−1 laminin (Gibco 23017015) 
solution for at least 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 1× HEPES (Gibco 15630080). The thalami were 
then cut into smaller fragments. For explant cultures, the thalamus 
tissue with a size of approximately 200 µm was placed onto coated 
μ-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 1× Trypsin-EDTA 
(0.5%, Gibco 15400054) and 1× 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), 1× B27 (Gibco 17504044), 1× 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) 
at a concentration of 150,000 cells per ml. After 1 h of plating, the 
medium was exchanged to 1× Neurobasal supplemented with 1× B27,  
1× penicillin-streptomycin (Gibco 15140122), and 1× Glutamax. After  
3 days in vitro (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-
tific Company 1-000-005) and were formed using a Micropipette puller 
P-97 (Sutter Instrument) with a final tip diameter of ~1 µm. 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 5× air objective and visualized with a 40× air objec-
tive. Lesions were performed at least 250 µm 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 as glass and EM grids, requires adjustments in 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 mM and 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 contrast images of the grids were then cap-
tured with a 4× 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 µl 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 
then vitrified in liquid 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 with a Falcon 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-I was constructed via Gibson 
assembly of EB3-mScarlet into the pTRIP-CMV-GFP-2A vector opened 
at the NheI and KpnI sites. eGFP-KIF5A was a gift from J. Bonifacino 
(Addgene plasmid 172201)61. pBa.GFP-KIF5B was a gift from M. Bentley 
(Addgene plasmid #134625)62. pGFP-Kif5c was a gift from M. Peckham 
(Addgene plasmid #71853)63. 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 
previously49. 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-µm 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-cell imaging and analysis
Primary neurons or tissue samples were cultured on µ-Dish 35 mm (ibidi 
80136) or µ-Dish 35 mm with location grids (ibidi 80156) for 6–10 DIV 



at 37 °C and 5% CO2. 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 A1R microscope or a Zeiss LSM 
980 Airyscan microscope, with a 60× oil-immersion objective and 
a stage top incubator set to 37 °C and 5% CO2. 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 min and 30 s for SiR-tubulin and 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 FIJI/IMAGEJ 2.3.0/1.53f64 and the 
KymoToolbox plugin according to the available protocol65. 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-I on DIV 5. 
On DIV 8, axotomy was performed, and EpoB-induced regenerating 
axons were imaged with a ZEISS LSM 980 Airyscan microscope using 
a 60× 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 to regenerate in the presence of 1 nM EpoB. After 1 h of regen-
eration, 0.1× final concentration of CellMask (ThermoFisher Scientific 
C10046) was added to the regenerating axons, and the regenerating 
front was immediately imaged using a Nikon A1R confocal microscope 
with a 60× oil-immersion objective. For Extended Data Fig. 3c, thala-
mus explants after axotomy were incubated with fluorescently labeled 
tubulin antibody (1:500) and imaged for 30 min to directly visualize any 
potential microtubules. We did not observe any microtubule staining, 
confirming that the membrane was sealed. For imaging actin, microtu-
bules, and plasma membrane together (Extended Data Fig. 1f), 50 nM 
of SPY555-FastAct (Cytoskeleton Spirochrome CY-SC205), 50 nM of 
SPY650-Tubulin (CY-SC503), and a MemGlow 488 (1:200,000) (Cytoskel-
eton MG01-10) were incubated with the neurons for 30 min prior  
to imaging.

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 1× 
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-Tau1 (Mil-
lipore MAB3420, 1:1,000). The samples were washed with 1× 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 μg ml−1, 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-α-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 60× and 40× objectives. Acquired images were 
processed using FIJI.

Polygon montage of cryo-EM images
Polygon-montage images covering a whole 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 13,500×, at binning 4, corresponding to a pixel size 
of 4.121 nm at a defocus of −200 µm. 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 
SerialEM66 at a magnification of 19,500×, at binning 2, corresponding 
to a pixel size of 0.9 nm at a defocus of −30 µm. Images were binned 
4× to reduce file size and facilitate processing.

Cryo-ET data acquisition
Low-magnification (13,500×) 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 filter and a K3 Summit direct (Gatan) detector at an acceleration 
voltage of 300 kV. Images were recorded at a nominal magnification of 
33,000×, corresponding to a calibrated pixel size of 2.67 Å.

Tilt series were collected in super-resolution mode using SerialEM66, 
ranging from −60° to 60° with 2° angular increments, yielding a total 
of 61 images per tilt series. The total accumulated electron dose per 
tomogram was kept below 125 e− Å−2 with the dose rate of ~25 e− pixel−1 s−1 
(Extended Data Table 1). A dose-symmetric acquisition scheme was 
used, in which tilt angles are recorded in an alternating pattern from 0° 
towards higher positive and negative tilts. At low tilt angles (including 
0°), each projection was acquired with 3 movie frames, each receiving 
approximately 0.5 e− Å−2, totalling ~1.5 e− Å−2 per tilt. To compensate for 
the increased effective thickness and reduced contrast at higher tilt 
angles, we applied tilt-dependent dose weighting, based on a cosine 
correction model implemented in SerialEM, increasing the total dose 
per tilt at steeper angles proportionally to the apparent path length of 
the electron beam through the specimen. The dose per frame remained 
constant, with higher tilt angles acquired using more frames, up to five. 
The defocus range was between −1 μm and −5 μm.

Cryo-ET reconstruction, segmentation and analysis
Tilt series were motion-corrected and filtered according to their cumu-
lative dose using MOTIONCOR267. The tilt series were aligned using 
the IMOD ETOMO package68. Tomograms were reconstructed without 
binning from aligned stacks as weighted back-projection in IMOD. The 
contrast of the tomograms was increased by binning the tomograms 
four times and applying a MATLAB-based deconvolution filter69. The 
binned and deconvoluted tomograms were manually segmented using 
AMIRA (ThermoFisher Scientific) or 3DMOD (IMOD). For subtomo-
gram analysis of F-actin within stress fibres for validation, RELION 5.070 
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 a box size of 514 Å 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 Å 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 Å. 
Contrast transfer function (CTF) correction was applied only during 
subtomographic analysis, following 3D reconstruction using RELION.  
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Finally, the known structure of F-actin (PDB: 8A2T) was fitted to validate 
that the filament indeed follows the actin feature.

For Fig. 5b, the tubulin spirals were traced in the IMOD software. 
For Fig. 5c, intensity profiles of the individual units in microtubules, 
F-actin and tubulin spirals were plotted using the ‘line scan-plot profile’ 
option in ImageJ, and the intermolecular 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 ImageJ.

Cryo-EM data collection and processing for in situ microtubule 
SPA
Videos of microtubules beyond axon injury sites were acquired on a 
Titan Krios TEM, equipped with a Gatan Bioquantum energy filter and 
a K3 Summit direct detector at an acceleration voltage of 300 kV. The 
dose rate on the camera was set to 23 e− Å−2 s−1. Images were collected 
using SerialEM in super-resolution mode at 81,000× magnification, 
corresponding to a pixel size of 1.099 Å, using a defocus range from −0.8 
to −2.2 μm. Images were acquired as 54-frame movies, accumulating 
a total electron dose of 53 e− Å−2. 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 µm of microtubules.

Microtubule 3D reconstructions were performed using CryoSPARC 
4.571 and FREALIGN 9.1172 (Extended Data Fig. 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 Å step size, corresponding to the length 
of one tubulin heterodimer. A total of 399,396 boxes (640 pixels, 703 Å) 
were extracted and downsampled to 512 pixels (1.3738 Å per pixel), then 
2× 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 architectures37, showing all analysed 
microtubules (1,663 tubules) have a 13-protofilament arrangement. 3D 
reconstruction was performed using homologous refinement, yielding 
a map at 5.6 Å resolution.

The alignment parameters were imported to FREALIGN for pseudo-
helical refinement (twist −27.64°, rise 9.695 Å) and an established seam 
detection protocol73. Particles with ambiguous seam assignments were 
excluded. The resulting alignment parameters were reimported back to 
CryoSPARC for final refinement. Final reconstructions were generated 
using 114,673 unbinned particles without applying microtubule-specific 
pseudohelical symmetry (C1 reconstruction). A combination of local 
refinement and per-particle defocus refinement yielded a global reso-
lution of 3.54 Å. Focused refinement on 2 protofilaments covering 
200 Å segment improved the resolution to 3.19 Å. These reconstruc-
tions showed key features including the S9–S10 loop that distinguishes  
α- and β-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 Å) was 
shown in Fig. 3f. The local 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 αβ-tubulin 
dimers (PDB: 3JAS, chains A, B, K and 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 (α or β) 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 Cα 
atoms across tubulin subunits: intra-dimer distances were calculated 
between chains A (α-tubulin) and B (β-tubulin) within a single dimer. 
Inter-dimer distances were calculated between chains B (β-tubulin) and 

C (α-tubulin) of adjacent dimers. To avoid bias from flexible regions, 
only Cα atoms from structurally conserved regions (residues 1–37 
and 48–170, excluding loop 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 ChimeraX74 and further refined by rounds of manual 
fitting in COOT75 with subsequent real-space refinement in PHENIX76. 
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 TUBA1A (Uniprot P68369) and TUBB3 (Uniprot 
Q9ERD7), respectively, as they are the most prominent isotypes in 
brain tissue and provided the best fit. The structure showed GTP bound 
to α-tubulin and GDP bound to β-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 Å and of 0.143 at 3.17 Å. As a note, the peptide 
bonds of P274 in α-tubulin and P272 in β-tubulin showed cis configu-
ration. Data collection, reconstruction and refinement statistics are 
given in Extended Data Table 1.

MIP analysis
The MIP detection in tomograms was performed using an in-house 
workflow based on the procedure described previously43 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 approach77 
available in the Amira 2021.2 software (Thermo Fisher Scientific) using 
a hollow cylinder as a template with 100 nm length, 7 nm radius for 
lumen, and 15 nm radius 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 PySeg78 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 σv = 0.5 pixels. Secondly, a mask for the 
microtubule lumen was 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 described79. The persistence 
threshold was adapted to consider the different contrast conditions for 
each tomogram. Since the microtubule shell is a polymer of tubulins 
with a regular 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 nm3. The shell volume was computed 
similarly to the lumen, but increasing the distance to the centre line 
according to the shell’s external radius and subtracting the lumen. MIPs 
typically have a diameter of 6 nm; we used the mean shift clustering 
method80 with a bandwidth set to 5 nm to 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 a reference density (EMD-
0614) were extracted. The average rotation value was calculated among 
all microtubule segments in a single image and used as a reference 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 1 nM EpoB for 1 h in a cell culture incuba-
tor. The glass-bottom dish with the explants were treated with 1 µM of 
Flipper-TR (CY-SC020) for 5 min in the microscope’s imaging chamber 
set at 37 °C and 5% CO2. The regenerating 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 
using a Leica SP8 Falcon FLIM confocal microscope, with a 40× or 60× 
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 a pinhole set to 1 A.U. A format of 512 × 512 allowed for pixel sizes 
of 0.144 (40×) or 0.180 (60×). 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 literature81. 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 µm 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 spirals44 induced by p150 fragment 1–105 
was determined by measuring the emission spectra of the dye when it 
was bound to the substrate. The p150 protein was purified using the 
protocol described previously44. Tubulin was purified using cycles of 
polymerization and depolymerization from porcine brains44. Micro-
tubules were polymerized at 37 °C using a final concentration of 1 mM 
GTP in 1× BRB80 buffer (80 mM PIPES-KOH pH 6.8, 1 mM MgCl2, 1 mM 
EGTA) for 30 min. Tubulin was mixed with different concentrations 
(10 µM and 100 µM) 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 a unique 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 Excel 15.35, MATLAB 2021b (MathWorks) 
and the final data were plotted using GraphPad PRISM 7. Significance 
tests used for each comparison are mentioned in the respective figure 
legends.

Reporting summary
Further information on research design is available 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 
of in situ 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 Data Fig. 1 | EpoB dose response and cytoskeletal organization  
in regenerating axons. a) Representative images of regenerating thalamus 
axons treated with different doses of EpoB shown at different time points. 
Magenta dotted lines indicate the cut site. Scale bar: 10 µm. Corresponding 
movies are shown in Supplementary Video 3. b) Quantification of regeneration 
in response to different doses of EpoB. The stacked bar graph shows mean as a 
horizontal line ± s.e.m. n = 7 (0.1 nM), n = 13 (1 nM), n = 14 (10 nM), n = 16 (100 nM), 
n = 17 (1 µM), n = 16 (5 µM) and n = 13 (10 µM) axons. c) Representative images of 
regenerating thalamus axons treated with taxol shown at different time points. 
Magenta dotted lines indicate the cut site. Scale bar 20 µm. The corresponding 

movie is shown in Supplementary Video 4. d) Immunofluorescence image of 
thalamus axons after axotomy and treated with EpoB for 1 h, fixed and stained 
with tubulin antibody 12G10 (cyan) and CellBrite membrane labeling dye (yellow). 
The axons were not permeabilized to maintain membrane integrity. Scale bar: 
5 µm. e) Control thalamus explants stained with SPY555-actin (magenta) and 
SPY650-tubulin (cyan). Scale bar: 5 µm. 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 (plasma membrane, Yellow). Scale bar: 5 µm. The corresponding 
videos are shown in Supplementary Video 5.
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Extended Data Fig. 2 | Time course of ultrastructural changes in regenerating 
axons with and without EpoB. a) Axon injury site in 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. Scale bar: 2 µm. 
Top right: Magnified images of square insets. Scale bar: 200 nm. Bottom left: 
Segmentation of axon borders from image above, which appears swollen, 
showing a retraction bulb-like morphology. Bottom right: Segmentation of 
axon borders and visible cellular components from magnified insets above 
with microtubules (green), actin (magenta), membranes (orange) and vesicles 
(brown circles). b) A regenerating axon in the presence of EpoB 3 h after 
axotomy. Top: cryo-EM image of a regenerating axon beyond the axotomy site 
(black dotted line). The black arrow indicates the axonal growth direction. 
Scale bar 1 µm. Zoomed-in images of the boxes i-v are shown on the right.  

Scale bar: 100 nm. Bottom: Schematic depicting the border and visible cellular 
components at this magnification. Microtubules are shown in green and other 
membranous structures are in light yellow or orange. c) A regenerating axon in 
the presence of EpoB 6 h after axotomy. Top: cryo-EM image of a regenerating 
axon beyond axotomy site (black dotted line). The black arrow indicates axonal 
growth direction. Scale bar 1 µm. Zoomed-in images of the boxes i-v are shown 
on the right. Scale bar: 100 nm. Bottom: Schematic depicting the border and 
visible cellular components at this magnification. Microtubules are shown in 
green, actin in magenta and other membranous structures are in light yellow  
or orange. The tip of microtubule-shoots is topped by actin bundles. d) A tip  
of an axon in the absence of EpoB, 1 h after axotomy. Top: Low magnification 
cryo-EM image. The black arrow indicates axonal growth direction. Scale bar: 
1 µm. Bottom: Schematic of visible structures. Actin is shown in magenta and 
membranous structures are in light yellow or orange.
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Extended Data Fig. 3 | Quality control of cryo-EM images showing membrane 
rupture under high tension. a) Cryo-EM montage of a thalamus axon incubated 
in hypotonic media conditions before vitrification. The top panel shows a high-
magnification montage of an axon. Under hypotonic conditions, membrane 
tension increases and compromises membrane integrity during the vitrification 
process. Scale bar: 400 nm. Dotted white lines indicate the positions of 
zoomed-in insets shown below the montage. A light orange shade highlights 

the trace of the axon. Scale bar: 200 nm. b) High-magnification cryo-EM 
montage of a control axon (neurons grown in normal culture media). Scale bar: 
400 nm. Zoomed-in insets at different locations were shown below the montage. 
A light orange shade is used to highlight the trace of the axon. Scale bar: 200 nm. 
c) Live imaging of axons after axotomy and treated with EpoB. Fluorescently-
labelled tubulin antibody (cyan) was added. No microtubule staining, showing 
the plasma membrane was sealed immediately after axotomy. Scale bar: 20 µm.
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Extended Data Fig. 4 | SPA processing workflow for high-resolution 
reconstruction of microtubule shoots 1 h after axotomy. The 3D 
reconstruction was performed using FREALIGN and CryoSPARC. Using 
CryoSPARC, microtubules were segmented into 399,396 overlapping  
boxes (703 Å) with an 82.5 Å step size, corresponding to the tubulin 
heterodimer length. After alignment and 2D classification in CryoSPARC, 
129,110 particles with clear filament features were retained for 3D classification 
and 3D reconstruction. All analyzed microtubules (n = 1663) exhibited a 
13-protofilament architecture. Seam detection was conducted in FREALIGN 

v9.11 using previously established protocols73. Final reconstructions were 
performed using 114,673 particles with the identification of clear seam position 
using CryoSPARC. The reconstruction was performed in C1 without imposing 
pseudo-helical symmetry, preserving the α/β-tubulin distinction. After per-
particle defocus refinement and focused refinement, the analysis yielded a C1 
reconstruction at 3.19 Å resolution (gold-standard FSC at 0.143) visualizing a 
clear EpoB engagement. GSFSC, Local resolution map, orientation distribution 
and map-to-model FSC are included in the figure.
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Extended Data Fig. 5 | EpoB enhances microtubule dynamics and oligomer 
transport during regeneration. a) Live imaging of EpoB-induced regenerating 
thalamus axon tip transduced with EB3-mScarlet encoding lentiviruses. EB3 
signals were found at the regenerating axon tip, suggesting active growth of 
plus-end-out microtubules. The axotomy site is shown with a white dotted line. 
Corresponding movies are available in Supplementary Video 7. b) Scatter dot 
plots showing counts of tubulin tracker puncta in thalamus control axons in the 
presence of different concentrations of EpoB. Mean is indicated as horizontal 
line. One-Way Anova was used for statistical testing, and p-values are 0.0259 
(0.1 nM vs 1 nM), <0.0001 (0.1 nM vs 10 nM) and 0.0020 (1 nM vs 10 nM). N = 19 
(0.1 nM EpoB), N = 24 (1 nM EpoB) and N = 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 
can bind and fluoresce in the presence of tubulin spirals and microtubules. The 
data is shown as bar graphs overlaid with data points, in which the fold change 
in fluorescence between different experimental conditions is plotted. Tubulin 
spirals were induced by p150 protein. d) Distances traveled by tubulin clusters 
away from the axotomy site within 30 min of observation. The violin plots 
represent median and interquartile range. 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 on the graphs. e) Distances traveled by tubulin clusters toward 
regenerating sites 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) from at least three biologically independent 
experiments. Significance was tested using the two-tailed Mann-Whitney  
test. p-values are reported at the corresponding comparisons on the graphs.  

f) Net distance (outward vs inward) 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) 
from at least three independent experiments. Significance was tested using  
the two-tailed Mann-Whitney test. p-values are reported at the corresponding 
comparisons on the graphs. g) Distances traveled by tubulin clusters away  
from 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 = 32 particles (7 axons) from at least three independent 
experiments. Significance has been tested using the two-tailed Mann-Whitney 
test. p-values are reported 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 = 32 particles (7 axons) from at least three independent experiments. 
Significance has been tested using two-tailed Mann-Whitney test. p-values are 
reported at the corresponding comparisons on the graphs. i) Distribution of 
distances between neighboring MIPs at different times after axotomy in the 
presence of EpoB. The dot plots show median with interquartile range. n = 634 
(control), 256 (t = 15 min), 2025 (t = 1 h), 401 (t = 3 h), 336 (t = 6 h), 912 (t = 24 h) 
particles. Median: 18.5 nm (control) 17.6 nm (15 min) 24.2 nm (1 h), 22.6 nm (3 h), 
24.3 nm (6 h), 18.3 nm (24 h). At t = 15 min, the observed microtubules are 
located at the pre-cut site as no regeneration of microtubules are observed at 
this time point. At t > 1 h, all the microtubules are located at the post-cut sites. 
One-Way Anova was used for statistical testing and p-values are >0.9999 
(control vs 0.25 h), <0.0001 (control vs 1 h), <0.0001 (control vs 3 h), <0.0001 
(control vs 6 h) and >0.9999 (control vs 24 h).



Extended Data Fig. 6 | Workflows for MIP analysis and stress-fiber 
subtomogram averaging. a) Processing workflow for the MIP analysis.  
i) Zoomed-in view of a MT in a 2D slice of a tomogram, scale bar: 50 nm. ii) The 
centerline is traced by Amira. iii) The lumen is segmented by applying distance 
transform on the centerline. iv) PySeg analysis extracting the local minima and 
their connections in the MT lumen and MT shell. The color bar represents the 
topological persistence, the metric used to rank the minima relevance. The 
information of the shell is used to determine the threshold for the lumen.  
v) Thresholded local minima by persistence in the MT lumen. vi) MIP obtained 
by applying mean shift clustering to v. b) Processing workflow for stress-fiber 

subtomogram averaging. Tilt-series alignment and tomographic reconstructions 
were performed within RELION 5.0. A total of 1555 segments of filaments 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, a cylinder reference was used, 
followed by 3D classification to create an initial model, and further refinement 
was performed using a combination of classification and refinement schemes 
without applying the actin helical symmetry. The nominal resolution was 
27.7 Å. CTF correction was applied only during subtomographic analysis, 
following 3D reconstruction using RELION 5.0.



Article

Extended Data Fig. 7 | Cellular and vesicular components at regenerating 
axon sites. a) Representative cryo-EM snapshot of cellular components at 
regenerating sites after axotomy in the presence of EpoB. Membranous and 
vesicular entities accumulate at regeneration sites. Vesicles are highlighted  
in light blue and microtubules (MT) in green. Scale bar: 100 nm. b) Vesicle size 
distribution as dot plot. n = 110 vesicles, median: 43.9 nm, 25th percentile: 
32.7 nm, 75th percentile: 76.6 nm. c) Representative sections of a cryo-ET 
reconstructions of a regeneration site showing endoplasmic reticulum (ER) 

membranes (highlighted in light yellow), presynaptic vesicles (highlighted  
in light blue), and clusters of materials (highlighted in light brown) near 
microtubules. Scale bar: 100 nm. d) Cryo-ET section showing actin stress fiber 
formation (highlighted in light pink). Scale bar: 100 nm. Subtomogram average 
of actin fibers at 27.7 Å resolution for validation. e) Various cryo-EM snapshots of 
regenerating axons showing vesicles coated with proteins (yellow arrowheads) 
and vesicles with components in inner compartments (magenta arrowheads). 
Scale bar: 100 nm. Multivesicular body (MVB).
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Extended Data Fig. 8 | Dynamic progression of EpoB-induced axon 
regeneration over hours. a) Live images of an EpoB-induced, regenerating 
axon tip shown at different time points during repair. For about 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 µm. Zoomed-in 
images of the tip are shown in the insets. Scale bar: 5 µm. 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 
site indicating with a dotted white line. Scale bar: 10 µm. c) Quantification of 
the cumulative length of axons during EpoB-induced regeneration over 6 h. 

n = 2 axons from two biologically independent experiments. The bar graph  
is overlaid 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 h beyond 
axotomy. Scale bar: 10 µm. 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 h vs 24 h) 
and <0.0001 (0 h vs 48 h). n = 5 axons from three biologically independent 
experiments.



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