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Astrocyte loss occurs in various neurological conditions and can disrupt 
local tissue homeostasis. While astrocytes surrounding border-forming 
lesions adopt reactive states without restoring astrocyte networks, how 
astrocytes respond to spatially con�ned astrocyte loss remains poorly 
understood. Here we used longitudinal in vivo two-photon microscopy, 
combined with spatiotemporal transcriptional pro�ling, to examine 
astrocyte responses following focal aquaporin-4 antibody-mediated 
ablation in the somatosensory cortex of adult mouse brain, a model of 
astrocytopathy relevant to neuromyelitis optica spectrum disorder. Here 
we show that perilesional astrocytes undergo pronounced structural 
remodeling during lesion repopulation, characterized by cell proliferation, 
prolonged multinucleated astrocyte states, polarized process extension 
into the depleted area and gradual displacement of nuclei into previously 
unoccupied astrocyte territories. Spatial transcriptomics reveal an 
injury-associated molecular response that resolves as the astrocyte 
network is restored. Together, our �ndings delineate the spatiotemporal 
dynamics of astrocyte regeneration after astrocyte loss, extending current 
understanding of astroglial plasticity in the adult brain.

In response to various types of brain injury 1–3, astrocytes undergo a 
process called reactive astrogliosis. This action encompasses coordi-
nated morphological, molecular and functional chang es4–6, and has 
been studied in detail in traumatic central nervous  system (CNS) injury 
models. Under these circumstances, reactive astrocytes remain loca-
lized to the lesion boundary, upregulate several neural precursor cell 
(NPC) hallmark proteins and form a glial border 7,8. A fraction of these 
cells becomes multinucleated and undergoes limited symmetric proli-
feration, typically one division and rarely two div isions after repetitive 
traumatic brain injury 9. The daughter cells remain stationary in close 
vicinity to each other and stay within the astrocyte lineage 9,10. In brain 

pathologies involving vessel disruption, these cell s are restricted to the 
juxtavascular niche 9, suggesting that blood–brain barrier dysfunction 
is a trigger for astrocyte proliferation 11.

Although reactive astrogliosis is heterogeneous across different 
stimuli, key features include cellular hypertrophy,  upregulation of 
glial fibrillary acidic protein (GFAP), limited proliferation and activa-
tion of distinct transcriptional programs 4. Previous studies suggest 
that the context-dependent remodeling of reactive a strocytes can 
promote many different responses, including neuroin flammatory, 
neurodegenerative, proliferative and regenerative—each with differ-
ent context-dependent outcomes for the surrounding neural tissue 4,12.
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efficiently binds and depletes mouse astrocytes wit hin hours 20,21. Simi-
larly, stepwise intracortical microinjection of AQP4-IgG and comple-
ment in Aldh1l1GFP mice (Fig. 1a) led to cylindrical lesions devoid of 
astrocytes (Fig. 1b) in the somatosensory cortex. Such lesions were  
absent after injection of complement with isotype c ontrol recom-
binant IgG (Ctrl-IgG; Fig. 1b). This selective astrocyte depletion did  
not affect the morphology and function of the vascu lature as 
visualized after intravenous administration of Texa s Red dextran 
(Fig. 1b,c). No overt changes in vessel density, average vessel diameter 
(Fig. 1d,e), resting capillary blood flow and capillary diame ter measured  
by two-photon line scan imaging (Fig. 1f,g) were observed compared to 
Ctrl-IgG injections. Furthermore, immunohistologica l staining for the 
neuronal marker NeuN showed the presence of neuronal population 
within the astrocyte-depleted area (Extended Data Fig. 1).

We then tracked astrocytic responses after local astrocyte deple-
tion through longitudinal in vivo two-photon microscopy. We found 
that the area of astrocyte GFP signal loss was progressively restored 
within a few weeks (Fig. 1h,i). In parallel, the number of astrocytic cell 
bodies in the depleted area rapidly increased over time, reaching a 
plateau within a few weeks (Fig. 1j). Notably, focal ablation of astrocytes 
did not cause the formation of a glial border (Extended Data Fig. 2), as 
observed in animal models of traumatic brain injury or stroke 7,9.

Early structural remodeling of perilesional astrocytes
Astrocytes show a reactive phenotype characterized by heteroge-
neous morphological, transcriptional and functional  changes on  
exposure to various pathological stimuli 4. To assess the dynamics 
of the structural remodeling of surviving perilesio nal astrocytes  
in vivo, we performed a three-dimensional (3D) vect or-based analy-
sis of astrocyte process length and orientation of randomly chosen 
perilesional astrocytes (Fig. 2a,b). We found a robust elongation  
of astrocytic processes, reaching the maximum length at 5 days post-
injection (dpi), followed by a recovery at 60 dpi ( Fig. 2c). This was 
accompanied by the specific orientation of astrocyt ic processes toward 
the center of the lesion. In contrast to process el ongation, this polariza-
tion remained stable within the 2-month observation period (Fig. 2d).

In line with these morphological changes, we found a transient 
upregulation of GFAP, a typical marker for astrogli osis22, in histological 
sections comparing AQP4-IgG and Ctrl-IgG areas (Fig. 2e,f), whose peak 
was reached within the first week, followed by a gr adual normalization 
to control levels at later stages (Extended Data Fig. 2).

Astrocytes display distinct local calcium transient s23 that have 
crucial roles in modulating neuronal activity, in p romoting pro-
cess outgrowth during development, and that may bec ome dys-
regulated under pathological conditions 24. To examine if calcium 
signaling might be altered in perilesional astrocyt es during lesion 
repopulation, we recorded spontaneous astrocytic ca lcium transients,  

Despite proliferative activity, astrocytes fail to repopulate border- 
forming CNS lesions; instead, they try to seal the necrotic CNS tissue 
by forming a tight surrounding border. The glial bo rder itself is at least 
in part a dysfunctional structure, and its contribu tion to regenera-
tion remains a topic of debate 8,13. This raises the question of whether 
astrocytes in the adult brain have intrinsically lo st their regenerative 
capacity, or whether border-containing lesions limi t their regenerative 
potential. However, current understanding of astroc ytic remodeling 
upon injury in the adult brain in vivo is primarily  based on the models 
involving direct mechanical, hypoxic or global tiss ue damage4. In con-
trast, in autoimmune diseases such as neuromyelitis  optica spectrum 
disorder (NMOSD), astrocytes are selectively attack ed and depleted 14,15. 
How surviving astrocytes at the lesion margins resp ond, remodel and 
contribute to tissue regeneration in this context r emains poorly studied.

Here we used an antibody-mediated strategy to ablat e astrocytes 
in a selective and locally controlled manner in the  otherwise intact 
adult brain. We targeted the water channel aquapori n-4 (AQP4), which 
is almost exclusively expressed by astrocytes in th e CNS16. Autoanti-
bodies against AQP4 can be found in patients with N MOSD—a para-
digmatic autoimmune disease of the CNS with B-cell- orchestrated 
immune responses 14,17. By tracking perilesional astrocytes with chronic,  
intravital two-photon microscopy in anesthetized an d awake mice, 
we discover that mature cortical astrocytes undergo  a remarkable 
remodeling, including the translocation of adult-bo rn daughter-cell 
nuclei to newly unoccupied astrocytic territories, resulting in com-
plete and rapid repopulation of the astrocyte-deple ted area within 
a few weeks. This remodeling process is associated with a distinct 
injury-related transcriptomic signature and is neit her associated 
with the vascular niche nor dependent on connexin 3 0/connexin 43 
(Cx43) signaling. This repopulation behavior is limited in focal stroke 
lesions of comparable volume. Applying an alternati ve all-optical 
apoptotic ablation method to astrocytes 18, we identify the extent of 
astrocyte loss—suggesting disruption of contact-inh ibitory signal-
ing—as a potential modulator of the observed astroc yte remodeling 
response. Notably, comparable astrocytic features are also apparent 
in AQP4-IgG-mediated lesions from patients with NMO SD. We propose 
that, in response to local astrocyte loss, mature a strocytes undergo 
highly dynamic transcriptional and structural remod eling that is associ-
ated with the re-establishment of astrocytic tiling.

Results
Astrocytes repopulate rapidly after focal astrocyte loss
To assess astrocytic behavior over time after selec tive astrocyte deple-
tion, we used transgenic mice expressing the enhanc ed green fluo-
rescent protein (eGFP) under the control of the pan-astroglial Aldh1l1 
promoter 19. We have previously shown by acute ex vivo and in vivo 
two-photon imaging that human-derived recombinant A QP4-IgG 

Fig. 1 | AQP4-IgG-based selective astrocyte depleti on leads to efficient 
astrocytic lesion repopulation.  a, Protocol of AQP4-IgG-based astrocyte 
depletion in the somatosensory cortex of anesthetiz ed mice. Implantation of 
a permanent window allows chronic in vivo two-photo n microscopy imaging. 
b, Projected two-photon image z stacks (100�µm) from Aldh1l1GFP mice, 
demonstrating focal loss of astrocyte-expressing GF P signal. Vessels were 
visualized with administered intravenous injection of Texas Red dextran (70�kD). 
c, Z projections of the vascular channel from b (same scale as in b). d–g, AQP4-
IgG-mediated ablation of astrocytes does not alter vascular structure compared 
to the intracortical injection of a control antibod y (Ctrl-IgG). Vessel fractions 
(n�=�6 animals per condition; d) and average vessel diameters (n�=�6 animals per 
condition; e) determined in vessel segmentations (Mann–Whitney test, two 
sided). Average capillary diameters (AQP4-IgG—n�=�20 capillaries from three 
animals; Ctrl-IgG—n�=�35 capillaries from three animals; f) and RBC velocities in 
capillaries measured in vivo (AQP4-IgG—n�=�20 capillaries from three animals; 
Ctrl-IgG—n�=�35 capillaries from three animals; Mann–Whitney test, two sided; g). 
h, Using longitudinal in vivo two-photon imaging in Aldh1l1GFP mice, recoverage 

of the astrocyte-depleted area after AQP4-IgG injec tion was followed over  
60 days (top). Cells in the direct vicinity of the lesion (perilesional astrocytes, red 
arrowheads) remain in their location throughout the  experimental time period. 
Within the initially astrocyte-depleted area, an in creasing number of newly 
appearing astrocytes are detected (yellow arrowhead s) over time. Bottom: after 
Ctrl-IgG injection, cells in the direct vicinity of  the injection site (cyan dashed 
circles) are present throughout the whole follow-up  period (red arrowheads). 
i ,j , Quantification of mean depletion area size over t ime (AQP4-IgG, 1 dpi, 14 dpi, 
30 dpi and 60 dpi—n�=�7 lesions from six animals; 5 dpi—n�=�5 lesions from four 
animals; Ctrl-IgG, 1 dpi, 14 dpi, 30 dpi and 60 dpi—n�=�6 lesions from six animals, 
5 dpi—n�=�5 lesions from five animals) in i  and the cell number in the lesion area 
in j (AQP4-IgG, 1 dpi—n�=�9 lesions from eight animals, 5–60 dpi—n�=�7 lesions 
from six animals; Ctrl-IgG, 1 dpi—n�=�7 lesions from seven animals, 5–60 dpi—n�=�6 
lesions from six animals). * P�=�0.021, **P�<�0.01. (Mann–Whitney test, two sided). 
Data are represented as mean�±�s.e.m. RBC, red blood cell; NS, not significant. 
Schematic in a partly created in BioRender; Wyss, M. https://BioRender.com/
xib2ya2  (2026).
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Aldh1l1GFP labeling is difficult, we sparsely labeled astrocy tes with  
a low-dose tamoxifen injection in GLASTCreERT2 x ROSA26tdTomato  mice  
in combination with an intravenous injection of PHP .eB/2-hGFAP- 
EGFP viruses to achieve widespread astrocytic labeling to precisely 
localize the lesion borders (Fig. 3a). Five days after lesion induc-
tion, the territory occupied by a single astrocyte increased by ~70%, 
while the astrocyte domains from control areas rema ined stable 
(Extended Data Fig. 3a–c), corroborating the observ ations made in 
Aldh1l1GFP mice.

By tracking individual perilesional astrocytes over  several weeks, 
we observed focal swellings within the thick processes at varying dis-
tances from the astrocytic cell bodies (Fig. 3b), which were suggestive 
of nuclear structures. Topical application of the nuclear dye Hoechst 
33342 at 30 dpi confirmed that these structures con tained nuclei 
(Fig. 3b and Supplementary Video 2), revealing a substantia l prolifera-
tive activity in perilesional astrocytes.

With this longitudinal analysis, we could trace the newly appear-
ing intralesional astrocytes back to their corresponding perilesional 
mother cells and found that approximately 60% of al l perilesional  
astrocytes proliferated within 60 days after the le sion induction 
(Fig. 3c), compared to only 1% within Ctrl-IgG areas. This proliferation 
was not restricted to the juxtavascular niche (defi ned as astrocytic 
soma <5�µm away from a vessel wall) and could undergo several rounds 
of mitosis, generating up to four daughter cells (Fig. 3d).

Immunohistochemical staining with the proliferation  marker 
Ki67 confirmed astrocytic proliferation (Fig. 3e) in AQP4-IgG com-
pared to Ctrl-IgG areas. However, Ki67 only detects  cells that are 
in active phases of proliferation. To assess the pr oliferative capac-
ity over a longer period of the repopulation phase,  we treated mice 
with the nucleoside thymidine analog 5-ethynyl-2’-d eoxyuridine 
(EdU) for 7 days after lesion induction. The EdU de tection using 
co-immunolabeling of endogenous Aldh1l1GFP and GFAP in fixed tis-
sue revealed EdU+ perilesional astrocytes in AQP4-IgG areas (Fig. 3f,g). 
Again, a variable number of daughter cells could be  observed in perile-
sional areas. In line with the in vivo data, around  50–60% perilesional 
astrocytes were EdU+ at 14 dpi (Fig. 3g). To directly track nuclear 
division, we used the GLASTCreERT2 x Ai75D mouse line, which expresses 
nuclear-localized tdTomato upon tamoxifen induction , confirming 
their proliferative activity in vivo (Fig. 3h). These results demon-
strate a substantial proliferative capacity of cort ical astrocytes in 
the adult brain under conditions of selective and f ocal astrocyte 
loss, which is not restricted to the vascular niche  and not limited to 
a single-cell division.

Perilesional multinucleated astrocytes undergo nucleokinesis 
during lesion repopulation
We then wanted to visualize astrocyte repopulation dynamics with high 
temporal resolution in vivo. Repetitive imaging of individual mature 

proliferating astrocytes revealed daughter-cell nuc lei at large distances 
from their mother cells (Fig. 4a–c). The radius of cortical astrocytic 
domains typically ranges between 20 and 30�µm 25. Based on these 
previously defined astrocytic domains, we grouped d aughter cells 
into two categories—those with a short-range displacement (<30�µm) 
and those with a long-range displacement (>30�µm). Translocation 
activity was highest during the first 14 days after  AQP4-IgG injection 
(Fig. 4c). Approxi mately 75% daughter-cell nuclei relocali zed within 
the first 7 days, of which >60% (±4.7) moved more t han 30�µm away 
from their mother cell (Fig. 4d). In all Ctrl-IgG areas, only one single-cell 
nucleus relocalized.

Daily two-photon imaging sessions were insufficient to precisely 
track the movement patterns and speeds of transloca ting daughter-cell 
nuclei. To overcome this limitation, we applied a h igh-frequency 
two-photon imaging protocol in awake mice (Fig. 4e). We imaged 
the mice every 3�h over six consecutive days, precisely capturing the 
dynamics of daughter nuclei (Fig. 4f–h ). Interestingly, adult-born 
daughter-cell nuclei were squeezed through process extensions  
of mother cells in a saltatory manner (Fig. 4f–h  and Supplementary 
Video 3). The maximum speed of this process reached  3.5�µm�h�1  (Fig. 4i) 
with peak rates of 5.6�µm�h �1  and complete stops in between for up to 
9�h. The moving nuclei adopted an ellipsoid shape, regaining their 
circular form on completion of translocation (Fig. 4f ). Analysis of the 
nuclear shape by DAPI staining in fixed tissue at the time of maximum 
movement activity (5–8 dpi) confirmed that the nucl ei of intralesional 
astrocytes had a higher shape factor (length-to-wid th ratio) compared 
to control regions (Fig. 4j).

During development, nucleokinesis is a critical par t of newborn 
NPC migration, where the orchestrated extension of leading pro-
cesses and movement of cell bodies and nuclei enabl e guided migra-
tion to populate the neocortex 26. After separation from the mother 
cell, NPCs use long radial glial fibers as guidance to find their final 
location 27. We thus wondered whether the observed nucleokines is  
in peri lesional astrocytes shows similar mechanism s. Given the reso-
lution limits of light microscopy, we used correlat ive light and elec-
tron micro scopy followed by serial-section electro n microscopy to  
evaluate the ultrastructure of repopulating astrocy tes. EM seg-
mentation of perilesional astrocytes with long-rang e daughter-cell  
trans location and careful tracking of their membra nes at 10 dpi 
revealed that, despite their distance from each oth er, mother and 
daughter nuclei share the same cytoplasm (Fig. 4k–m ). Daughter-cell 
nuclei again had an elongated shape (n�=�3 mice) and sometimes 
nuclear blebbing (Fig. 4m), as is known to transiently occur dur-
ing nucleo kinesis in multiple cell types 28,29. These findings suggest  
against NPC-like migration, showing instead that pe rilesional astro-
cytes, following mitosis, remain in a multinucleate d intermediate  
phase, squeezing and guiding daughter-cell nuclei t o new astrocytic  
territories.

Fig. 2 | Astrocyte depletion-induced astrocyte reac tivity shows early 
morpho logical and functional changes.  a,b, Representative images (a) and 
traces (b) of three cells illustrating the vector-based anal ysis approach used 
for determination of the process length and angle �  (orange); white dashed 
lines project to the COL and the yellow dashed line  indicates the lesion border. 
Cyan arrows show individual vectors for main astroc ytic processes and the 
respective mean vectors are indicated by red arrows . Scale bar = 20 µm (all 
panels in a). c,d, Vector-based quantification of astrocytic process  lengths (c) 
and polarization ( d) up to 60 dpi; n�=�55 astrocytes from three to four lesions 
from three mice for AQP4-IgG, n�=�37 astrocytes from four lesions from four mice 
for Ctrl-IgG. * P�=�0.0428, ***P�<�0.001, ****P�<�0.0001; Friedman test followed by 
Dunn’s multiple comparisons test. e, Confocal images of immunohistochemical 
staining against GFAP of fixed brain tissue 5 days after AQP4-IgG or Ctrl-IgG 
injection. Right: higher magnification images from the perilesion of the boxed 
area in the overview image, illustrating the upregu lation of GFAP (DAPI in blue). 
f, Corresponding quantification of GFAP area intensi ty (AQP4-IgG—n�=�11 mice, 

Ctrl-IgG—n�=�8 mice). *P�=�0.0203; Mann–Whitney test, two sided. g, Schematic 
illustration of experimental workflow for imaging o f astrocytic calcium activity 
in astrocytes before and after AQP4-IgG/Ctrl-IgG in jection. h, Representative 
two-photon images of GCamP6s activity in astrocytes  from an AQP4-IgG-
injected and Ctrl-IgG-injected area 5 days after le sion induction (top and bottom, 
respectively). Color-coded images display calcium l evels in the same field of view 
at different time points. Right: individual traces from the indicated spots (1–5). 
i ,j , Quantification of calcium peak frequency ( i) and maximum peak amplitudes 
(j) at 1, 5 and 14 dpi for AQP4-IgG compared to Ctrl-IgG (AQP4-IgG, 1 dpi—n�=�39 
cells from six mice, 5 dpi—n�=�42 cells from six mice, 14 dpi—n�=�27 cells from five 
mice; Ctrl-IgG, 1 dpi—n�=�55 cells from seven mice, 5 dpi—n�=�41 cells from six mice, 
14 dpi—n�=�34 cells from four animals. ***P�<�0.001; Kruskal–Wallis test, two sided. 
Thick black lines represent the median, and fine bl ack dashed lines represent 
the first and third quartiles. COL, center of the l esion. Schematic in g created in 
BioRender; Wyss, M. https://BioRender.com/n18jcee  (2026).
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dataset with an average of 1,648,804,428.13 reads per sample, detecting 
an average of 16,600.75 genes per sample. After quality control (Meth-
ods; Extended Data Fig. 5a), an area of 800�µm radius surrounding the 
lesion center was further analyzed to capture spatially resolved gene 
expression patterns (Fig. 5a). Unsupervised clustering based on the 
top 20 principal components identified 16 distinct clusters, belong-
ing to five distinct cell types at 3 dpi and 5 dpi, and 17 clusters at 17 dpi 
(Extended Data Fig. 5b).

By focusing on clusters expressing canonical marker s such as 
Aldh1l1, Gfap, Aqp4, Gja1 and S100b, we identified two distinct astro-
cyte clusters (clusters 2 and 8 at 3 dpi, clusters 6 and 10 at 5 dpi; 
Extended Data Fig. 6a–c) and one astrocyte cluster at 17 dpi (cluster 4). 
These were further filtered and validated by spatia lly mapping the clus-
ters onto confocal images of tissue with pan-astroc ytic GFP expression.

Spatial integration revealed that cluster 8 at 3 dp i is local-
ized specifically at the lesion border, while clust er 2 represents 
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astrocytes located further away from the lesion core (Fig. 5a,b). Com-
paring the RNA profiles of these clusters with prev iously published 
reference astrocyte gene panels 30–35 revealed enrichment of healthy 
astrocyte-associated genes in cluster 2 at 3 dpi and 6 at 5 dpi. In contrast, 
genes associated with injury-associated astrocytes were predominantly 
enriched in cluster 8 at 3 dpi and cluster 10 at 5 dpi. Spatial mapping 
further supported these findings, showing that the injury-associated 
cluster was primarily confined to the lesion rim (F ig. 5a,b). To compare 
astrocyte transcriptomes in the perilesional area o ver time, we included 
17-dpi astrocytes located between the lesion center and 425.5�µm into 
the analysis (that is, the mean of the 75th percent ile from the den-
sity plots of clusters 8 and 10 at 3 and 5 dpi in Fig. 5b). Strikingly, con-
comitant with the completion of astrocyte repopulation (17 dpi), the 
injury-associated genetic profile was no longer detectable (Fig. 5b).

For a deeper characterization of the molecular chan ges in peri-
lesional astrocytes, we analyzed differentially exp ressed genes (DEGs) 
between injury-associated and unaffected astrocyte clusters. At day 
3, 1,551 identified DEGs (59.6%) were significantly upregulated or 
downregulated in injury-associated astrocytes; a si milar proportion 
(48.7% of 1,899) was observed at day 5, while only 21.5% genes remained  
differentially expressed by day 17 (of 1,123 DEGs and only 7.0% upregu-
lated), indicating a transient activation state (Fig. 5c). Among the top 
DEGs enriched in injury-associated astrocytes acros s time were classical  
reactivity markers such as Vim and Gfap, and gliogenic genes such 
as Trf , Igfbp2, Pcna and Mfge8 (Fig. 5d,e). Notably, Mfge8 displayed a 
distinct biphasic expression pattern, characterized  by an initial down-
regulation, followed by a rapid upregulation at the peak of astrocyte 
activation. Within the astrocyte lineage, Mfge8 serves diverse func-
tions—it not only promotes progenitor proliferation  and migration 
during development, but also acts as a gatekeeper of progenitor acti-
vation in the subventricular zone, orchestrates deb ris clearance in the 
crosstalk with microglia and contributes to the rea ctive phenotype 

in normal aging 36,37. This dynamic regulation of Mfge8 reflects its 
context-dependent function in modulating astrocyte activation.

Moreover, Tmsb4x and Tubb2b were also significantly upregu-
lated (Fig. 5f ). These genes are involved in active cytoskeletal remod-
eling and are known to promote neural progenitor migration during 
development 38,39 and tumor cell migration in several cancers, inclu ding  
glioma 40 . This indicates that repopulating astrocytes activ ate 
actin-associated and microtubule-associated structu ral remodeling 
programs, including nucleokinesis, during lesion re covery. Promi-
nently downregulated genes included canonical astro cyte markers, 
such as Aldoc, Aqp4 and Clu; gap junction-associated gene Gja1; branch 
complexity-associated gene Hepacam; and further genes related  
to synapse regulation and metabolism, such as Plpp3 (Fig. 5d,g).  
Immunohistochemical analysis confirmed an upregulat ion of some 
developmental proteins 10, such as GFAP (Fig. 2e–f ), vimentin and  
nestin, in repopulating astrocytes (Extended Data Fig. 7).

Gene Ontology (GO) analysis revealed significant enrichment of 
terms related to structural remodeling of cellular size and cytoskel-
etal architecture, and to the regulation of gliogen esis/neurogenesis  
within the injury-associated astrocyte cluster (Extended Data Fig. 8), 
suggesting a role for astrocyte remodeling during l esion recovery. 
Consistent with the identity of gray matter astrocy tes, terms associated 
with synapse function regulation were also highly enriched.

To further characterize the transcriptional signatu re of perilesional 
astrocytes during lesion recovery, we analyzed a se t of DEGs function-
ally associated with gliogenesis, regenerative acti vity and remodeling 
using a cassette of genes derived from gene set enrichment analysis,  
GO analysis pathway and literature sources (Supplementary Table 1). 
This revealed a time-dependent transcriptional traj ectory, charac-
terized by the early upregulation of plasticity-associated genes such  
as Vim, Igfbp2, Trf  and Grn, followed by a marked downregulation of 
Bcan, Htra1 and Luzp2 (Fig. 5h–j and Source Data Fig. 5), implicating 

Fig. 5 | Spatiotemporal transcriptomic analysis rev eals transient injury-
associated signature.  a, Spatial distribution of astrocytic subclusters at  3 dpi.  
Left: overlay of ST spots on a confocal image of endogenously expressed 
astrocytic GFP (Aldh1l1GFP mouse line). Middle and right: zoom-in of the boxe d  
area above with single GFP channel (middle) and wit h respective overlay of 
astrocytic clusters (right). Image is representativ e of similar results observed in  
seven lesions from four mice. b, Spatial density distribution of injury-associated 
versus unaffected astrocyte clusters over time. Bot tom: the mean distance of 
75th percentile of injury-associated cluster distri bution at earlier time points  
is indicated by red dashed line. c, Number of significantly upregulated, down-
regulated or not regulated genes (of 1,845) at each  time point after lesion 
induction (left). Right: temporal evolution of DEGs  initially identified as upregulated  
or downregulated at 3 dpi. d, Volcano plot comparing injury-associated with 
unaffected astrocytes at 3 dpi. Vertical position r eflects significance (�log 10 (Padj)).  
Red dots indicate significantly upregulated or down regulated genes. Wilcoxon 

rank-sum test with BH correction for multiple compa risons. e, Spatial projection 
of selected top upregulated genes on the coordinate  system with 0 representing 
the lesion core (3 and 5 dpi). Color gradient indic ates the mean gene expression 
level. f , Heatmap showing fold change of the top 15 upregul ated genes.  
g, Downregulated genes in the injury-associated astr ocyte cluster at 3 and 5 dpi 
across time. h, Dynamics of the mean expression of regeneration-a ssociated 
and remodeling-associated DEGs across time. i , Density plot of mean expression 
levels for regeneration-associated (top) and remode ling-associated DEGs 
(bottom) depending on distance from the lesion cent er at 3, 5 and 17 dpi  
(3 dpi—n�=�7 lesions from four mice; 5 dpi—n�=�4 lesions from two mice;  
17 dpi—4 lesions from two mice). Data are represented as mean�±�s.e.m. j , Mean 
expression levels of individual genes in the injury -associated astrocyte cluster 
over time. Selected genes are color-coded, the rema ining regeneration- and 
remodeling-associated genes are shown in gray. BH, Benjamini–Hochberg;  
ass., associated.

Fig. 4 | Multinucleated astrocytes use nucleokinesi s for lesion repopulation.  
a,b, Examples of tdTom + astrocytes undergoing mitosis followed by short-ra nge 
(a) or long-range (b) translocation of daughter-cell nuclei (yellow arr owheads). 
Nuclear counterstaining is shown at last imaging ti me point (30 dpi) with 
Hoechst 33342 in vivo. c, Distance of adult-born astrocyte nuclei from thei r 
mother cells over time ( n�=�61 cells from six mice). Dashed line indicates the 
threshold for short-range and long-range displaceme nt. d, Frequencies of 
different behaviors of proliferating astrocytes (da ta from c). e–j, High-frequency 
time-lapse imaging in awake mice revealing saltator y movement of adult-born 
astrocytic nuclei. Experimental workflow ( e). f , Time lapses of an individual 
perilesional astrocyte (red arrowhead; Supplementar y Video 3), showing its 
remodeling and proliferation, giving birth to two p rogenies (cyan and yellow 
arrowheads). The yellow arrowhead indicates the sta tionary daughter cell and 
the cyan arrowhead shows the migratory daughter nuc leus. g, The astrocyte from 
f and its daughter cell are identified in postfixed tissue and counterstained with 
DAPI. Examples of speed traces of individually trac ked astrocytic nuclei ( h) as 

well as distribution of speed maxima ( i ; n�=�7 nuclei from four mice; thick black 
line represents mean, and thin black lines represen t s.e.m.). h, Cyan-colored 
lines indicate the nuclei shown in cyan in f . The elongated shape of the nucleus 
during nucleokinesis ( f) is noted. j , Change in nuclear shape in astrocytes 5 dpi in 
AQP4-IgG-IgG (n�=�52 nuclei from five mice) and Ctrl-IgG-injected areas (n�=�48 
from four mice) in fixed tissue. *** P�<�0.001; Mann–Whitney test, two sided. Data 
are represented as mean�±�s.e.m. k , In vivo two-photon z-projected stack of a 
repopulating astrocyte (white arrowhead) with trans located daughter nucleus 
(yellow arrowhead) 10 days after AQP4-IgG injection . l , Two-photon image of 
the cell pair from k in postfixed tissue, counterstained with DAPI (cya n). Scale 
bars�=�20�µm. m, The 3D surface rendering of the cell pair from k and l  obtained 
by volume correlative light and electron microscopy  with array tomography 
analysis. i–iv, representative EM sections (boxed a reas in m, demonstrating that 
mother and daughter nuclei share the same cytoplasm ). The EM segmentation 
is representative of at least three biological repl icates. Schematic in e created in 
BioRender; Wyss, M. https://BioRender.com/fmu6gzg  (2026).
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nuclear translocation through shared cytoplasm, rat her than with 
long-range cell migration. This contrasts with developmental neuro-
genesis, where neural and glial progenitors migrate along radial glial 
fibers into the cortex 55,56. In the adult brain, our data are consistent with 
previous studies that failed to observe directed as trocyte migration 
in border-forming lesions 7–9. Instead, astrocyte repopulation after 
spatially confined astrocyte loss appears to rely o n extensive structural 
remodeling, including polarization, process elongat ion and centripetal 
translocation of daughter-cell nuclei toward the lesion core.

Within the CNS, nucleokinesis is a well-characteriz ed component 
of neural progenitor migration during development, involving coor-
dinated cytoskeletal remodeling and saltatory nucle ar movement 26,57. 
The real-time visualization of nuclear translocatio n in adult astro-
cytes provided here demonstrates that similar cellu lar machinery 
can be engaged outside of developmental contexts. I n awake mice, 
we observed nuclear translocation speeds and pause dynamics com-
parable to those reported for migrating progenitors 26,56–58. These 
movements were accompanied by transient nuclear def ormation, 
consistent with the mechanical constraints imposed by nuclear 
translocation 57. While the functional significance of these nuclea r 
movements in astrocytes remains to be determined, th eir consist-
ent association with astrocyte repopulation in border -free lesions 
suggests that nucleokinesis is a prominent feature of the astrocyte 
response to focal astrocyte loss.

Astrocyte behavior following astrocyte loss has pri marily been 
studied in traumatic injury, stroke or genetic astr ocytopathies such as 
Alexander disease4. In these contexts, astrocytes typically contribute 
to glial border formation rather than repopulation of the lesion core. 
Consistent with this, we found that astrocyte repop ulation and nuclear 
translocation were markedly reduced in border-formi ng stroke lesions 
of comparable size. By contrast, when astrocyte los s occurred without 
border formation, in both the AQP4-IgG model and la rge-volume apop-
totic ablation paradigms, astrocyte remodeling and repopulation were 
more pronounced. The extent of astrocyte loss stron gly influenced the 
magnitude of these responses, suggesting that large -scale astrocyte 
depletion may exceed the compensatory capacity of h ypertrophy and 
process elongation alone. Although our data do not establish a causal 
mechanism, they highlight lesion volume as a key parameter shaping 
astrocyte remodeling dynamics.

Astrocytic contact proteins, such as connexins, Hep acam, 
neuroligin and AQP4, are known to regulate astrocyt e maturation, 
proliferation and territorial organization 59,60. Indeed, we observed 
downregulation of several contact-inhibition-associ ated genes, 
including Hepacam, Aqp4 and Gja1 in perilesional astrocytes after 
selective astrocyte loss. This transcriptional shif t was accompanied 
by reduced Cx43 expression, yet genetic deletion of  astrocytic con-
nexins did not impair astrocyte remodeling or repop ulation in our 
model. These findings suggest that, while contact-i nhibition pathways 
may be altered after astrocyte loss, connexin-media ted gap junction 
signaling is not required for the observed astrocyt e responses. More 
broadly, our ST analyses revealed a transient injur y-associated tran-
scriptional state that resolved over time as astroc yte repopulation 
progressed. This dynamic regulation aligns with rec ent studies show-
ing context-dependent astrocyte state transitions a fter inflammatory 
or degenerative insults 31,61–63 and suggests that adult astrocytes retain 
substantial transcriptional plasticity.

The relevance of these findings to human disease is underscored 
by our analysis of NMOSD brain tissue. In human AQP4-IgG+ lesions, 
we observed multinucleated, elongated and occasiona lly proliferative 
astrocytes in perilesional and lesional regions—fea tures that resemble 
the astrocyte remodeling responses observed in our mouse model. 
Similar bipolar GFAP+ cells have previously been reported in NMOSD 
lesions and interpreted as astrocyte precursor-like  cells of uncer-
tain origin 64. Our data suggest that astrocyte remodeling respon ses 
involving multinucleation and nucleokinesis may als o occur in human 

astrocytopathies. However, the functional consequen ces of these cel-
lular states in NMOSD or other neurological disease s remain unknown. 
Moreover, the focal astrocyte-depletion models used  here do not 
capture the full complexity of human disease pathol ogy, including 
immune-mediated mechanisms, chronic inflammation an d widespread 
tissue damage.

In conclusion, using multimodal, high-resolution in  vivo imaging 
and STs, we provide a comprehensive characterizatio n of astrocyte 
remodeling and repopulation after focal astrocyte l oss in the adult 
brain. Our findings reveal that astrocyte responses to focal astrocyte 
depletion involve sustained multinucleated states, nuclear trans-
location and dynamic transcriptional changes, with the magnitude 
of these responses strongly influenced by lesion co ntext and size. 
While the functional implications of these cellular  behaviors remain 
to be established, this work highlights the remarka ble plasticity of 
mature astrocytes and provides a foundation for future studies inves-
tigating how astrocyte remodeling contributes to tissue responses in 
neurological disease.
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Methods
Animals
In this study, 4–8-month-old male and female mice w ere used. All 
animals were kept in an inverted 12-h light/12-hour  dark cycle at 
temperature-controlled and humidity-controlled husb andry condi-
tions (22–24�°C, 50–60% relative humidity) with unl imited access to 
food and water. Male and female littermates were al located equally 
to the control and experimental groups unless expli citly stated oth-
erwise. All animal experiments were approved by the local veterinary 
authorities according to the guidelines of the Swis s Animal Protection 
Law, Veterinary Office, Canton Zurich (Animal Welfa re Act of 16 Decem-
ber 2005 and Animal Protection Ordinance of 23 April 2008, licenses 
ZH217/2020 and ZH181/2024).

To visualize astrocytes, the aldehyde dehydrogenase  1 family 
member L1 Aldh1l1GFP mouse strain (Tg(Aldh1l1-EGFP)OFC789Gsat/ 
Mmucd) was obtained from MMRRC. For experiments measurin g  
astrocytic calcium activity, C57BL/6J mice from Cha rles River 
were injected with viral constructs to induce GCaMP 6s expression  
in astrocytes (for details, see subsection ‘Injecti on of genetically  
encoded calcium indicators’). To trace individual a strocytes, 
GLASTCreERT2 x ROSA26tdTomato  mice were injected once with a low 
dose of tamoxifen (30�mg�kg �1  intraperitoneal, 3�mg�ml �1  in corn oil)  
to obtain sparse red astrocyte labeling. In additio n, ssAAV-PHP.
eB/2-hGFAP-EGFP-WPRE-hGHp(A) virus (50�µl of 2.0�×�1013 particles 
per ml; Viral Vector Facility, UZH) was administere d intravenously 
to obtain widespread astrocytic GFP expression for identification of  
the perilesional area.

GLASTCreERT2 x Cx30/Cx43fl/fl  mice46 were used to study the role of 
astrocytic gap junction coupling 4 weeks after tamo xifen injection (for 
five consecutive days, 100�mg�kg �1  intraperitoneal, 10�mg�ml �1  in corn 
oil). Littermates negative for Cre served as contro l mice (GLAST+/+ x 
Cx30/Cx43fl/fl ). Over 90% loss of Cx30 and Cx43 in the cortex has been 
previously confirmed in immunohistochemical section s of these knock-
out mice at 30 dpi 46. The ssAAV-PHP.eB/2-hGFAP-EGFP-WPRE-hGHp(A) 
was administered intravenously injected (50�µl of 2 .0�×�1013 particles 
per ml) 3 weeks before surgery for visualization of  astrocytes. To track 
nuclei in vivo, the GLASTCreERT2 x Ai75D mice were injected with tamoxifen 
(for five consecutive days, 100�mg�kg �1  intraperitoneal, 10�mg�ml �1  in 
corn oil) 4 weeks and with ssAAV-PHP.eB/2-hGFAP-EGFP-WPRE-hGHp(A) 
for visualization of astrocytes (50�µl of 2.0�×�10 13 particles per ml)  
3 weeks before surgery.

Surgical interventions
Surgical interventions were performed on two separate days. During 
anesthesia, vitamin A eye ointment was applied to p revent corneal 
desiccation. To prevent dehydration, 10�ml�kg �1  of prewarmed Ringer-
fundin was subcutaneously injected before beginning  the intervention. 
Oxygen was delivered (200 cc�min �1 ) to prevent hypoxemia. Animals’ 
vital signs and temperature were monitored and controlled through 
MARTA Pad (Vigilitech).

Headplate implantation . Animals were anesthetized with iso-
flurane (2–2.5%) in a mixture of O2 and air (30%/70%) at a flow rate  
of 300�ml�min �1 . For headplate implantation, animals were fixed 
in a stereotaxic frame (Model 900; David Kopf Instr uments). The 
head region was shaved, disinfected (Kodan; Schulke  & Mayr), and  
anesthetized by local subcutaneous injection of a m ixture of lido-
caine (10�mg�ml �1 ) and bupivacaine (5�mg�ml �1 ). The skull surface was  
exposed by a midline incision (1.2–1.5�cm long), cleaned by removing 
the connective tissue and covered with a bonding ag ent (One Coat  
7 Universal, Coltene). Next, a custom-made stainles s steel head-
plate was positioned centrally above the exposed bone and attached  
by multiple layers of blue light-curing dental ceme nt (Tetric Evo-
Flow, Ivoclar Vivodent) while sparing the area desi gnated for later  
craniotomy.

AQP4-IgG/Ctrl-IgG injection . Next, 2–3 days after headplate implan-
tation, animals were anesthetized by intraperitoneal injection of a mix-
ture of fentanyl (0.05�mg�kg �1  bodyweight (BW); Sintenyl; Sintetica), 
midazolam (5�mg�kg �1  BW; Roche) and medetomidine (0.5�mg�kg �1  
BW; Orion Pharma) and reapplied as needed (after about 60�min). 
A craniotomy above the left somatosensory cortex wa s performed 
using a dental drill (0.2-mm diameter, H-4-002HP; R otatec GmbH). 
After craniotomy and durotomy, a mixture of a human  IgG1 recombi-
nant antibody AQP4-IgG (0.1–3�µg�µl �1 , clone 7-5-53), reconstructed 
from a clonotypic plasma blast obtained from the ce rebrospinal fluid 
of a patient with AQP4-IgG + NMOSD65 together with human com-
plement (15–30�U�ml �1 ; Sigma-Aldrich, S1764), was injected using a 
custom-made microinjector and a pulled glass capill ary (Drummond 
PCR micropipettes, Drummond Scientific) with a tip diameter of 
35–45�µm. A volume of 130�nl was distributed betwee n 0 and 300�µm 
depth in 100�µm steps (Fig. 1a), and additional 90�nl was slowly infused 
(20�nl�min �1 ) during insertion and retraction of the pipette to  keep it 
patent. In control lesions, the recombinant Ctrl-Ig G (0.1–3�µg�µl�1 , 
clone ICOS-5-2) of the same isotype as AQP4-IgG (human IgG1), of 
unknown specificity from a patient with meningitis,  was injected 
together with complement in the same fashion 65. For two-photon 
imaging, a chronic window was implanted (see subsec tion ‘Chronic 
window implantation’). Anesthesia was reversed by i ntraperitoneal 
injection of a mixture of flumazenil (0.9�mg�kg �1  BW) and atipamezole 
(45�mg�kg �1  BW). After surgeries, animals were treated with bu prenor-
phine (0.1�mg�kg �1  BW, subcutaneous) and carprofen (10�mg�kg �1  BW, 
subcutaneous). Thereafter, carprofen treatment was continued twice 
a day for 3 days.

Injection of genetically encoded calcium indicators . In C57BL/6J 
mice, headplate implantation, craniotomy and duroto my were 
performed as described above. Three to four neighbo ring injec-
tions of adeno-associated virus (1.6�×�1012 particles per ml of 
AAV9-hGFAP-GCaMP6s; Viral Vector Facility, UZH; 125�nl per injection) 
were performed with a custom-made microinjector to achieve multiple 
overlapping spots where astrocyte depletion was lat er induced (see 
above). Viral injections were performed through a glass capillary at a 
depth of 350 and 200�µm from the brain surface. Large blood vessels 
were avoided to prevent bleeding and hemoglobin-med iated light 
absorption during imaging. A chronic window was imp lanted (see 
subsection ‘Chronic window implantation’). Three we eks after virus 
injection and baseline imaging, the chronic window was again removed 
and AQP4-IgG/Ctrl-IgG/complement was injected.

Chronic window implantation . For chronic two-photon measure-
ments, a square sapphire glass (3�×�3�mm; HEBO Spezialglas) was 
implanted after the completed virus or antibody injection. The glass 
was gently placed and sealed with light-curing dental cement (Tetric 
Evoflow, Ivoclar Vivodent).

In vivo nuclear staining . In a subset of animals, the cranial window was 
removed 30 days after lesion induction and the nuclear dye Hoechst 
33342 (0.1�mg�ml�1 , 2�×�15�min) was applied for nuclear staining in vivo. 
After implantation of a new chronic window, lesions were imaged the 
following day.

Behavior training for awake two-photon imaging
Mouse handling started before headplate implantatio n, multiple times 
a day for 3 days, to familiarize the animals with th e experimenter. 
Two days after headplate implantation, handling was  resumed. Ani-
mals were adapted to the head fixation by restraini ng them with the 
implanted headplate several times a day, with a gra dual increase in 
restraint time from seconds up to several minutes. The last few train-
ing sessions took place in the microscopic setup with the microscope 
and shutters operating to familiarize the animals w ith the setup. After 
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an extensive training period of about 1 week, animals tolerated head 
fixation for the duration of a 15–20�min imaging se ssion while being 
able to move on a custom-made air-lifted platform.

Anesthetized and awake in vivo two-photon microscopy 
imaging
Two-photon imaging was performed with a custom-made  two-photon 
laser scanning microscope 66 equipped with two two-photon lasers 
(Chameleon Discovery NX, Coherent) and a ×25 water-immersion 
objective (W Plan-Apochromat ×25/1.05 NA, Olympus).  The tunable 
laser was set to 920�nm to excite GFP and GCaMP6s or to 780�nm to 
excite Hoechst. A second laser with a fixed 1,040�nm wavelength line 
was used to excite tdTomato. The emitted light was focused on the 
photomultiplier (Hamamatsu, H9305-03) equipped with  emission 
filters for blue fluorescence (475/64 Brightline HC , AHF Analysen-
technik), green (535/50 Brightline HC, AHF Analysentechnik) and red 
fluorescence (607/70, 607/70 Brightline HC, AHF Ana lysentechnik). A 
dichroic mirror at 506 and 560�nm separated the emi ssion light beam. 
ScanImage67 and custom-written LabVIEW software were used for 
image control and data acquisition.

Anesthetized imaging . Mice were anesthetized using isoflurane. 
During image acquisition, isoflurane was supplied t hrough a face 
mask (1.5–2% in O2 and air). Thus, 24�h after antibody injection, the  first 
images were acquired and then afterwards at predefined time points 
(see Results). Stacks were acquired with 512�×�512 pixels at 0.74�Hz for 
overview and with 2,048�×�2,048 pixels at 0.37�Hz f or detailed signal 
analysis. For calcium measurements, we chose a concentration of iso-
flurane that has previously shown very little inter ference with baseline 
calcium activity in astrocytes 68. Calcium signals were measured at fre-
quencies of 11.84�Hz over a period of 120�s (128�×�128 pixels, 0.5�ms per 
line, zoom 6) from two to three different spots of astrocyte-depleted 
or control lesions.

Vasculature imaging . The vasculature was labeled by administered 
intravenous injection of 50�µl of 2.5% (wt/vol in saline) of 70 kD Texas 
Red dextran (Thermo Fisher Scientific, D1830). The dye was excited at 
a wavelength of 870�nm. For structural assessment o f the capillary bed, 
z stacks were acquired at 1.0-µm step size with a resolution of 512�×�512 
pixels at 0.74�Hz. Red blood cell velocity was measured along the ves-
sel midline with line scans (256�×�256 pixels, 6.1�Hz) and subsequently 
processed by a custom-designed image processing toolbox (Cellular 
and Hemodynamics Processing Suite 69 in MATLAB (The MathWorks, 
R2017b)) using the Radon transform. Using a Gaussian fitted intensity 
profile drawn perpendicular to the vessel midline, the vessel’s diameter 
was calculated at full-width half maximum.

Awake imaging . Twenty-four hours after antibody injection, initia l 
images were acquired. After 3–5 days, acquisitions were performed 
every 3�h for six consecutive days, followed by ima ging sessions at lower 
frequency as for anesthetized imaging (2, 4 and 8 weeks).

Photothrombotic stroke induction
The photosensitive dye Rose Bengal (4,5,6,7-tetrach loro-2�,4�,5�,7�- 
tetraiodofluorescein; 100�µl administered intraveno us, 20�mg�ml �1  in 
NaCl; Thermo Fisher Scientific, A17053) was administered through 
tail vein catheter. After established protocols 70, feeding and draining 
arterioles and venules within a ~400�µm radius fiel d were targeted 
using a two-photon laser line scan (720�nm, 90�mW p ower at the 
objective) along the vessel midline until complete cessation of blood  
flow. Photoactivation of the dye generates reactive oxygen species 
finally leading to thrombosis. To generate a locali zed, circumferential 
lesion, multiple feeding and draining arterioles we re irradiated and 
occluded to disrupt blood supply to the central vas cular territory 
of interest.

2Phatal astrocyte ablation
Headplate implantation, craniotomy and durotomy were performed 
in Aldh1l1GFP animals as described above. Hoechst 33342 (0.1�mg�ml�1 ; 
Invitrogen) was a bath applied topically for 2�×�5� min. Hoechst was 
thoroughly washed from the cortical surface with Ri nger’s solution 
and a cranial window was put in place as described above. One day 
after surgery, fluorescently labeled nuclei of diff erent numbers of 
astrocytes were targeted over a square region of interest (ROI) with a 
focused two-photon laser (Chameleon Discovery NX, C oherent) tuned 
to a wavelength of 775�nm. ROIs were scanned 240 times with 16�×�16 
pixels at 23.67�Hz (resulting in 10�s total irradia tion time) through a 
×25 water-immersion objective (W Plan-Apochromat ×2 5/1.05 NA, 
Olympus) at 50�mW laser power (measured under the o bjective) to 
induce apoptosis (as described in ref. 18). Laser output power was 
increased by 10�mW for every 30�µm increase in z direction for cells in 
deeper areas to account for light scattering and ab sorption. Images of 
the lesion area were acquired under isoflurane anesthesia at different 
time points after 2Phatal cell ablation.

Image analysis
Images were processed using the open-source image analysis soft-
ware Fiji (ImageJ (v2.1.0))71. For display purposes, two-dimensional 
(2D) images were generated using z-maximum intensity projections  
for merged channels. In nonquantitative panels, the  � value  
was adjusted nonlinearly to enhance visibility of l ow-intensity objects. 
Datasets were processed with Excel (Microsoft). Fig ures 1–8 and 
Extended Data Figs. 1–9 were crafted with Affinity Designer 2 (Serif). 
Graphical illustrations of experimental protocols w ere generated 
with BioRender.

Vector analysis . Astrocytes were chosen randomly from perilesional 
areas. Distal ends of primary astrocytic processes,  location of cell 
soma, as well as the center of the lesion were manually marked by 
single-point ROIs in two-photon image stacks taken 1, 5, 14 and 60 
days after AQP4-IgG-mediated lesion induction. Coordinates of ROIs 
in x, y and z were extracted. From these coordinates, every proc ess was 
assigned a vector that reflected its length and ori entation. This allowed 
for calculation of an average vector for every cell  (equation ( 11)) by 
means of a custom-written Python script (v3.6.5), summarizing both 
length and orientation of the cell’s primary proces ses. These measures 
could then be compared over different time points. In controls, the 
average diameter of AQP4-IgG-mediated lesions at 1 dpi was used as a 
safety margin to avoid analyzing possible astrocytic changes in close 
proximity to mechanical injury. Only astrocytes out side of, but adjacent 
to, this margin were quantified.
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Here the coordinates of the average vector U are calculated by 
averaging the x, y and z coordinates of all vectors within a cell.

Lesion size and cell number analysis . In vivo image stacks of  
Aldh1l1GFP mice taken 1 day after antibody injection were z projected 
over 50–150-µm depth and used for lesion area calculation. The num-
ber of intralesional astrocytes was assessed by manually counting all 
GFP+ cell bodies that appeared within this lesion area over different 
imaging time points.

Proliferation rate . All perilesional astrocytes of a randomly chosen 
quadrant of the lesion were marked in images taken 1 dpi and then 
tracked over several time points (up to 60 dpi) to detect proliferation. 
In control conditions, astrocytes at the same avera ge distance from the 
site of injection were tracked similarly in random quadrants.
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Calcium activity . Image analysis was performed using ImageJ and 
a custom-designed image processing toolbox, Cellula r and Hemo-
dynamic Image Processing Suite 69 based on MATLAB (The Math-
Works, R2017b). Calcium transients were quantified by an unbiased 
algorithm 23,72. ROIs were selected by combining hand selection of  
astrocytes based on the high-resolution acquisition  (512�×�512 pix-
els) and automated ROI detection with an activity-b ased algorithm 72 
using the 128�×�128 pixel images. A 2D spatial Gaussian filter (� �=�2�µm) 
and a temporal moving average filter (width�=�1�s) were applied to all 
images to reduce noise. A moving threshold for each  pixel was defined 
in the filtered stack as the mean intensity, as wel l as five times the 
s.d. of the same pixel in the preceding 3�s. Using this sliding box-car 
approach, active pixels were identified as those th at exceeded the 
threshold. Active pixels were grouped in space (rad ius�=�2�µm) and 
time (width�=�1�s).

Astrocyte territory analysis . Territories of sparsely labeled tdTomato + 
astrocytes in in vivo images were segmented using the Fiji segmenta-
tion editor plugin on multiple optical sections of the z stacks. ROIs were 
interpolated across slices, and the ROI area was determined for every 
slice. Astrocyte territories were compared between images acquired 
at 1 dpi and 5 dpi. The 3D surface rendering and visualization were per-
formed using Imaris software (v10.0; Bitplane, Oxford Instruments).

Nuclear shape factor calculation . DAPI stainings in fixed sections 
from AQP4-IgG and Ctrl-IgG-injected areas at 5 dpi were analyzed. 
All astrocytes within the lesion were included and the shape factor 
(length-to-width ratio) of their nucleus was calculated for each cell.

Interventional experiments . In connexin knockout mice, lesion size, 
vector-based process length, orientation and proliferation rate were 
analyzed between genotypes in a blinded manner.

Vessel segmentation analysis
Three-dimensional volumes were segmented by slicing  the volume 
along the depth direction into 2D slices. To avoid bias in the segmen-
tation algorithm toward extreme values, we set all values >99th per -
centile intensity to this cutoff value. To obtain the threshold value for 
segmentation, we used Li pattern recognition 73, implemented in the 
Python scikit-image library 74. To prevent extreme threshold values of 
the Li algorithm in the presence of imaging artifac ts, we set the seg-
mentation threshold to the mean value of the 3D vol ume if the obtained 
threshold is less than this for the respective 2D slice. To remove noise 
and small pixel clusters, one binary opening operat ion was performed 
after thresholding. To filter out superficial (dept h�=�0–20�µm) large 
vessels from the 3D volumes, connected areas that covered more than 
200,000 voxels were disregarded. The vessel volume was calculated by 
multiplying the number of voxels classified as vessels by the physical 
volume of a voxel. The volume fraction was calculated by dividing the 
number of voxels classified as vessels by the total number of voxels in 
the ROI. To obtain the vasculature surface area, we used the findCon-
tours function of OpenCV 75. The vessel diameter was calculated by 
skeletonizing the segmentation 76 and applying a median filter of voxel 
size three. After sampling points along the centerline and calculating 
the distance between each point and the inverse seg mentation, the 
minimum calculated distance was used as the radius of a vessel at a 
respective point.

Immunohistochemistry and histological analysis
Animals were intraperitoneally injected with pentob arbital 
(200�mg�kg �1  BW) for terminal anesthesia. Animals were perfused  
transcardially with 4% paraformaldehyde (PFA) in 0. 0.1�M PBS (1× 
PBS; 1.5�mM KH2PO4, 2.7�mM KCl, 8.1�mM Na2HPO4 and 137�mM NaCl), 
postfixed for 3�h in 4% PFA, then dissected and transferred to 30% 
sucrose (Sigma-Aldrich) solution in PBS for cryoprotection overnight 

at 8�°C. Brains were placed in embedding medium (Richard-Allen Sci-
entific, NEG-50) with the apical cortical surface f acing the cutting 
plane and then cut into 30-µm sections in a cryosta t (Leica Biosys-
tems AG, CM3050S). Antibodies were diluted in 0.3% Triton X-100 
(Sigma-Aldrich) and 5% normal donkey serum (Abcam, ab7475) in 
Tris–buffered saline. The following antibodies have  been used: chicken 
anti-GFAP (1:1,000; Abcam, ab4674), rabbit anti-Ki67 (1:500; Abcam, 
ab16667), rabbit anti-SOX2 (1:500; Thermo Fisher Scientific, PA1-094), 
chicken antivimentin (1:100; Abcam, ab24525), rabbi t anti-NeuN (1:700; 
Abcam, ab177487), rabbit anti-Cx43 (1:300; Cell Signaling Technology, 
3512) and rabbit antinestin (1:200; Abcam, ab221660 ). For staining with 
nestin, antigen retrieval was performed by microwav e for 10�min in 
80�°C citric acid (0.1�M citric acid, 0.1�M tripota ssium citrate-2-hydrate 
in ddH 2O). For all stainings, slices were incubated with t he appropri-
ate secondary antibodies and DAPI (1:1,000; Abcam, ab228549) for 
nuclear counterstaining.

Confocal microscopy . Samples were scanned with Zeiss confocal 
microscopes (CLSM 700, CLSM 800 and CLSM 900) equip ped with ZEN 
2011 (Black Edition, V7.1) using ×10 air objectives (Plan-Apochromat 
×10/0.45 M27, Zeiss), ×25 oil-immersed objectives (LCI Plan-Neofluar 
×25/0.8 Imm Corr DIC M27, Zeiss) or ×40 oil-immerse d objectives 
(Plan-Apochromat ×40/1.4 Oil DIC M27, Zeiss). For GFAP, vimentin, 
nestin and SOX2 quantification, intensity in z-projected 30-µm stacks 
was measured in an area encompassing perilesional astrocytes after 
subtraction of background intensity in an adjacent unaffected region. 
The same area size and distance from the lesion core were used for the 
control condition.

EdU administration and imaging
EdU was administered through drinking water (0.4�mg�ml �1 ) immedi-
ately after antibody injection. In addition, a sing le intraperitoneal injec-
tion of EdU (5�mg�ml �1 , 25�mg�kg�1  BW) in NaCl was given. EdU-supplied 
water was provided for 7 days and then substituted for regular drinking 
water. EdU-supplied water was renewed at the latest after 3 days. Ani-
mals were perfused 14 days after lesion induction. Detection of EdU 
incorporation was performed using a commercially av ailable detection 
kit (BCK-EdU-647, Click-iT, BaseClick). After the d etection protocol, 
either additional stainings were performed as descr ibed above or DAPI 
alone in Tris–Triton buffer was added and left to incubate for 20�min.

Immunohistochemistry of human biopsy and autopsy tissue 
samples and image acquisition
Formalin-fixed paraffin-embedded human CNS material  was obtained 
from the archive of the Department of Neuropathology , University 
Medical Center Gottingen, in accordance with protoc ol approval by 
the Ethics Committee of the University Medical Cent er Gottingen 
(vote 19/9/10). A positive AQP4-antibody status was  confirmed for the 
patients diagnosed after 2005; the status for one p atient autopsied 
in 1962 is unknown. For this patient, only clinical  data are available, 
which indicate that the patient presented with acute myelitis an d area 
postrema syndrome, both key features of AQP4-IgG + NMOSD. The diag-
nosis was histologically and immunohistochemically confirmed by the 
observation of lesions with damaged astrocytes, the loss of GFAP and 
AQP4, as well as variable demyelination and macrophage infiltration.

For our present study, 5–6-µm-thick slices were cut . Nuclear 
structures were labeled using hematoxylin. Immunohi stochemical 
stainings were performed against GFAP (1:50; Dako, M0761) and AQP4 
(1:200; Sigma-Aldrich, A5971). Proliferating cells were nuclear labeled 
with the Ki67 antibody (1:200; Dako, GA626). The pr imary antibody 
binding was visualized using a biotinylated seconda ry antibody, fol-
lowed by developing with avidin-peroxidase and diam inobenzidine 
or 3-amino-9-ethylcarbazole.

Whole slide scans of GFAP-stained tissue slices were acquired 
at ×200 magnification using an Olympus VS120 slide scanner for 
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quantification of multinucleated astrocytes. To rev eal morphologi-
cal features of single cell, high-magnification (×400, ×1,000) images 
of selected regions were acquired using an Olympus BX63 microscope. 
For astrocyte phenotype quantification, cells were classified as ‘migra-
tory progenitor-like astrocytes’ only if they showe d multinucleation 
and/or a bipolar morphology.

Correlative light and electron microscopy
Section preparation . Animals were intraperitoneally injected 
with pentobarbital (200�mg�kg �1  BW) for terminal anesthesia. Mice  
were perfused with a fixative containing 2% formald ehyde and 2.5% 
glutaraldehyde in phosphate buffer (0.1�M, pH 7.4) after the final  
imaging session. Brains were removed from the skull  and postfixed 
in the same fixation solution for 3�h, washed brief ly in phosphate 
buffer and 100-µm-thick sections were collected wit h a vibratome  
(Leica VT1200 S). Sections were stained with nuclear staining  
DAPI (1:500) for 20�min, followed by imaging with a  multiphoton micro-
scope (Leica SP8 MP Dive Falcon), equipped with a ×25 NA 1.00 water 
objective (HC IRAPO L ×25/1.0�W motCORR; Leica Microsystems). 
We acquired three fluorescence channels (excitation laser at 720�nm 
DAPI; excitation laser at 950�nm eGFP; excitation l aser at 1,040�nm 
tdTomato) and used a transmission PMT to obtain add itional struc -
tural information (location of blood vessels). Overview images of the 
whole sections were collected as well as complete z stacks of ROIs  
(voxel size�=�170�×�170�×�800�nm). The sections were placed back into 
fixative solution before further processing for electron microscopy.

Serial-section electron microscopy . The vibratome sections were 
fixed with 1% OsO4 for 1�h in 0.1�M cacodylate buffer at 0�°C, and in 1% 
aqueous uranyl acetate for 1�h at 4�°C. Samples were dehydrated in 
an ethanol series and embedded in Araldite/Epon (Si gma-Aldrich) 
66% in propylene oxide overnight, 100% for 1�h at room temperature 
and polymerized at 60�°C for 20�h. The embedded samples were cor-
related with the transmission light microscope images acquired with 
the two-photon microscope to trim the ROI before the serial section-
ing. Ultrathin serial sections (100�nm) were collec ted on silicon wafers 
using an ultramicrotome (Artos 3D; Leica Microsyste ms) equipped with 
a silicon wafer holder (CD-FH 77). Specimen sections on silicon wafers 
were poststained using Reynolds lead citrate. Secti ons were imaged in 
an Apreo 2 VS scanning electron microscope using th e MAPS software 
package for automatic serial-section recognition an d image acquisi-
tion 78 (Thermo Fisher Scientific). The following paramete rs were used 
for imaging: OptiPlan mode, T1 detector; pixel size  of 4�nm or 7�nm, 
pixel dwell time of 3 or 5�µs, an electron high tension of 1.8�keV and a 
beam current of 0.1�nA. Serial-section TIFF images were aligned and 
the pairs of cells of interest were traced using th e Fiji71-plugin TrakEM2  
(ref. 79). Traces and aligned images were imported for 3D reconstruc-
tion in Imaris (Oxford Instruments).

Statistics and reproducibility
All experiments in this study include at least thre e biological replicates, 
except for the ST analysis at time points of 5 dpi and 17 dpi (four lesions 
from two animals, respectively). The number of biological replicates 
(n) is indicated in the legends of Figs. 1–8 and Extended Data Figs. 1–9. 
No statistical methods were used to predetermine sa mple size, but our 
sample sizes are similar to those reported in previous in vivo imaging 
publications 20,21. Randomization was not performed for this study as 
there was no particular intervention (for example, treatment) planned. 
Whenever possible, littermate controls were used, a nd an equal number 
of mice were allocated to different groups within one cage to rule out 
cage effects. Analyses were performed on randomly s elected datasets, 
as specified in the respective sections. Data colle ction and analysis were 
performed in a blinded manner, unless this was not possible due to an 
obvious disease or labeling phenotype. Based on pre -established exclu-
sion criteria (based on the animal protocol), animals showing signs of 

traumatic damage to the brain during craniotomy or bleeding were 
excluded from the study. Structures with an insuffic ient signal-to-noise 
ratio during in vivo imaging were also excluded. Ti ssue with insufficient 
labeling or staining was not analyzed. As non-norma l data distribution 
was assumed for all analyses, formal testing for no rmality and equal 
variances was not performed, and nonparametric statistical methods 
were applied throughout. Statistical analysis was p erformed in Graph-
Pad Prism 9 and 10 software. Data are represented as mean�±�s.e.m. 
Statistical significance was calculated using the M ann–Whitney test for 
comparing two unpaired groups and nonparametric analysis of vari-
ance followed by the Kruskal–Wallis test for compar ing more than two 
groups. Statistical comparison of two paired groups  was calculated by 
a nonparametric Wilcoxon signed-rank test. Comparis ons of more than 
two paired groups were performed using a nonparametric Friedman 
test followed by Dunn’s multiple comparisons test. Correlation analysis 
was performed with a nonparametric Spearman’s corre lation. P values 
of <0.05 were considered statistically significant and indicated with 
asterisks in graphs as *P�<�0.05, **P�<�0.01, ***P�<�0.001 and ***P�<�0.0001.

STs
Tissue processing . Somatosensory cortices from Aldh1l1GFP mice 
predominantly containing two lesions were collected  at three distinct 
time points postinjection—3 dpi ( n�=�4), 5 dpi (n�=�2) and 17 dpi (n�=�2). 
At each time point, animals were perfused with 4% PFA supplemented 
with 10% formalin, followed by brain extraction and  postfixation in the 
same solution for 24�h. Brains were then transferred into 70% ethanol 
for at least 24�h before dehydration and embedding in paraffin wax. 
Embedded tissues were sectioned at 5-µm thickness u sing a microtome 
with a water bath maintained at 40�°C, with individ ual sections placed 
onto separate slides. Upon reaching lesion boundari es, residual tissue 
was assessed for RNA quality, with all selected samples showing DV200 
values above 60%. Before sequencing, slides were deparaffinized and 
decrosslinked, followed by immunostaining. Tissue s ections were incu-
bated with primary antibodies targeting goat anti-I ba1 (1:700; Abcam, 
ab5076) and rabbit anti-NeuN (1:700; Abcam, AB177487). Secondary 
antibodies included CY5-conjugated antigoat (1:700; Jackson Immu-
noResearch, 705-175-147), CY3-conjugated antirabbit (1:700; Jackson 
ImmunoResearch, 711-165-152) and nuclei counterstained with DAPI 
(1:3,000; Abcam, AB228549). For each mouse, one section was selected 
based on the RNA integrity and confocal microscopy evaluation. All 
experimental steps were conducted according to the Visium HD Spatial 
Gene Expression Reagent Kits User Guide (10x Genomics, CG000684 ).

Library preparation and sequencing . Libraries were prepared 
accor ding to the Visium HD Spatial Gene Expression protocol (10x  
Genomics). Sequencing was performed at the Function al Genomics 
Center Zurich on an Illumina NovaSeq X Plus system using 150�bp 
paired-end reads (150:10:10:150) across two lanes of a 10B flow cell. 
An average of 1,648,804,428.13 reads per sample were generated, 
detecting approximately 16,600.75 genes per sample with an average 
sequencing saturation of 80.45%. Reads were aligned  to the mouse 
reference genome (GRCm39) using Space Ranger (v3.1.3).

Data processing . ST data were processed using an 8�×�8�µm binning, 
as recommended by 10x Genomics. Analyses were conducted in R 
(v4.4.2) using Seurat (v5.2.1). ROIs were delineated by manually anno-
tating lesion centers in confocal tissue images. Sp ots located within an 
800-µm radius of annotated lesion centers were retained, a distance 
chosen to minimize overlap across adjacent lesions.  Distances between 
astrocytic coordinates and annotated lesion centers  were computed in 
2D space using Euclidean distance. Next, quality control was performed 
before downstream analysis by excluding outliers us ing SpotSweeper 80  
and removing spots containing <100 unique molecular  identifiers 
according to the inflection point in the unique mol ecular identifier 
distribution. Postfiltering, spot-level counts were  normalized with 
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SCTransform (SCT)81. All downstream analyses—including cluster-
ing, differential expression (DE) and gene signatur e scoring—were 
performed using SCT-normalized data and Pearson residuals derived 
from the SCT model. Samples collected at the same t ime point were 
integrated using the SCT-based integration pipeline , with 2,500 highly 
variable genes selected through the Seurat function  SelectIntegra-
tionFeatures for downstream analysis. Dimensionality reduction was 
performed using principal component analysis, using  the first 20 
principal components. Graph-based clustering was conducted using 
the Louvain algorithm implemented in Seurat. A resolution of 0.5 was 
selected, resulting in 16 clusters at 3 dpi, 16 clusters at 5 dpi and 17 
clusters at 17 dpi.

Cell-type identi�ication . Cell-type annotation was conducted using 
MapMyCells 82, through hierarchical correlation mapping against the 
10x Whole Mouse Brain Taxonomy (CCN20230722). Clust ers were 
assigned cell identities based on the proportion of  cell types per 
cluster, mapping confidence probabilities and verif ication of estab-
lished cell-type-specific marker gene expression. Cell identities were 
validated through marker gene expression analysis u sing Seurat’s  
FindMarkers function, applied to SCT-normalized data (parameters:  
min.pct�=�0.25, logfc.threshold�=�0.25) and further confirmed by con-
focal imaging. We further filtered astrocyte-specif ic clusters using 
the following rigorous procedure: spots expressing at least one astro-
cyte marker (Gfap, S100b, Aqp4, Aldh1l1, Slc1a2, Gja1, Tubb2b) were 
retained, while those expressing two or more markers  indicative 
of microglia, vascular cells or oligodendrocytes we re excluded. An 
additional filter was applied to remove spots where PLLP expression 
was at least twofold higher than either Gfap or Aqp 4, further reduc-
ing potential oligodendrocyte contamination. These filtering steps 
excluded up to 20% spots per time point, resulting in final astrocyte 
spot counts of 364,577 at 3 dpi, 274,169 at 5 dpi and 313,884 at 17 dpi. 
Astrocyte subcluster-specific marker genes were com pared with pub-
lished healthy and reactive astrocyte panels from different laborato-
ries, including models of lipopolysaccharide-induced inflammation, 
ischemic stroke 30,33,35, experimental autoimmune encephalomyelitis 31,34  
and the meta-analytic O’Shea panel32. Significant enrichment of  
overlapping genes was assessed using hypergeometric  tests with  
Benjamini–Hochberg correction. We then quantified o verlap between 
panels using an UpSet representation and derived ne w ‘consensus’  
gene sets based on genes present in five, four, three or two panels, 
followed by the hypergeometric enrichment analysis.  Overall, the 
pairwise and higher-order overlaps were modest, ind icating that most 
panels capture only partially overlapping aspects o f astrocyte reactiv-
ity. Next, we grouped genes by how many panels they appeared in and 
built four new overlap-derived gene sets—genes present in �5 panels 
(14 genes), genes present in �4 panels (35 genes), genes present in �3 
panels (99 genes) and genes present in �2 panels (315 genes). We then 
tested whether each of these overlap bins was enric hed among the 3 dpi 
upregulated injury-associated DEGs using the hyperg eometric frame-
work. This analysis showed significant enrichment f or the upregulated 
direction in the �2 -panel gene sets, indicating that the most consist-
ently recurrent genes across independent datasets are strongly over-
represented among our injury-associated astrocyte signature.

Gene expression and pathway analysis . Differential gene expression 
analysis between injury-associated and unaffected a strocytes was per-
formed using Seurat’s FindMarkers function applied to SCT-normalized 
data. Statistical comparisons were based on Pearson  residuals from the 
SCT model, as this approach offers variance stabili zation, particularly 
suited for small and heterogeneous cell populations 81. In this spatial 
analysis, astrocyte transcriptomic profiles gradual ly transition depend-
ing on their spatial proximity to the lesion core, rather than forming 
sharply distinct groups. To mitigate the risk of fa lse-positive results 
in DE analyses, particularly for genes showing extr eme fold-change 

values, we used an MA-plot-based filtering strategy . Specifically, genes 
identified as having low mean expression (bottom, tenth percentile) 
coupled with high fold-change values (top, tenth pe rcentile) were 
flagged as potentially noise driven and excluded fr om subsequent 
analyses. Identified genes of interest were subsequ ently assessed 
across multiple dimensions, including their expression across condi-
tions and time points, as well as their spatial dis tribution relative to 
the lesion center.

DE testing was performed using the Wilcoxon rank-su m test. To 
correct for multiple hypothesis testing, P values were adjusted using 
the Benjamini–Hochberg method for multiple comparisons (param-
eters: min.pct�=�0.1, logfc_threshold�=�0.25), with an adjusted P value 
threshold of 0.05. DEGs identified at the earliest time point (3 dpi) 
were longitudinally assessed at subsequent time points (5 and 17 dpi) 
by examining overall expression and log fold change s relative to unaf-
fected astrocytes. Functional enrichment analyses w ere performed 
using clusterProfiler package 83 in R and the org.Mm.eg.db annota -
tion database, focusing on GO Biological Process (GO:BP) categories. 
Temporal changes in enriched pathways were analyzed  across all time 
points. To analyze gene expression as a function of lesion proximity, 
the previously calculated distances were used. Mean  expression levels 
of individual genes, as well as aggregated migratory and proliferative 
signatures, were then assessed in relation to their  distance from the 
lesion center. Mean expression of individual genes was computed per 
bin (geq2 spots per bin). Data visualization and fi gure generation were 
performed using mainly the ggplot2 (ref. 84), ComplexHeatmap 85 and 
circlize 83 packages in R.

Injury-associated gene signatures . To further characterize the tran-
scriptional signature of perilesional astrocytes du ring lesion recovery, 
we then analyzed DEGs associated with cell remodeling and gliogen-
esis states. For this analysis, we curated gene sets based on gene set 
enrichment analysis, GO pathway analysis and relevant literature 
sources. The remodeling signature comprised 18 gene s associated with 
cytoskeletal architecture changes, while the regene ration signature 
included 32 genes linked to cell-cycle processes and cellular plasti city 
(Supplementary Table 1). For each time point (3, 5 and 17 dpi), per-cell 
signature genes were computed by averaging SCT-resi dual expression 
across these genes.

Astrocyte spatial gene expression . To quantify average gene expres-
sion in astrocytes as a function of distance from l esion centers, spa-
tial coordinates of astrocyte spots and lesion cent er positions were 
extracted from Seurat objects at each time point. R elative coordinates 
were calculated by subtracting lesion center centro ids from spot coor-
dinates. Distances were then scaled and binned into  30�µm intervals by 
rounding to the nearest bin. For each individual ge ne of interest, mean 
expression per spatial bin was computed across all spots within that 
bin. These per-spot signature scores were aggregated by spatial bins 
(retaining bins with � 2 spots) to derive average signature expression 
profiles along the lesion-centric gradient.

Reporting summary
Further information on research design is available  in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Authors confirm that all relevant data are included in the paper/or its 
supplementary information files. Further informatio n and requests 
for resources should be directed to the lead contac t, B.W. This study 
did not generate new unique reagents. Mouse lines can be requested 
from the providing investigators and are protected by standard MTAs. 
Stained human tissue sections, whole slide scans thereof and data 
related to human tissue analysis will be provided u pon reasonable 
request. Transcriptomics data generated and analyze d in this study 
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are available under Gene Expression Omnibus accession GSE300434. 
Code and library details for the ST analysis pipeli ne are available at 
https://github.com/alasne-uzh/migratory-astrocytes- ST. Source data 
are provided with this paper.

Code availability
This paper reports an original Python code for vector-based morpho-
logical analysis that has been deposited at the Men deley repository 
(https://doi.org/10.17632/xw8fv8gt8f.1 ).
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Extended Data Table 1 | Clinical data of patients i ncluded in the study

Patient B/A Age/sex Disease duration (years) CNS involv ement CNS lesion studied

1 B 37/f 9 Brain, spinal cord, optic nerve Occipital bra in lesion

2 B 67/f <1 Brain Parietal brain lesion

3 B 21/f <0.3 Cerebellum, brain stem, spinal cord Cerebe llar lesion

4 B 59/f <0.3 Spinal cord Spinal lesion

5 A 77/f 24 Brain, spinal cord, optic nerve Periventricu lar brain lesion

6 A 69/f 0.5 Brain, spinal cord, optic chiasm Periventri cular brain lesion

7 A 49/f 0.3 Medulla, spinal cord Medulla oblongata

B = biopsy, A = autopsy, f = female.
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Extended Data Fig. 1 | AQP4-IgG injection selective ly depletes astrocytes.  
Confocal images of endogenous Aldh1l1GFP signal and NeuN staining 1 day after 
AQP4-IgG (top) or Ctrl-IgG (bottom) injection revea l persistence of neurons 

in the lesion area (scale bar�=�40�µm). The yellow dashed line indicates the 
lesion border. Images are representative of similar  experiments repeated 
independently in at least 3 animals.
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Extended Data Fig. 2 | Immunohistochemical analysis  of the AQP4-IgG-
mediated lesion recovery over time.  a, Composite confocal images and single 
channels of DAPI, astrocyte-endogenously expressed GFP, and GFAP in horizontal 
sections from representative AQP4-IgG-mediated lesi ons at different time points 

postinjection. b, The same as in a, from representative Ctrl-IgG injected areas. 
Scale bars�=�100�µm. Images are representative of similar experiments repeated 
independently in at least 3 animals.
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Extended Data Fig. 3 | Territory change of single p erilesional astrocytes.   
a, Sparse labeling of astrocytes in GLASTCreERT2 x ROSA26tdTomato  allows tracking of 
single tdTom + perilesional astrocytes over time (white arrowhead ) and detailed 
morphological evaluation, including astrocytic terr itory changes (cyan dashed 
circle: injection site; white dashed lines mark a v essel); scale bar: 50�µm. b, Three-
dimensional surface rendering of a representative a strocyte (marked in a) at  

days 1 and 5 (scale bar: 20�µm in x, y, and z-dimensions). Images are representative 
of similar experiments repeated independently in 4 mice. c, Quantification of 
territory changes in AQP4-IgG versus Ctrl-IgG condi tion, n�=�12 cells from 4 mice, 
respectively; ***p�<�0.001, and ns: not significant  (Wilcoxon signed-rank test, 
two-sided).
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Extended Data Fig. 4 | Daughter cell viability is u ncoupled from mother cell 
fate.  In vivo time-lapse imaging of a single tdTom + perilesional astrocyte giving 
rise to one progeny (yellow arrowhead), which migra tes through nucleokinesis to 
establish itself in a new territory. Over time, the  daughter cell develops increased 

branch complexity. The dashed circle indicates the site of laser ablation (LA) 
targeting the mother cell. Bottom right, confirmati on of the successful ablation 
of the mother cell and the survival of the daughter  cell 2 weeks after LA  
(scale bar�=�50�µm).
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Extended Data Fig. 5 | Spatial transcriptomics of t he cortical tissue containing 
astrocyte-depleted lesions.  a, Violin plots showing the number of detected 
genes (left) and UMI counts (right) for each sample  at the given time points. 

b, Unsupervised UMAP visualization of identified clu sters at different time 
points, colored by cell type, astro�=�astrocytes, o ligo�=�oligodendrocytes, 
immune�=�immune cells, vascular�=�vascular cells.
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Extended Data Fig. 6 | Cell cluster identification by expression of canonical cell-type markers.  a–c, Dot plots, for 3 dpi ( a), 5 dpi (b), and 17 dpi (c) time points, 
showing expression of cell-type-specific markers (a strocyte clusters: 2 and 8 at 3 dpi, 6 and 10 at 5 dpi, and cluster 4 at 17 dpi). Color gradient indic ates normalized gene 
expression level. u.�=�unknown.
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Extended Data Fig. 7 | Repopulating astrocytes expr ess developmental 
markers.  a,b, Left and middle, representative confocal images o f fixed 
AQP4-/Ctrl-IgG-injected areas from Aldh1l1GFP mice 14 dpi, stained with the 
developmental markers vimentin in a and nestin in b (in white, scale bar�=�20�µm). 
Please note the nestin-positive vasculature in b. Right, corresponding 

quantification of vimentin and nestin area intensit y (AQP4-IgG: n�=�12 lesions 
from 12 animals, Ctrl-IgG: n�=�12 lesions from 11 animals for vimentin; AQP4-IgG: 
n�=�6 lesions from 5 animals, Ctrl-IgG: n�=�lesions from 4 animals for nestin). 
Vimentin: **p�=�0.0083; nestin: **p�=�0.0095, Mann– Whitney test, two-sided. Data 
are represented as mean�±�s.e.m.
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Extended Data Fig. 8 | Astrocyte depletion-associat ed upregulated and 
downregulated pathways.  a,b, Dot plots showing top 15 upregulated GO terms 
(biological process, based on p-adjusted values) in  the injury-associated cluster 

at 3 dpi (a) and 5 dpi (b). c,d, Top 15 downregulated GO terms (biological process , 
based on p-adjusted values) at 3 dpi (c) and 5 dpi (d). Dot size indicates gene ratio, 
color represents adjusted p-value.
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Extended Data Fig. 9 | Repopulation of astrocyte-de pleted areas is 
independent of gap junction coupling.  a, Confocal images of representative 
astrocytes in AQP4-/Ctrl-IgG-injected areas from po stfixed Aldh1l1GFP mice, 
stained with Cx43 (scale bar�=�10�µm). b, Ratio of Cx43 puncta per astrocyte 
domain from fixed tissue (AQP4-IgG: n�=�25 cells from 6 animals, Ctrl-IgG: 
n�=�23 cells from 6 animals; Mann–Whitney test, two -sided). Data represent 
mean�±�s.e.m. c, Experimental approach to study the contribution o f astrocyte-
specific Cx30 and Cx43 on astrocytic repopulation. Schematic in c created in 
BioRender; Wyss, M. https://BioRender.com/ck8jtwd  (2026). d, Time course 
of lesion size from connexin knockout mice (cKO) ve rsus littermate controls 
in vivo after AQP4-IgG injection. n�=�8 lesions fro m 6 cKO mice; n�=�6 lesions 

from 4 control mice. ns�=�not significant (Mann–Whi tney test, two-sided). Data 
represent mean�±�s.e.m. e,f, Vector-based quantification of process length and  
polarization of perilesional astrocytes in cKO vers us littermate controls (cKO: 
n�=�49 astrocytes from 7 animals, controls: n�=�15 astrocytes from 3 animals; 
Mann–Whitney test, two-sided). Thick black line rep resents the median, and 
fine black dashed lines represent the first and thi rd quartiles. g,h, Percentage of 
activated and proliferating astrocytes is comparabl e between cKO and control 
mice (cKO: n�=�7 lesions from 6 animals, controls: 6 lesions from 4 animals; Mann–
Whitney test, two-sided). Data represent mean�±�s.e .m. ***p�<�0.001, ns�=�not 
significant.
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Authors confirm that all relevant data are included in the paper/or its supplementary information files. Further information and requests for resources should be 
directed to the corresponding author. This study did not generate new unique reagents. Mouse lines can be requested from the providing investigators and are 
protected by standard MTAs where applicable. Stained human tissue sections, whole slide scans thereof, and data related to human tissue analysis will be provided 
upon reasonable request. This paper reports an original Python code for vector-based morphological analysis that has been deposited 
at the Mendeley repository (doi: 10.17632/xw8fv8gt8f.1). Transcriptomics data generated and analyzed in this study are available under Gene Expression Omnibus 
accession number GSE300434. Processed data can be found at https://github.com/alasne-uzh/migratory-astrocytes-ST. Source data are provided with this paper. 

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

Reporting on sex and gender Sex and gender was not considered in the study design but sex information is reported in Extended Data Table 1.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

This information has not been collected.

Population characteristics We have not collected further information regarding population characteristics than reported in Extended Data Table 1.

Recruitment Patient tissue with a neuropathological diagnosis of neuromyelitis optica were retrieved from the archives of the Institute of 
Neuropathology, University Medical Center Göttingen, Germany. Patient tissues were included if the patients were at least 
18 years of age, had consented to tissue donation during surgery and to the use of their tissue for research. 

Ethics oversight Ethics committee of the University Medical Center Göttingen, Göttingen, Germany (Vote no. 19/9/10)

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

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

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

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

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine size of samples. Sample sizes were selected based on previous studies for similar 
experiments and were deemed sufficient to perform a non-clinical study. 

Data exclusions Based on pre-established exclusion criteria (based on animal protocol), animals showing signs of traumatic damage of the brain during 
craniotomy or bleedings were excluded from the study. Structures with insufficient signal to noise ratio during in vivo imaging were excluded. 
Tissue with insufficient labeling or staining was not analyzed. 

Replication All animal experiments in this study include at least three biological replicates, except for the spatial transcriptomic analysis at timepoints 5 
dpi and 17 dpi (4 lesions from 2 animals, respectively).  The number of replicates is mentioned for each experiment in the figure legend. The 
results were replicated each time.

Randomization Randomization was not performed for this study since there was no particular intervention (e.g. treatment) planned. Whenever possible, 
littermate controls were used, and an equal number of mice were allocated to different groups within one cage to rule out cage effects.  
Analyses were performed on randomly selected datasets, as specified in the respective sections. 

Blinding Data collection and analysis were performed in a blinded manner, unless this was not possible due to an obvious disease or labeling 
phenotype. 
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Chicken Anti-GFAP (1:1000) Abcam Cat#ab4674; RRID:AB_304558 

Chicken Anti-Vimentin (1:200) Abcam Cat#ab24525; RRID:AB_778824 
Mouse Anti-GFAP (1:50) Dako Cat#M0761; RRID:AB_2109952 
Mouse Anti-Ki67 (MIB1; 1:200) Dako Cat#GA626; RRID:AB_2687921 
Rabbit Anti-AQP4 (1:200) Sigma Aldrich Cat#A5971 
Rabbit Anti-Connexin 43 (1:300) Cell Signaling 3512 
Rabbit Anti-GFAP (1:1000) Dako Cat#Z0334 
Rabbit Anti-Ki67 (1:500) Abcam ab16667 
Rabbit Anti-Nestin (1:200) Abcam ab221660 
Rabbit Anti-NeuN (1:700) Abcam ab177487 
Rabbit Anti-SOX2 (1:200) Thermo Fischer Scientific PA1-094 
AQP4-IgG (clone 7-5-53,0.1-3 µg/µl) Collaborator (JLB) N/A 
Ctrl-IgG (clone ICOS-5-2, 1 µg/µl) Collaborator (JLB) N/A

Validation AQP4-IgG and corresponding Ctrl-IgG were produced by Jeffrey Bennett (University of Colorado School of Medicine). Further 
information can be provided upon request. All other anitbodies are commercially available, widely used and validated by the 
manufacturer for the same application and species as used in this study. Please find details about validation in the RRID registry 
(https://scicrunch.org/resources/Antibodies/search?!=&q=%2A, RRID identifiers are listed above) and the manufacturer's website. 

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

Laboratory animals C57BL/6J , Charles River , Strain code: 632 
Tg(Aldh1l1-EGFP)OFC789Gsat/Mmucd MMRRC Cat#011015-UCD; RRID:MMRRC_011015-UCD 
GLASTCreERT2 x Cx30/Cx43fl/fl, Own breeding  
GLASTCreERT2 x ROSA26tdTomato Own breeding  
GLASTCreERT2 x Ai75D (Jackson Laboratory, #025106)

Wild animals The study did not involve wild animals.

Reporting on sex Both sexes were used for all experiments

Field-collected samplesThe study did not involve samples from the field.

Ethics oversight All animal experiments were approved by the local veterinary authorities according to the guidelines of the Swiss Animal Protection 
Law, Veterinary Office, Canton Zurich (Animal Welfare Act of 16 December 2005, and Animal Protection Ordinance of 23 April 2008; 
license ZH217/2020) and ZH181/2024

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants


