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In Brief

Kugler et al. use a 3D imaging approach in
cleared whole-brain preparations to
visualize axonal regeneration and cortical
remapping in a mouse model of stroke.
They find that the FDA-approved
microtubule-stabilizing drugs,
epothilones, augment novel peri-infarct
connections, reduce fibrotic scarring, and
improve skilled motor function, with a
wide therapeutic time window.
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SUMMARY

Stroke leads to the degeneration of short-range and long-range axonal connections emanating from peri-
infarct tissue, but it also induces novel axonal projections. However, this regeneration is hampered by
growth-inhibitory properties of peri-infarct tissue and fibrotic scarring. Here, we tested the effects of epothi-
lone B and epothilone D, FDA-approved microtubule-stabilizing drugs that are powerful modulators of axonal
growth and scar formation, on neuroplasticity and motor outcomes in a photothrombotic mouse model of
cortical stroke. We find that both drugs, when administered systemically 1 and 15 days after stroke, augment
novel peri-infarct projections connecting the peri-infarct motor cortex with neighboring areas. Both drugs
also increase the magnitude of long-range motor projections into the brainstem and reduce peri-infarct
fibrotic scarring. Finally, epothilone treatment induces an improvement in skilled forelimb motor function.
Thus, pharmacological microtubule stabilization represents a promising target for therapeutic intervention

with a wide time window to ameliorate structural and functional sequelae after stroke.

INTRODUCTION

Stroke is a leading cause of death and disability worldwide."
Because causal treatment options are limited to the first few hours
after the onset of ischemia,” the large majority of patients is ineli-
gible for most therapies. Hence, there is an unmet need to establish
novel strategies that promote the functional and structural recov-
ery of neuronal connections in the subacute phase after stroke.

Interestingly, there is evidence for a limited capacity of surviv-
ing neurons after stroke to regenerate and re-establish connec-
tivity by the initiation of plastic changes in peri-infarct and remote
neuronal circuits that ultimately lead to a re-mapping of cortical
areas.® In cortical stroke, axonal sprouting in the cortex
bordering the infarct is one important mechanism underlying
this compensatory structural and functional neuroplasticity.
Thus, following an upregulation of axonal growth cone markers
in peri-infarct neurons,” new short-range and long-range cortical
and subcortical axonal projections arise from peri-infarct cortex
within the first 3 weeks after ischemia®’ that remain stable long
after stroke.® Importantly, the topography of these new projec-
tions is highly reproducible, consistent across species, and
causally linked to recovery,’ but their three-dimensional (3D) tra-
jectories remain poorly described.

Gheck for
Updates

This limited capacity of the adult brain to partially reconnect
damaged brain areas is hampered by physical or molecular im-
pediments, including scar formation and the release of growth-
inhibitory molecules.>'® This implies that substances that
reduce scarring and promote axon growth may increase post-
stroke axonal projections and functional outcomes. Indeed, it
was found that pharmacological, viral, or transgenic approaches
targeted against growth-inhibitory factors improve axonal
sprouting and motor outcomes after experimental stroke.” "2
However, the need for brain-topical delivery and the lack of reg-
ulatory approval for these approaches limit clinical translation.

An attractive alternative therapeutic option to overcome these
difficulties is microtubule-stabilizing compounds, the epothi-
lones.” These drugs induce axon growth by enabling the
enhanced polymerization of microtubules to the tip of the
axon'® during development, but also in postnatal neurons
exposed to growth-inhibitory factors such as Nogo and chon-
droitin sulfate proteoglycans.’®™'" Interestingly, microtubule-
stabilizing drugs have decreased acute injury after a CNS
injury."® Intriguingly, in a spinal cord injury model, the systemic
administration of epothilone B (EpoB), a blood-brain barrier-
permeable microtubule-stabilizing drug approved by the US
Food and Drug Administration (FDA) for the treatment of

Cell Reports Medicine 7, 100159, December 22, 2020 © 2020 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:gabor.petzold@dzne.de
https://doi.org/10.1016/j.xcrm.2020.100159
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2020.100159&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

cancer,'® increased regenerative axon outgrowth by microtu-
bule polymerization and stabilization, reduced fibrotic scarring,
and improved motor outcomes without obvious adverse
effects.’”

Therefore, the aim of this study was to test the effects of sys-
temically administered EpoB and epothilone D (EpoD), an EpoB
analog with a greater therapeutic index,'® on newly formed
short-range and long-range axonal projection patterns and mo-
tor outcomes in a mouse model of focal cortical stroke. We found
that epothilones promote axonal growth, reduce scarring, and
improve motor recovery, suggesting a novel option for stroke
therapy with a potentially wide time window.

RESULTS

Axonal Regeneration after Stroke Quantified by 3D
Imaging of Cleared Brains

Previous reports that measured axonal projections 2D in serial
brain sections have shown that axons in peri-infarct brain tissue
have the capacity to regenerate and form new connections with
neighboring regions.®'" We aimed to investigate the extent and
robustness of this stroke-induced axonal sprouting using an
unbiased 3D imaging approach in cleared whole-brain prepara-
tions.?° To model focal cortical stroke in mice, we used a photo-
thrombosis model. In short, a reproducible ischemic infarct
delineated by scar tissue is produced by the systemic adminis-
tration of a photosensitizer followed by targeted irradiation of a
defined cortical region.?’ This and similar models of cortical
stroke have been used in previous studies to map axonal regen-
eration.*® Using this technique in a thinned skull preparation, we
induced focal cortical stroke in the forelimb area of the M1 pri-
mary motor cortex (Figure 1A). We then used anterograde and
retrograde tracers to quantify connections formed by sprouting
peri-infarct neurons after stroke. To this end, we injected the flu-
orescently labeled retrograde tracer cholera toxin B (CTb) into
the premotor cortex (PMC) to back-label neurons that project
from the infarcted motor cortex to the PMC (Figure 1A). In addi-
tion, we transduced neurons in the forelimb motor cortex anterior
to the stroke site with adeno-associated virus (AAV) encoding for
an anterograde enhanced green fluorescent protein (EGFP)
tracer to label anterograde projections emanating from the
primary motor cortex. Both tracers were injected 21 d after
stroke induction (Figure 1A). Two weeks later (i.e., 5 weeks after
infarct induction), isolated brains were rendered transparent by
whole-brain organic solvent-based clearing (Figure 1B).?
Subsequently, anterograde and retrograde M1-PMC neuronal
connections were 3D imaged and quantitively mapped in
defined areas medial, lateral, and anterior to the infarct (Fig-
ure 1C). While control mice that had undergone a sham-stroke
procedure showed robust retrograde labeling from PMC to M1
(Figures 1D and 1E; Video S1), we found that mice with a cortical
stroke displayed a reduction of >60% of these connections ante-
rior, medial, and lateral to the infarct (anterior, 35% compared to
sham; medial, 20% compared to sham; lateral, 42% compared
to sham; Figures 1D and 1E; Video S2). Similarly, anterograde
connections between M1 and the PMC were strongly reduced
in areas anteromedial and posterolateral to the infarct in mice
after cortical stroke compared to sham-treated control mice
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(anteromedial, 62% compared to sham; posterolateral, 70%
compared to sham; Figures 1F-1H). However, we also detected
new projections that emerged from peri-infarct areas into the
anterolateral motor and somatosensory (S1) cortex (anterolateral
motor cortex, 326% compared to sham; S1, 128% compared to
sham; Figures 1F-1H and S1). Hence, we subsequently aimed to
investigate whether the growth of these novel connections can
be stimulated pharmacologically.

Epothilones Augment Plastic Regeneration of Peri-
infarct Axons after Stroke

To investigate whether epothilones augment the regenerative
potential of sprouting peri-infarct axons, we tested the effects
of EpoB and EpoD on this stroke-induced increase in
neuroplasticity, as well as on peri-infarct fibrotic scarring and
behavioral outcomes. Mice were treated systemically (by intra-
peritoneal injection) with either drug or vehicle 1 and 15 days
after infarct induction, and neuronal re-mapping and motor
outcome were quantified by blinded analysis (Figure 2A). No
changes were evident in mice undergoing a sham stroke
procedure that were treated with EpoB or EpoD, and vehicle
alone also induced no changes in projection patterns after
stroke (data not shown).

We found that the stroke-induced plastic “redistribution” of
axonal connection patterns—a reduction in anteromedial
M1-PMC and posterolateral connections, and an increase in an-
terolateral motor and M1-S1 connections—occurred in epothi-
lone-treated animals. Remarkably, however, both treatments,
EpoB in particular, resulted in a higher number of anterograde
and retrograde connections after stroke. Specifically, treatment
with EpoB more than doubled retrograde axonal projections be-
tween M1 and PMC anterolateral to the infarct and increased
these projections by >50% medial to the infarct compared to
vehicle-treated control mice (anterior, 231% compared to
vehicle; lateral, 191% compared to vehicle; medial, 158%
compared to vehicle; Figure 2B). Moreover, EpoB also increased
by >50% the anterograde connections from peri-infarct cortex
into anterolateral motor and somatosensory cortices (153%
compared to vehicle; Figures 2C-2F; Video S3), and we also
found a stronger reduction in anteromedial connections after
stroke in mice treated with EpoB (Figure 2D).

As the anterograde tracer appeared as linear structures
resembling intact axons as well as discontinuous dot-like
structures, we also limited our analysis to continuous linear
structures. These analyses confirmed that anteromedial M1-to-
PMC projections were reduced in mice treated with EpoB or
vehicle after stroke, but increased anterolateral to the infarct in
these groups compared to sham (Figures S2A-S2C).

Axon regrowth initiated shortly after stroke. Confocal imaging
revealed that EpoB treatment led to higher axonal coverage
already at 3 days after stroke, whereas EpoD increased axonal
coverage only after 7 days (Figures S2D and S2E). Moreover,
we found that, paralleling the epothilone-induced increase in
axon density after stroke, more axons were myelinated in mice
treated with EpoB or EpoD after stroke compared to vehicle-
treated mice at 14 days after stroke (Figures S2F and S2G); these
axons also formed axon initial segments and nodes of Ranvier
(Figures S2H and S2I).
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Figure 1. Axonal Re-mapping after Cortical Stroke

(A) We induced photothrombotic stroke through the thinned skull, resulting in an infarct surrounded by scar tissue (stained with glial fibrillary acidic protein [GFAP],
scale bar, 300 um). At day 21, fluorescent cholera toxin B (CTb) and AAV9 encoding for hSyn.eGFP were injected into the primary motor cortex (M1) and the
premotor cortex (PMC).

(B) Whole-brain organic solvent-based brain clearing (arrowhead, infarct area; scale bars, 1 mm).

(C) Retrograde CTb labeling was analyzed in 4 regions of interest (ROls): the injection site (1) and ROls anterior (2), lateral (3), and medial (4) to the infarct.

(D and E) No differences were seen at the injection site, whereas stroke led to a reduction in retrograde labeling in all other areas (n = 10 stroke versus n = 10 sham
animals, Mann-Whitney test; scale bars, 50 um; images in D show CTb-labeled cells in ROI 2 in sham versus stroke).

(F-H) Anterograde EGFP labeling was assessed in PMC and somatosensory cortex (S1) anterior and medial to the infarct, and these areas were divided into ROIs
I-IV (summation images of all animals, depicted as color-coded maximal intensity z projections). Stroke led to a reduction in anterograde connections in ROIs |
and IV, but also induced new connections in ROIs Il and llI (i.e., in anterolateral motor and somatosensory cortex; n = 10 stroke versus n = 10 sham animals,
Mann-Whitney test; scale bars, 300 um).

See also Figure S1.

Epothilones Reduce Peri-infarct Fibrotic Scar
Formation
Microtubule-stabilizing drugs also reduce fibrotic scarring.

with EpoD (data not shown). Moreover, no differences were
seen in astrogliotic scar formation and microglial activation

1617 for all of the treatments (Figures S3A-S3F). In addition, we

Hence, we tested the effects of EpoB and EpoD on fibrotic scar
formation in the infarct rim. Immunohistochemistry revealed
that EpoB reduced fibrotic scarring in the peri-infarct cortex
14 d after stroke by approximately one-third compared to ani-
mals that had undergone stroke alone, as quantified by laminin
and fibronectin immunoreactivity (laminin, 63% compared to
vehicle; fibronectin, 74% compared to vehicle; Figures 3A
and 3B). No significant changes were seen in mice treated

did not detect any changes in branch number, total process
length, and the spanned volume of astrocytes and microglia
in mice treated with EpoB compared to vehicle 3, 7, and
14 days after stroke (Figures S3A-S3F). The number of peri-
infarct neuronal somata 3, 7, and 14 days after stroke was
not altered by treatment (Figure S3G), arguing against effects
on cell survival; the infarct volume was similar in all of the
groups (Figure S3H).
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Figure 2. Epothilone B and D Promote Stroke-Induced Axonal Neuroplasticity

(A) Experimental timeline.

(B) EpoB (n = 15) and EpoD (n = 15) treatments both induced significantly more retrograde connections from regions lateral and anterior to the infarct compared to

animals treated with vehicle (n = 9) after stroke (Kruskal-Wallis test followed by

Dunn’s multiple comparisons test).

(C-F) Analysis of anterograde axonal connections showed that EpoB also induced significantly more connections emanating from areas anterolateral from the
stroke region (summation images depict color-coded maximal intensity z projections; stroke and vehicle, n = 9 mice; stroke and EpoB, n = 15 mice; stroke and
EpoD, n = 15 mice; Kruskal-Wallis test followed by Dunn’s multiple comparisons test; scale bars, 300 um).

See also Figure S2.

Epothilones Increase Long-Range Motor Tract
Connections after Stroke

We next investigated the effects of EpoB and EpoD on long-
range corticonuclear connections. To this end, we quantified
the coverage of axons within the ipsilateral brainstem red nu-
cleus positive for the fluorescent anterograde viral tracer that
had been injected into the peri-infarct motor cortex. As
expected, stroke led to a reduction in the spatial coverage of

4 Cell Reports Medicine 7, 100159, December 22, 2020

corticonuclear axons within the red nucleus (34% compared to
sham; Figures 3E and 3F). Importantly, EpoB treatment after
stroke almost doubled axon density in the red nucleus compared
to vehicle-treated mice after stroke (188% compared to stroke
and vehicle, and 63% compared to sham; Figures 3E and 3F),
whereas only minor effects were seen after EpoD treatment
(128% compared to stroke and vehicle, and 43% compared to
sham; Figures 3E and 3F). Similar effects of stroke and
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Figure 3. Epothilones Modulate Peri-infarct Scarring after Cortical Stroke and Increase Long-Range Connectivity

(A-D) EpoB strongly reduced peri-infarct scarring, assessed by laminin and fibronectin immunohistochemistry, 14 days after stroke induction (n = 15 mice per
group; Mann-Whitney test for each time point; drawing indicate areas of investigation; images show representative examples; scale bars, 200 um).

(E and F) Long-range projections from peri-infarct motor cortex were assessed by quantifying EGFP* axons in the red nucleus within the ipsilateral brainstem.
Stroke induced a strong reduction of these connections, but EpoB significantly increased axonal area coverage (n = 10 mice per group; Kruskal-Wallis test
followed by Dunn’s multiple comparisons test; images show representative examples; scale bars, 50 pm).

See also Figures S3, S4A, and S4B.

epothilone treatment were also evident in the brainstem facial
nucleus (Figures S4A and S4B).

Epothilone Treatment Improves Motor Outcomes after
Stroke

Finally, we investigated the effects of epothilones after stroke on
motor outcomes. Motor cortex stroke produces reproducible
deficits in skilled contralateral forelimb use.?® Hence, we tested
skilled forelimb function by quantifying the foot faults of mice
placed on an elevated grid. This test was performed 1 day before
stroke or sham procedure, respectively, and repeated at defined
intervals after stroke. As expected, while mice undergoing sham
surgery showed very few foot faults, animals after stroke showed

approximately three times more foot faults of the contralateral
forepaw (Figures 4A and 4B). Importantly, these deficits were
strongly ameliorated by epothilones. Specifically, EpoB almost
halved the number of foot faults 4, 7, and 14 days after stroke
(50%, 62%, and 61% compared to vehicle for each time point,
respectively; Figure 4C). Remarkably, the improvement was
robust enough in EpoB-treated mice that the absolute number
in foot faults at 14 days had almost returned to baseline—that
is, to the levels before stroke induction (Figure 4C). EpoD
reduced foot faults by approximately one-third 4 and 7 days after
stroke (60% and 67% compared to vehicle for each time point,
respectively; Figure 4C), but approached sham levels at day 14
(Figure 4C). As expected, no differences were seen in skilled
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Figure 4. Epothilones Improve Motor Outcomes after Cortical
Stroke

(A and B) Images show representative examples of successful grid walk
ambulation in a sham-treated animal and a foot fault in an animal after stroke
(arrowhead). Motor outcome was assessed for 14 days after stroke induction
by testing skilled forelimb function using the elevated grid walk test. Whereas
mice performed similarly before infarct induction (day —1), cortical stroke
worsened skilled motor function of the contralateral forelimb, assessed by the
foot fault frequency, until 14 days after stroke (n = 10 mice per group;
repeated-measures 2-way ANOVA followed by Bonferroni’s multiple com-
parisons test).

(C) EpoB and EpoD both improved skilled motor function of the contralateral
forelimb compared to vehicle-treated animals after stroke (stroke and vehicle,
n = 9; stroke and EpoB, n = 16; stroke and EpoD, n = 14; repeated-measures 2-
way ANOVA followed by Bonferroni’s multiple comparisons test).

See also Figures S4E and S4F.

contralateral hindpaw use, as the cortical representation of hind-
paw function was outside the ischemic region in our model (Fig-
ures S4C and S4D).

DISCUSSION

Current approaches to treat stroke are limited to the first few
hours. Here, we found that microtubule-stabilizing drugs, the
epothilones, promote axonal growth after cortical stroke within
a large time window, ultimately leading to improved skilled
limb function. Thereby, our study reveals that epothilones hold
promise for clinical use after stroke.

Our findings indicate that at least two mechanisms, augmenta-
tion of peri-infarct axon regeneration by microtubule stabilization
and reduced fibrotic scarring, contribute to the observed thera-
peutically relevant effects. The limited capacity of the adult brain
to reconnect damaged brain areas is hampered by physical or

6 Cell Reports Medicine 7, 100159, December 22, 2020
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molecular impediments that occur simultaneously, such as scar
formation and the release of growth-inhibitory molecules.®°
Substances such as epothilones, which enhance axon growth
and reduce fibrotic scarring, may be superior to compounds
that are selective for single mechanistic targets. Importantly,
the neutral effect of epothilones on glial fibrotic scar formation
observed here may also be a beneficial property as reduction of
the astroglial scar may worsen axonal outgrowth after stroke.?*

Moreover, the epothilone-induced plastic restoration and
preservation of cortical projections as well as long-range motor
tract connections led to meaningful improvements in skilled mo-
tor function, underlining the potential of peri-infarct neuroplastic-
ity as a target in preclinical drug development. Importantly, some
microtubule-stabilizing drugs, including epothilones, have been
approved by the FDA and other agencies for different indications
and have been shown to penetrate the brain after systemic
administration,?® indicating that epothilones and other com-
pounds may be tested in clinical drug repurposing trials for acute
stroke.

Importantly, the effects on axonal growth and motor outcome
were evident when treatment was initiated even 24 h after stroke
onset, indicating a much wider time window compared to
currently approved therapies, which are mostly limited to the first
4-6 h.? Interestingly, our data suggest that the behavioral effects
of EpoB are superior to those of EpoD, which may be related to
the different pharmacokinetics of EpoB and EpoD. In particular,
the maximal tissue concentration and half-life of EpoD are signif-
icantly shorter in brain and plasma compared to EpoB,'® indi-
cating that EpoB may be better suited to chronically modulate
axon regeneration after ischemic stroke. Of note, our data also
indicate that these therapeutic effects begin to appear several
days after ischemia. Although the earliest starting point at which
axonal regeneration commences after stroke is not clearly es-
tablished, several studies have suggested that axonal sprouting
may start as early as 2-3 days after stroke.?®” Interestingly, live
imaging of axon regeneration both in cell culture and in vivo
showed that pharmacological microtubule stabilization enables
axon growth within a few hours,'” which is compatible with a
mechanistic link between enhanced axon regeneration and
improved motor outcomes at early time points. Thus, we envi-
sion that microtubule stabilization speeds up this process of
sprouting and integration within cerebral networks.

Finally, on a technical level, we propose that the quantification
of axonal short-range and long-range re-mapping into neigh-
boring and subcortical target regions, and the effective testing
of pharmacological candidates in preclinical trials, is greatly
facilitated by our unbiased 3D-imaging approach in cleared
whole-brain preparations.

In summary, pharmacological microtubule stabilization with
epithilones or other substances may represent a novel therapeu-
tic option, with a potentially wide time window to ameliorate
detrimental sequelae after stroke.

Limitations of Study

Itis well established that the re-mapping of cortical projections is
mediated by active and directionally specific axonal outgrowth
of surviving neurons,’ an effect specifically targeted by epothi-
lones."” However, we did not formally characterize the molecular
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identity of sprouting axons in our study, and hence it remains to
be investigated on a molecular level whether enhanced regener-
ation or increased survival underlie these therapeutic effects. As
additional steps toward clinical testing, it will also be important in
future studies to test different dosing regimens, to investigate the
effects of epothilones on aged and comorbid animals, and to
conduct confirmatory multi-center preclinical trials.”® Moreover,
while both epothilones increased retrograde anteromedial con-
nections after stroke, the stroke-induced reduction of antero-
grade anteromedial connections was also enhanced by EpoB.
Such pruning, which is typical for functional integration during
development and reintegration into damaged circuits,”® may
help to strengthen the recovery of epothilone-treated animals,
but the exact relation between anatomical integration and func-
tional recovery is a fundamental question to be addressed in the
future. In addition, although epothilones improved motor func-
tion, their effects on more complex and translationally relevant
motor tests remain to be determined. Although our analysis did
not reveal any effects on microglial reactivity, it will also be
important to determine whether microglial motility and other in-
flammatory mechanisms are modulated by epothilones. Finally,
future studies may also elucidate whether these effects can be
generalized to other stroke types such as larger infarct sizes or
hemorrhagic stroke.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GFAP Dako Cat#Z0334; RRID: AB_10013382
Anti-lbai Wako Cat#019-19741; RRID: AB_839504
Anti-laminin Sigma Cat#19393; RRID: AB_477163
Anti-fibronectin Abcam Cat#ab2413; RRID: AB_2262874
Anti-MBP Merck Cat#MAB386; RRID: AB_94975
Anti-ankyrin G Merck Cat#MABN466; RRID: AB_2749806
Anti-neurofilament M Merck Cat#AB1987; RRID: AB_91201
Anti-SMI312 BioLegend Cat#837904; RRID: AB_2314902
Anti-CASPR Abcam Cat#ab34151; RRID: AB_869934
Anti-NeuN Merck Cat#MAB377; RRID: AB_2298772
Alexa Fluor-488 goat anti-rabbit IgG ThermoFisher Cat#A11008; RRID: AB_143165
Alexa Fluor-488 goat anti-mouse IgG ThermoFisher Cat#A11001; RRID: AB_2534069
Alexa Fluor-594 goat anti-mouse IgG ThermoFisher Cat#A11005; RRID: AB_2534073
Alexa Fluor-594 goat anti-rat IgG ThermoFisher Cat#A11007; RRID: AB_10561522

Bacterial and Virus Strains

AAV9.hSyn.eGFP.WPRE.bGH

UPenn Vector Core

Cat#AV-9-PV1696

Chemicals, Peptides, and Recombinant Proteins

Rose Bengal

Epothilone B

Epothilone D

Cholera toxin subunit B Alexa Fluor 594 conjugate
tert-Butanol

Benzyl alcohol

Benzyl benzoate

2,2'-Thiodiethanol

Dimethyl sulfoxide

Triethylamine

Sigma
Selleckchem
Abcam
ThermoFisher
Carl Roth
Carl Roth
Carl Roth
Sigma

Sigma

Sigma

Cat#330000
Cat#S1364
Cat#ab143616
Cat#C34777
Cat#AE16.2
Cat#0336.2
Cat#9498.2
Cat#166782
Cat#D8418
Cat#T0886

Experimental Models: Organisms/Strains

Mouse: C57BL/6N

Charles River

RRID: SCR_003792

Software and Algorithms

ImageJ/Fiji, Version 1.53c
llastik toolkit for Fiji

Simple Neurite Tracer (SNT)
framework for Fiji

Imaris, Version 9

Prism, Version 8

Biorender

G*Power 3

NIH
N/A

N/A
Oxford Instruments
GraphPad

Biorender

30)

https://fiji.sc; RRID: SCR_002285
https://www.ilastik.org/index.html;
RRID: SCR_015246
https://imagej.net/SNT;

RRID: SCR_016566
https://imaris.oxinst.com;

RRID: SCR_007370
https://www.graphpad.com/scientific-
software/prism/; RRID: SCR_002798
https://biorender.com;

RRID: SCR_018361

https://www.gpower.hhu.de;
RRID: SCR_013726

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

p-Dish 50 mm, low Ibidi Cat#81136
UMP3 Ultra Micro Pump and Micro4 WPI Cat#UMP3-3

MicroSyringe Pump controller

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Gabor C.
Petzold (gabor.petzold@dzne.de).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Datasets, custom algorithms and unique code supporting the current study are available from the corresponding author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed according to animal care guidelines and the ARRIVE criteria. Male C57BL/6N mice (3-5 months old)
were purchased from Charles River (Sulzfeld, Germany; RRID: SCR_003792), housed in groups and monitored according to the
Federation of European Laboratory Animal Science Associations (FELASA) recommendations under specific pathogen-free condi-
tions. Food and water were provided ad libitum, and mice were kept on a 12-h light/dark cycle. All animal research and care proced-
ures were approved by the state’s Review Board (Landesamt fur Natur, Umwelt und Verbraucherschutz of North Rhine-Westphalia,
Germany) and monitored by the responsible veterinary office. 6 animals were excluded from the analysis (two control mice and four
mice treated with EpoB died after photothrombosis before reaching the study endpoint). Sample size was predetermined based on a
statistical power of 0.8 using G*Power 3 analysis software®° (RRID:SCR_013726) and based on previous experience.

METHOD DETAILS

Photothrombotic stroke model

Mice were anesthetized by inhalation of isoflurane (3% for induction, 1%-1.5% during surgical procedures, v/v in O,), and placed in a
stereotaxic frame. Body temperature was maintained at 37°C with a heating pad. The skull was circularly thinned by ~50% with a burr
drill to a diameter of 1 mm (left hemisphere, 2 mm lateral from bregma). Rose Bengal (30 mg kg™ bodyweight, Sigma) was injected
through the tail vein. 5 min after the injection, an optical fiber (Doric Lenses) with an attached LED (515 nm) was placed over the
thinned skull, and the region was illuminated for 5 min for cortical blood vessel thrombosis. Following suture, post-operative wound
care and analgetic treatment with buprenorphine (0.1 mg/kg; Reckitt Benckiser), mice were placed in a warmed recovery chamber
and subsequently transferred into their home cage.

Motor behavior

Mice were individually placed on an elevated grid 50 cm above ground level, and allowed to navigate the grid (30 x 30 cm; grid
spacing, 1.3 cm). Videos were taken with a digital camera (Fujifilm Finepix T350). In addition, a mirror was placed underneath the
grid to allow videographic capture of foot faults.

Drug treatment

Epothilone B (Selleckchem) or epothilone D (Abcam) were dissolved in dimethyl sulfoxide (DMSO, Sigma), diluted in NaCl and admin-
istered intraperitoneally 1 and 15 days after stroke at a concentration of 0.75 mg kg™ bodyweight using a 30G syringe (B. Braun).
Control animals received vehicle treatment (DMSO and NaCl without epothilone).

Intracranial injections

For anterograde (AAV9.hSyn.eGFP.WPRE.bGH, UPenn Vector Core) and retrograde (cholera toxin subunit B Alexa Fluor 594 con-
jugate, ThermoFisher) tracer injections, the following coordinates (stereotactically measured from bregma, in mm) were used:
AAV, AP 0.5, ML 1.75, DV 0.5; CTb, AP 2.5, ML 1.5, DV 0.75. Mice were anesthetized using isoflurane (3% for induction, 1%-—
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1.5% during surgical procedures, v/v in O,), and body temperature was maintained at 37°C with a heating pad. Injection holes were
drilled with a burr drill. Pulled borosilicate capillaries (inner tip diameter, 20 um; WPI) were mounted on a holder and attached to a
syringe (10 pl, Hamilton). Subsequently, the capillary was lowered into the cortex to the target depth, and remained in place for
5 min, followed by the injection at a constant flow rate of 100 nL min™" using a pump (Ultra Micro Pump UMP3 connected to a Micro4
MicroSyringe Pump controller, WPI). After completion, the capillary was kept in place for an additional 5 min to allow for tracer disper-
sion. Subsequently, injection holes were sealed with bone wax and the skin was sutured. Following post-operative wound care and
analgesia, animals were put into a warmed recovery chamber and subsequently transferred to their home cage.

Whole-brain clearing

Whole-brain clearing was based on established protocols.?? Briefly, fixed mouse brains were washed three times for 5 min in Milli-Q
H>O at room temperature. Subsequently, each brain was transferred to a glass vial (20 ml, Carl Roth) pre-filled with 30% (v/v) tert-
Butanol (Carl Roth) solution in Milli-Q at 37°C. The following mixtures, adjusted for the indicated pH values with Triethylamine (Sigma),
were used for dehydration/clearing: 30% tert-Butanol (pH 9.9), 50% tert-Butanol (pH 9.7), 70% tert-Butanol (pH 9.5), 80% tert-
Butanol (pH 9.6), 96% tert-Butanol (pH 9.5), 100% tert-Butanol (pH 9.4), and BABB (1:2 mixture of benzyl alcohol (Carl Roth) and
benzyl benzoate (Carl Roth), pH 9.4). Brains were kept in each dehydration and clearing solution for 1 h at minimal agitation in a
37°C incubator. After tissue dehydration, brains were incubated for 24 h in BABB clearing solution at 37°C to render brains trans-
parent for imaging. Cleared brains were stored protected from light at 4°C.

Immunohistochemistry

Mice were anesthetized with 3% isoflurane in oxygen (v/v) and an intaperitoneal bolus of 1 mg kg™ ketamine. Brains were fixed by
perfusion with 15 mL ice-cold 4% (w/v) paraformaldehyde solution and stored overnight at 4°C for post-fixation. Fixed mouse brains
were cryo-protected in 15% and 25% (w/v) sucrose solutions (in 1x PBS supplemented with 0.1% (w/v) NaN3) for 1 day each at 4°C.
20-um transverse sections were cut with a cryostat (Leica) and stored in 1x PBS supplemented with 0.1% NaN3; at 4°C. Sections were
blocked (1x PBS supplemented with 10% (v/v) normal serum and 0.5% (v/v) Triton X-100) at room temperature for 1 h, and incubated
in primary antibody solutions (1x PBS supplemented with 5% (v/v) normal serum and 0.05% (v/v) Triton X-100) overnight at 4°C on a
rotating platform (GFAP: 1:250, Z0334, Dako, RRID: AB_10013382; Iba1: 1:250, 019-19741, Wako, RRID: AB_839504; Laminin: 1:25,
L9393, Sigma, RRID: AB_477163; Fibronectin: 1:150, ab2413, Abcam, RRID: AB_2262874; MBP: 1:750, MAB386, Merck, RRID:
AB_94975; Ankyrin G: 1:100, MABN466, Merck, RRID: AB_2749806; Neurofilament M: 1:100, AB1987, Merck, RRID: AB_91201;
SMI312: 1:500, 837904, BioLegend, RRID: AB_2314902; CASPR: 1:750, ab34151, Abcam, RRID: AB_869934; NeuN: 1:100,
MABS377, Merck, RRID: AB_2298772). After 24 h, sections were incubated at room temperature for 3 h with Alexa-conjugated sec-
ondary antibodies (ThermoFisher; Alexa Fluor-488 goat anti-rabbit IgG, A11008, RRID: AB_143165; Alexa Fluor-488 goat anti-mouse
IgG, A11001, RRID: AB_2534069; Alexa Fluor-594 goat anti-mouse IgG, A11005, RRID: AB_2534073; Alexa Fluor-594 goat anti-rat
1gG, A11007, RRID: AB_10561522) in 1x PBS. Sections were mounted on a glass microscopy slide with Fluoromount-G medium
(supplemented with DAPI; Invitrogen) and stored protected from light.

Confocal and two-photon microscopy

For confocal microscopy, slides were imaged using an upright Zeiss LSM700 microscope. DAPI and Alexa Fluor signals were imaged
through 20x (Zeiss, Plan-Apochromat 20x/0.8 M27) or 63x (Zeiss, Plan-Apochromat 63x/1.40 M27) objectives, and saved as 8-bit
images. The same image acquisition and filter settings were used for each staining.

Fort two-photon microscopy, BABB-cleared brains were transferred to a metal cylinder with a mirror at the bottom, immersed in
clearing solution and placed in a plastic Petri dish (diameter, 10 cm). An imaging dish (u-dish 50 mm, low; Ibidi) was placed on top of
the cylinder and filled with 2,2’-Thiodiethanol (Sigma) to match the refractive index of the clearing solution for two-photon imaging.
For all experiments, a 10x objective (Olympus, XLPLN10XSVMP; NA, 0.6; working distance, 8 mm) was attached to a Zeiss LSM 7MP
upright two-photon microscope. EGFP signal was detected at 920 nm, and cells positive for Alexa Fluor 594 were detected at
780 nm. Image tile scans and Z stacks were acquired and saved as 8-bit images.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analysis steps were performed by investigators blinded to the group allocation of each dataset. All animals were randomly as-
signed to experimental groups using the “RAND()” function in Microsoft Excel (RRID: SCR_016137). Sample sizes were determined
as described above. Biological replicates for each group are reported in the Figure Legends.

For motor behavior analysis of mice navigating the elevated grid walk test, steps from each paw were counted individually (fore-
paws, 50 steps; hindpaws, 30 steps) and the number of missteps was used to calculate a paw misplacement ratio for left and right
forepaws and hindpaws, respectively.

For the quantification and analysis of neuronal somata positive for CTb conjugated with Alexa Fluor 594, Z stacks were acquired to a
depth of 600 um from the cortical surface. The injection site, as well as regions anterior, medial and lateral from the infarct, or corresponding
regions in control mice, were imaged. Positive cells were counted using Fiji (RRID: SCR_002285) after background subtraction, smoothing
using a 3D Gaussian blur filter (xy sigma, 5.5; z sigma, 2.0), grayscale conversion and segmentation using a watershed algorithm.
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For axonal projection profiles, images were stitched in Fiji using an established algorithm,*' and subjected to the learning segmen-
tation toolkit ilastik (RRID: SCR_015246)°° to binarize images according to eGFP signal or background. Subsequently, individual im-
ages were registered and verified for consistency of the injection site (Figure S4E). To this end, the area of saturated eGFP signal
without visually discernable axons was delineated by a circle and its center was defined as the center of the injection site. Subse-
quently, images were registered based on anatomical landmarks: to register image stacks of the M1-PMC region, a perpendicular
line was drawn from the brain midline to the center of the injection site, and images were excluded from the analysis if the length of this
line exceeded 1350 pm + 10% (based on the AAV injection 1750 um lateral from midline corrected for 23% isometric tissue shrinkage
due to the clearing method??; Figure S4E); second, to register stacks of the M1-S1 region, points were drawn at the frontal and caudal
end of the lateral brain curvature at Z distances of —50, —150 and —250 um from surface, respectively, and these points in each plane
were connected by a line. Subsequently, another line perpendicular to this line was drawn from the center of the injection site, and
images were excluded from the analysis if the length of this line exceeded 1250, 1525 or 1915 pm + 10% at the three imaging depths
(Figure S4E). In the Z direction, stacked images were registered from the cortical surface (z = 0 um) to a depth of —600 um. In addition,
we quantified the number of eGFP-positive neurons at the injection site (at —100, —150, —200, —250 and —300 pum from surface) and
detected no differences between the groups (Figures S4F and S4G). Finally, all maximal projection images from each animal were
overlaid in each group, and animals were excluded if the size of the injection site exceeded + 10% from the mean.

For the analysis of linear structures resembling intact axons, ROls were placed antero-medially and antero-laterally to the infarct.
Linear structures were traced and analyzed using the Simple Neurite Tracer (SNT) framework (RRID: SCR_016566) for Fiji after Hes-
sian-based filtering (sigma, 4.0 pixels).

All ilastik-processed images were registered in Fiji to create a single representation of all axonal projections, and separated into
ROIs I-IV. Individual ROIs were loaded into the 3D rendering and analysis software Imaris (Oxford Instruments, RRID:
SCR_007370), and axonal projection volumes (expressed in percent distribution) were calculated with the built-in surface creation
wizard using thresholds higher than the average background intensity plus the triplicate of the standard deviation. These files
were loaded into Imaris to visualize projections.

To quantify axonal coverage at earlier time points, confocal images (XYZ, 900x900x200 um) were taken from axial brain sections
stained for neurofilament M, converted to grayscale images, and binarized using a threshold based on the average background in-
tensity plus the triplicate of the standard deviation, followed by area coverage quantification using Fiji.

To quantify axonal coverage within the red nucleus and facial nucleus, Z stack images of axonal projections into the nuclei were
acquired (based on brain atlas coordinates corrected for 23% isometric tissue shrinkage due to the clearing method; red nucleus,
0.6 mm from midline, —3.0 mm from bregma, —2.9 mm from dorsal surface; facial nucleus, 0.9 mm from midline, —4.6 mm from
bregma, —4.2 mm from dorsal surface). Two-photon imaging data were binarized in Fiji using a threshold based on the average back-
ground intensity plus the duplicate of the standard deviation, followed by area coverage quantification.

Infarct volumes were quantified using Z stack images of the infarct cavity that were analyzed using the built-in surface creation
wizard in Imaris.

Immunohistochemical markers (GFAP, Iba1, laminin, fibronectin, NeuN) in the peri-infarct region were quantified in fixed axial brain
sections taken at defined time points after stroke using Fiji. To this end, grayscale images were binarized using a threshold based on
the average background intensity plus the quadruplicate of the standard deviation, and smoothed using a Gaussian blur (sigma, 2.0),
followed by area coverage quantification. NeuN-positive somata were quantified using the Watershed and Analyze Particles plugins
in Fiji.

Glial morphology was analyzed in Fiji as described.®® Briefly, following background removal (automated Huang algorithm; intensity
thresholds were calculated based on maximum-intensity projections), 3D particles (=30 voxels) were reconstructed using a Flood-
Filler algorithm, smoothed using a Gaussian filter (sigma, 1.0 px), skeletonized using the Skeletonize3D plugin, and analyzed using the
Analyze Skeleton plugin.

Some schematic images were prepared using BioRender (https://biorender.com, RRID: SCR_018361).

We used the Mann-Whitney test for comparisons between two groups, and the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test or one-way ANOVA followed by Tukey’s multiple comparisons test to compare several groups. We used the
two-way repeated-measures ANOVA and Bonferroni post hoc test for multiple measurements in the same groups. All data were
analyzed using GraphPad Prism 8 (GraphPad Software, RRID: SCR_002798) and are expressed as Tukey’s box-and-whisker plots
indicating the median, mean, interquartile range (IQR), and 1.5 IQR. A P value of less than 0.05 was considered statistically significant.
All statistical details are reported in the Figure Legends and Results.
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