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Spontaneous recovery after a stroke accounts for a signifi-
cant part of the neurological recovery in patients. However
limited, the spontaneous recovery is mechanistically driven
by axonal restorative processes for which several molecular
cues have been previously described. We report the accelera-
tion of spontaneous recovery in a preclinical model of
ischemia/reperfusion in rats via a single intracerebroventric-
ular administration of extracellular vesicles released from
primary cortical astrocytes. We used magnetic resonance
imaging and confocal and multiphoton microscopy to corre-
late the structural remodeling of the corpus callosum and
striatocortical circuits with neurological performance during
21 days. We also evaluated the functionality of the corpus
callosum by repetitive recordings of compound action po-
tentials to show that the recovery facilitated by astrocytic
extracellular vesicles was both anatomical and functional.
Our data provide compelling evidence that astrocytes can
hasten the basal recovery that naturally occurs post-stroke
through the release of cellular mediators contained in extra-
cellular vesicles.

INTRODUCTION

The epidemiology of stroke has dynamically changed over recent de-
cades. A constant improvement in clinical care and increased preven-
tive measures, acute treatment, and timely neurorehabilitation have
reduced the fatality rate and transformed stroke into a prevailing
cause of chronically disabling disease across the developed world'
and several developing nations, particularly in Latin America.”’
Acute ischemic stroke impacts cognition, sensation, vision, language,
and motor performance, with prominent signs of hemianopsia (loss
of sight in half of the visual field), diplopia (double vision of the
same object), speech deficits, paresis (muscular weakness), pares-
thesia (abnormal sensations of the skin), and other motor and sensory
deficits.*
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Despite impactful neurological impairment, most patients regain
some of their lost neurological functions without intervention via
a phenomenon of spontaneous recovery, which is determined exclu-
sively by the passage of time.” Such spontaneous recovery occurs
rapidly, at the level of impairment, and is driven by plasticity mech-
anisms initiated by the stroke.® Functional motor gains related to
spontaneous recovery are considered to be due to increased connec-
tivity of motor network areas that were initially disjointed by the
ischemic attack.” However, the extent of recovery varies among
patients, and the level of neurological regain is considered to be
proportional to the initial deficit.® Rehabilitation during a narrow
time window can enhance functional recovery, primarily through
compensation. However, most clinical trials have failed to show dif-
ferences in outcome endpoints between experimental and control
interventions.”

Studies in animal models have attempted to elucidate a time-limited
period of heightened plasticity after focal brain injury and the mech-
anisms behind spontaneous recovery.”'’ Cumulative data indicate
that axonal repair, neurogenesis, and inflammation resolution
mechanistically intervene in this recovery.' "' Particularly, axonal re-
modeling is a principal mechanism in which surviving neurons in the
peri-infarct cortex establish new connections within the motor, so-
matosensory, and premotor areas within the ipsilesional hemisphere,
with some reaching contralesional sites,'”'* while others even inner-
vate the frontal motor regions to the brainstem or spinal cord.'’
However, these new projections alter the topography of cortical

Received 13 May 2021; accepted 20 September 2021;
https://doi.org/10.1016/j.ymthe.2021.09.023.

Correspondence: Luis B. Tovar-y-Romo, PhD, Department of Molecular Neuro-
pathology, Instituto de Fisiologia Celular, Universidad Nacional Auténoma de
México, 04510 Mexico City, Mexico.

E-mail: Itovar@ifc.unam.mx



https://doi.org/10.1016/j.ymthe.2021.09.023
mailto:ltovar@ifc.unam.mx
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2021.09.023&domain=pdf

www.moleculartherapy.org

projections in the somatosensory system and change the aggregate
map of projections.'®'”

Astrocytes and astrocytic gliosis are known to impede the recovery of
injured tissue by blocking axonal sprouting through the production of
structural astrocytic proteins such as glial fibrillary acidic protein
(GFAP) and vimentin,'® as well as neurite-inhibiting signaling mole-
cules such as Nogo-A'’. Nonetheless, astrocytes have multiple essen-
tial support functions whose loss can precipitate or contribute to
neurodegeneration.”® Astrocytes are more resilient against ischemia
than neurons;>'**? therefore, astrocyte survival holds the potential
to restore neuronal integrity and promote a functional improvement,
especially in the ischemic penumbra.*®

In this study, we evaluated in a preclinical stroke model caused by the
transient occlusion of the middle cerebral artery (MCAO) in rats
whether astrocytes might influence spontaneous recovery through
signaling mechanisms mediated by the release of extracellular vesicles
(EVs), which are known to contribute to the modulation of CNS
physiology and pathology.”*

RESULTS

EV release from astrocytes after hypoxia

We isolated EVs released from primary astrocytes cultured under
normoxic conditions to characterize their effects on stroke evolution.
We also subjected astrocytes to a hypoxic challenge to assess whether
EVs would retain their molecular activities in response to ischemia
(Figure 1A). The 6-h hypoxic stimulus produces an ~30% reduction
of cell viability (Figures 1B and 1C; Figure S1).

We ran a physical and molecular characterization of the EV's released
from cultured primary cortical astrocytes obtained from P2 newborn
rats. The isolation method used in this study, which involves differen-
tial centrifugation, produces a homogeneous EV population with a
size consistent with exosomes, as analyzed by transmission electron
microscopy (Figure 1C) and nanoparticle tracking analysis (Figures
1E and 1F). The isolated EVs also expressed the canonical exosomal
marker CD63 (Figure 1D). When we subjected the astrocytic cultures
to hypoxia for 6 h, the number of exosomes collected in 48 h-condi-
tioned media was significantly lower than in the normoxic conditions
(Figures 1E and 1F), so that a physiological outcome to ischemic
stress would be reducing the release of EVs.

Administration of astrocyte-derived EVs in the rat brain

In a pilot experiment, using a pulled glass microcapillary pipette, we
administered stereotaxic injections of EVs collected from astrocyte-
conditioned media resuspended in 0.1 mM PBS into the lateral
ventricle of the rat brain. We evaluated EV boluses with total protein
concentrations of 200 and 400 ng determined by a bicinchoninic acid
protein assay in a volume of 4 pL. The higher concentration (400 ng)
yielded a larger difference in infarct volume respective to vehicle-
injected controls and was therefore used for the rest of the study.
On average, we injected approximately 8.5 x 107 vesicles in each
administration. Subsequently, we explored the distribution of EVs

in the rat brain. We noted that exogenous EVs reached the striatum
(Figure 1G) and motor cortex (Figure 1H) within 2 h (Figure S2)
and remained identifiable 24 h post-injection. Furthermore, we found
that EVs became internalized in neurons and astrocytes (Figure 1I;
Figure S2; Video S1) and were preferentially localized in the perinu-
clear region. Using these experimental parameters, we studied the
effects of EVs produced by astrocytes cultured under normoxic
conditions for 48 h (NXEV) and those released by astrocytes during
the same period after culturing under hypoxic conditions for 6 h
(HXEV) to determine whether hypoxia modifies the neuroprotective
potential of astrocyte EVs.

Spontaneous recovery in the preclinical model of stroke

We began by determining the temporal evolution of infarct assessed
with magnetic resonance imaging (MRI). Figure 2B shows coronal
slices from a T2-weighted MRI sequence of stroke-challenged ani-
mals at 24 h with NXEV or HXEV administration compared to con-
trol animals injected with vehicle alone. Evident at 24 h, there was a
significant reduction in the average infarct volume in animals that
received either type of EVs compared to the control group (p =
0.0157 for NxEV and p = 0.0163 for HXEV by two-way ANOVA
with Tukey’s post hoc test, Figures 2B and 2D). At this time, there
was no difference between NxEV and HXEV (p = 0.9997), but a dif-
ference became apparent over time. Specifically, by day 21 after
stroke, p values were 0.0144 for NxEV and <0.0001 for HXEV
compared to the control and 0.002 between NxEV and HxEV (Fig-
ures 2C and 2D), demonstrating that a single injection of EVs at the
beginning of the reperfusion phase contributed to the gradual
reduction of the infarct volume. These observations correlated
with the natural occurrence of spontaneous recovery in the rat after
MCAO. We assessed the neurological performance of subjects on a
series of tests that assess the integrity of sensory, motor, and senso-
rimotor circuits (Table 1). Control stroke-challenged rats that
received vehicle alone demonstrated a significant recovery (p =
0.0374, t = 3.576, degrees of freedom [df] = 3 in paired t test) during
21 days in the neurological parameters examined, as compared to
the values obtained by each rat at 24 h after stroke (Figures 2E
and 2F; Figure S3). Neurological recovery was enhanced in the
groups that received EVs (NXEV, p = 0.0046, t = 7.667, df = 3;
HxEV, p = 0.0032, t = 8.66, df = 3; Figures 2E and 2F; Figure S3).
Video S2 shows an improved response to the stimulation of the
vibrissae in a rat that received HXEV 14 days post-stroke.

Hastened recovery of structural alterations by the

administration of astrocyte-derived EVs

Using MRI, we studied the impact of EVs from cultured astrocytes
on the evolution of the brain’s physical recovery from stroke in a
longitudinal study. We measured mean diffusivity (MD), which is
a quantitative measure that reflects cellular and membrane density,
wherein an increase of mean diffusivity results from edema and
necrosis. The basal values of mean diffusivity ranged around 6 x
10~* mm?/ms in the corpus callosum, 3 x 10~* mm?/ms in the
striatum, and 4 x 10~* mm?/ms in the cortex. The values almost
doubled in stroke-challenged rats at 24 h after the infarction,
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Figure 1. Characterization of exosomes produced
by astrocytes

(A) Experimental design for collection of EVs. (B) Distri-
bution of fluorescence intensity of markers for live
(CytoCalcein), apoptotic (Apopxin), and necrotic (7-ADD)
cells under normoxia, hypoxia, and recovery. (C) Distri-
bution of live and dead (apoptotic, necrotic, and necrotic/
apoptotic) cells under each experimental condition. Graph
shows the mean + SEM of three independent experi-
ments, *p < 0.05 versus hypoxia; *p < 0.005, **p <
0.0005 versus normoxia. (D) Transmission electron mi-
croscopy micrographs of EVs isolated from astrocyte
cultures for 24 h. Vesicles were visualized by negative
staining with uranyl formate on copper/carbon-coated
grids; scale bars, 100 nm. (E) Immunoblot showing the
exosome canonical marker CD63 in protein lysates from
EVs and astrocytes cultured under normoxia (Nx) and
exposed to 6 h hypoxia and 42 h of recovery (Hx). (F and
G) Size distribution of particles in suspensions by nano-
particle tracking analysis of EVs isolated under normoxia
for 48 h (F) and after a 6-h hypoxic stimulus and 42-h
recovery (G). (H) Graph shows the difference in the num-
ber of EVs released from astrocytes subjected to hypoxia
(HXEV) and controls (NXEV) for 48 h. Data represent the
mean + standard deviation of three independent mea-
surements. (I and J) Distribution of EVs stained with
PKH26 (orange) injected i.c.v. into the brain of rats within
the striatum (I) and motor cortex (J). (K) EVs internalized in
neurons (MAP2; red) and astrocytes (GFAP; green) and
preferentially localized to perinuclear (DAPI; blue) regions.
Dotted squares demark regions where EVs localize; im-
ages on the left are magnifications of those regions. Im-
ages in (l), (J), and (K) are maximum projections of a z
stack of 20 optical slices showing the orthogonal planes,
and nuclei are stained with DAPI (blue); scale bars, 10 pm.
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Figure 2. i.c.v. administration of EVs shed by
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irrespective of treatment (Figure 3A), across all brain structures
analyzed. Notably, these values declined gradually and were deci-
sively lower at 7 days post-stroke in the animals that received
EVs. This was particularly evident in the group that received
HxXEV, which showed baseline mean diffusivity values by day 21.
The corpus callosum and striatum exhibited the most robust recov-
ery rates in this parameter, coincidentally with structures with a
lower cellular density than in the cortex.

As noted above, the underlying processes of spontaneous recovery are
firmly bound to axonal damage recovery. Axial diffusivity (AD) re-
sults from the structural integrity of axons, and a decrease of this value
mirrors axonal damage. At 24 h post-stroke, we found that all animals
displayed a significant reduction in axial diffusivity that was more se-
vere in the striatum > cortex > corpus callosum, which corresponds to
the hierarchical structural damage produced by MCAO (Figure 3B).
Values in this parameter indicate a time-dependent recovery across
all of the groups. However, such recovery was more robust in
HxEV, followed by the NxEV group. By day 21 post-stroke, the axial
diffusivities of HXEV in the striatum and cortex reached the baseline

Days post-stroke

group was significantly different from that of
the control group (p = 0.0001 for striatum and
p < 0.0001 for cortex), while the group with
NxEV showed only significant differences in the cortex (p = 0.4259
for striatum and p < 0.0001 for cortex).

Radial diffusivity (RD) is another diffusion tensor imaging (DTT)
parameter that evaluates axonal integrity, which is increased with
demyelination and reduced axonal density. We found this value to
be doubled in the corpus callosum, almost quadrupled in the stria-
tum, and tripled in the cortex 24 h post-stroke (Figure 3C).

The last parameter we assessed with DTI is fractional anisotropy
(FA), which is related to how freely water molecules move along
axons and reflect their structural integrity. A reduction in FA levels
indicates axonal damage. Due to the fibrous nature of the corpus cal-
losum, the baseline values of FA in this structure are higher than those
of the striatum and cortex. The FA baseline level in the corpus cal-
losum (about 0.6) drastically dropped to a third in all experimental
groups by 24 h post-stroke (Figure 3D). Notably, the administration
of HXEV resulted in a substantial but slightly lesser effect than the un-
treated control group. Whereas FA in the control group slightly
recovered by day 21 post-stroke, a very evident recovery occurred
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Table 1. Items evaluated in neurofunctional assessments

Neurological
assessment Reflex Score
exploring an open arena for more than 20 s 3
Spontaneous exploring between 10 and 20 s 2
activity exploring less than 10 s 1
not exploring or moving, only when stimulated 0
symmetric response when poked on each side 3
Body no response in the thoracic lesioned hemibody 2
proprioception (S) o response in the lesioned hemibody 1
no bilateral responses 0
symmetric response 3
Vibrissae attenuated response on the lesioned side 2
stimulation (S) no response on the lesioned side 1
no response on any side 0
standing with both forelimbs at even height 2
Cylinder test (SM) ;13?;1;;0 support body weight on lesioned 1
Unresponsive 0
symmetrical flex and moving from the site 3
Protective asymmetrical flex of the ipsilateral forelimb but 2
retraction of stays on-site
forelimbs after slight movement of ipsilateral forelimb and stays
poking (SM) on site !
does not flex forelimb and stays on site 0
Balanced 3
head tilted to the right and forearm extended 2
Body posture (SM)
body tilted to the right 1
unable to keep posture with lesioned hindlimb 0
symmetrical movement 3
March support on the ulnar side of the lesioned forelimb 2
coordination (M) dragging fingers during the march 1
does not stand on lesioned forelimb 0
none 3
Contra-lesioned- spontaneous circling 2
wise circling (M) stimulus-induced circling 1
not moving 0
symmetrical grip 3
Prehensile grip asymmetrical, unable to hold body weight 2
of forepaws to
a wire (M) unable to hold the grip with lesioned forelimb 1
falling from wire
Ability to rise unskewed side to rise 2
while suspended able to rise only until reaching the horizontal plane 1
from the tail (M) unresponsive while suspended 0

Every subject’s neurological performance was assessed at 1, 7, 14, and 21 days after
stroke in 10 items, and for each one, a corresponding value was assigned. S, somatosen-
sory evaluation; M, motor evaluation; SM, evaluation of the integration of somatosen-
sory/motor coordination. Behavioral evaluations were cross-validated by a trained
analyst blinded to the experimental conditions.
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with the administration of either NxEV or HxEV. The latter, in
particular, demonstrated a more considerable effect and a clear
time-dependent trend toward recovery (Figure 3D). The more
severely affected striatum exhibited an even more substantial FA
decrease 24 h after infarction, and NxEV did not impact the overall
recovery trend.

In contrast, HXEV did promote a significant improvement that
evolved rapidly at 7 days post-stroke and exhibited almost normal
values by day 14. Finally, in the cortex, with a more heterogeneous
architecture than the corpus callosum and the striatum, the stroke-
induced changes were of lesser magnitude by day 7. HXEV almost
fully mitigated them at this early time point (Figure 3D), whereas
NxEV did not affect the spontaneous recovery.

Stroke notably impacts the brain as a whole, and structural damage
appears not to be restricted to the only sites where blood supply
was impeded. Our MRI study shows that the brain hemisphere
contralateral to the lesion had structural changes that resolved
over time, and the administration of EVs hastened the recovery.
EVs induced a full recovery of the mean diffusivity in the corpus
callosum by day 21 (Figure S4A). The contralateral cortex and
striatum showed subtler changes that were normalized by
14 days with HXEV and 21 days with NxEV (Figure S4A). Simi-
larly, the axial diffusivities of the corpus callosum and contralateral
cortex were fully recovered by day 21 with the administration of
EVs (Figure S4B). In the striatum, the trend toward full recovery
was more marked with HXEV. As in the ipsilateral side, the radial
diffusivity was minimally affected by the stroke in the contralateral
hemisphere, and the administration of HXEV provided full recov-
ery as early as day 7 post-stroke for the striatum and cortex (Fig-
ure S4C). Finally, the FA of the contralateral structures showed a
similar recovery pattern as that of the ipsilateral hemisphere, with
the striatum and cortex showing full recovery with the aid of
HxEV (Figure $4D).

We used vector scalar values from DTI to produce tensor tract recon-
structions to provide a graphical visualization of the extent of the
recovery of white matter bundles facilitated by EV administration
(Figure S5 shows the regions of interest where seeds were placed
for the tractography). Figure 3E shows DTI-derived tracts across
the corpus callosum, and Figure 3F shows a portion of the cortico-
striatal tract impacted by MCAO. The tractography of intact brains
shows a complete reconstruction of the tract segments (Video S3).
In contrast, the number of fibers that could be reconstructed in the
control group was significantly limited, and the shape of recon-
structed tracts is highly disorganized and atrophied. In the recon-
structions of NxEV and HXEV groups, the length of assembled tracts
was longer than that of their respective controls, and the number of
fibers was also significantly increased.

Structural correlations of anatomical fibers with MRI
We evaluated the integrity of brain neuronal structural fibers by
immunolabeling microtubule-associated protein 2 (MAP2) and
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Figure 3. Administration of astrocyte-derived exosomes preserves the structural integrity of neuronal tracts

(A-D) Mean diffusivity (A), axial diffusivity (B), radial diffusivity (C), and fractional anisotropy (D) were determined from diffusion tensor imaging (DTI) of the ipsilateral corpus

callosum (left column), striatum (middle column), and motor cortex (right column) at 1, 7, 14, and 21 days post-stroke. Boxplots on day 1 show the alterations caused by the
(legend continued on next page)
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Figure 4. The administration of astrocyte-derived exosomes promotes the recovery of the neuronal processes’ integrity affected by stroke
Representative micrographs of 40-pum-thick immunostained sections with MAP2 (red) and TUJ1 (green) of each experimental group. Images show the evolution of the
recovery of the processes in the affected motor cortex and dorsal striatum at 7, 14, and 21 days post-stroke. Microphotographs are z stack confocal projections of 10-15

optical slices. Scale bars, 50 um.

BIHI-tubulin (Tujl). In control animals, there was a near total loss of
dendritic staining with MAP2 and all neuronal processes with TUJ1
at 7 days post-stroke (Figure 4). A gradual time-dependent recovery
from this loss occurred across all groups, but only to a decidedly
limited extent under control conditions. This limit was surpassed
with the aid of astrocyte EVs, especially in the cortex (Figure 4).
Also illustrated in Figure 4, the recovery of dendritic arborizations
was greatly disorganized in the striatum of the control group animals.
EVs did not help shape a better organization of the fibers by day 21, as
indicated by the directionality of the tracts (Figure S6). Overall, the
appearance of the neuronal processes labeled with MAP2 and Tujl
positively correlates with the MRI parameters described above,
providing a histological grounding to the determinations made by in-
direct measurements of DTL

Although the administration of EVs facilitated the recovery of the
gross neuronal architectural conformation of the brain, we intended
to discover whether this treatment also enabled the outgrowth of
axons from the lesion core in the striatum toward the innervated
cortical areas. Hence, at day 14 post-stroke we injected the cholera
toxin subunit B (Figure S7), which is retrogradely transported by
the axons, and the fluorescent dye Dil (1,1’-dioctadecyl-3,3,3',3'-tet-
ramethylindocarbocyanine perchlorate) (Figure 5), carried in an
anterograde and retrograde fashion through the axonal transport
system, and followed the localization of the fluorescent label in the
innervated cortical regions at day 21 post-stroke.

Next, we determined how the innervation of the ipsilateral cortex
from the dorsal striatum was modified by stroke, using two-photon

stroke in all four DTl parameters; no statistical differences exist between stroke-challenged animals treated with vehicle (control) and those that received EVs 30 min after the
beginning of reperfusion. From day 7 onward, boxplots show the evolution of the recovery hastened by the administration of NXEV or HXEV. Boxplots show the minimum and
maximum values within each group, the dispersion span from Q1 to Q3, and the mean; n = 4. The shaded horizontal bar in each plot marks the span of +1 SD of the intact
group baseline values. Statistical differences of the recovery trend are indicated among groups with two-way repeated-measures ANOVA followed by Tukey’s post hoc test,
and changes over time within each group are also indicated with two-way ANOVA followed by Tukey’s post hoc test. “p < 0.05, “*p < 0.01, **p < 0.001, ****p < 0.0001. (Eand
F) Fiber tractography produced from DTI of the corpus callosum (E) and a striatocortical tract of the ipsilesional hemisphere (F) of a representative rat of each experimental
group 21 days after stroke. Colors in the tracts indicate the orientation of the fiber: transverse fibers (red), anteroposterior fibers (green), and craniocaudal fibers (blue).
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L. somatosensory
cortex domain

= barrel cortex

motor cortex
domain

Figure 5. Astrocyte-derived exosomes promote axonal regrowth and the reorganization of cortical innervation maps in the somatosensory cortex
(A) Schematic representation of the administration of the fluorescent colorant Dil at 21 days post-stroke and diffusion through axonal transport during 7 days. (B)
Schematic indication of the localization of polar plots shown in (C) over the cortical territories of the motor and somatosensory cortex of the rat, indicated by the

(legend continued on next page)
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Figure 6. Administration of astrocyte-derived
exosomes augments compound action potential
recovery of stroke-challenged rats
(A) Schematic representation of electrode placement
showing the stimulated (S) and recorded (R) sites in a
coronal plane. CAP waveforms display early (N1) and late
/*f—r»fff (N2) negative peaks generated by myelinated and unmy-
- elinated axons, respectively. Dashed lines on CAPs
explain the measurements of peak amplitudes from their
projected bases. (B) Representative CAPs evoked at the
maximum stimulus level under each experimental condi-
tion. (C) Plots for N1 and N2 I/O curves for intact, control,

NXEV, and HXEV groups.
intact
control
NXEV
HXEV

N2

¢ >ne

measurement of field potentials in fiber popu-
lations. The compound action potentials
(CAPs) of the corpus callosum have a two-
phase trace with two negative peaks, with
the first one (N1) representing the myelinated
fibers and the second one (N2) representing
the unmyelinated fibers®® (Figures 6A and
6B). The amplitude of CAPs evoked in
the corpus callosum reflect the number of

o

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10
Threshold factor

laser scanning confocal microscopy of the entire ipsilateral hemi-
sphere. To achieve this, 20 x 20 binned images were converted to
single pixels and mapped to the cortex in a polar plot with the center
located at an anatomical point identifiable by the first major split of
the M4 segment of the superior MCA trunk. Overlapping the image
of a slice of the corresponding preparation of the contralateral side
(corrected for anatomical symmetry) stained with cytochrome ¢
oxidase to distinguish the barrel cortex allowed us to map the gen-
eral territories of the motor and somatosensory cortices (Figure S8).
As expected, we found that the stroke caused a drastic loss of striatal
projections to the somatosensory and motor cortices. Whereas the
administration of EVs did not necessarily rescue the lost innerva-
tions, it promoted the reorganization of innervated cortical areas
that instead preferentially targeted the parietal somatosensory cor-
tex (Figure 5). The patterns reorganized by EVs were notably similar
between normoxia and hypoxia. The motor cortex was predomi-
nantly spared in our experiments, possibly owing to the small infarct
size on days 14 and 21 (Figure 2).

Functional axonal regeneration of the corpus callosum
The corpus callosum is the most prominent white matter tract
in the mammalian brain, making this structure suitable for the

X1 x2 x3 x4 x5 x6 x7 x8 x9 x10
Threshold factor

contributing axons. The input-output (I/O)
relationship of CAPs evoked in the corpus cal-
losum of the animals showed that administra-
tion of EVs at 30 min post-injury resulted in
significant recovery of CAP amplitude, and this effect was more
pronounced in the N2 than the N1 CAP component (Figure 6C),
thus revealing a greater susceptibility of myelinated fibers to
injury. The I/O curves for N1 and N2 amplitudes in the control
group were significantly shifted downward relative to all other
groups, indicating an injury-induced reduction of evoked action
potentials in the myelinated and unmyelinated axon populations,
respectively. In rats from the NXEV and HxEV groups, the N1
and N2 CAP amplitudes were significantly elevated above those
of the control group, indicating a favorable degree of neuroresto-
ration of myelinated and unmyelinated fibers. This was more
prominent in non-myelinated fibers, revealing a greater suscepti-
bility of myelinated axons.

The results obtained through the I/O curve measurements reveal a
similar recovery pattern to that observed in FA analysis of samples
from the corpus callosum (21 days, i). Likewise, there was a remark-
able correspondence between electrophysiological results (CAPs for
N1 at 10x, ii) and the functional recovery (combined neurological
score at 21 days, iii) reported in the present study. Pearson correlation
values were as follows: r;3; = 0.992, p = 0.04; 1;;; = —0.991, p = 0.043;
and r;z; = —1, p = 0.003.

localization of the barrel cortex (see Figure S8). Polar plots of the striatal innervation to the cortex in a representative rat of each group. Each two-photon-
captured stack’s maximum projection was converted to the pixels’ Cartesian coordinates meeting the threshold set (percentile 90-95 of positive signal). Origin
(0,0) was set to the first branch split of the M4 segment in the MCA'’s superior trunk. Notice the stroke impact of the somatosensory cortex and the reorganization

of the cortical maps produced by EVs.
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Identification of molecular mediators of axonal remapping

within astrocyte-derived EV cargo

For the last part of this study, we set out to identify the possible mo-
lecular mediators of axonal regeneration contained in EVs released
from astrocytes. To determine this, we performed a meta-analysis
of three protein datasets from previously published astrocyte exo-
some-derived proteomes with n = 19,°° n = 107,”” and n = 219*° iden-
tified proteins (Figure 7A). We also performed a Gene Ontology (GO)
over-representation test with R (3.6.3) package clusterProfiler.”” Sub-
sequently, we selected eight biological process (BP) GO terms related
to axonal growth and synaptogenesis, including synapse organization,
response to axon injury, regulation of synapse structure or activity,
postsynaptic cytoskeleton organization, postsynapse organization,
neuron projection extension, modification of synaptic structure,
and axonogenesis (Figure 7B). Unique proteins belonging to these
eight BP GO terms (n = 39) were analyzed using STRING with a min-
imum interaction score of 0.900 and k-means clustering of 3 (Fig-
ure 7C). Astrocyte exosome-derived proteomic datasets and all GO
overrepresentation terms can be found in Data SI.

DISCUSSION

How astrocytes react to ischemic damage after stroke is a complex
biological process that involves a coordinated response from a hetero-
geneous cell population across multiple phases. In this study, we
report that astrocytes produce and release EVs loaded with chemical
cues that prompt the axonal remapping of cortical areas damaged
by stroke. Importantly, we determined that astrocytes subjected to
hypoxic stress release EVs with an increased capacity for repair.
Lastly, we found that this mechanism of intercellular communication
accelerated the spontaneous recovery of experimental subjects in
the subacute phase following stroke. The molecular link between
astrocyte-produced biomolecules transmitted in EVs and functional
recovery from stroke has not been established before.

The MCAO procedure used in the present study primarily affects
motor coordination and stimuli perceptual integration, coded in the
circuits of the somatosensory cortex and thalamus.” The subcortical
damage affects functional connectivity in the somatosensory cortex,
which correlates with cortical activations after electrical stimulation
of the affected forelimbs.”" Previous work shows that distinct senso-
rimotor pathways have a significant loss of connectivity 2 weeks after
stroke in the rat.”

During spontaneous recovery, the reorganization of axonal connec-
tions and the overall histological patterns of the brain involve either
compensation or repair, and the latter is considered to reflect func-
tional recovery.” With work performed on stroke preclinical models,
we know that the mechanisms for spontaneous recovery include pro-
moting new brain cortical maps through axon sprouting, remyelina-
tion, and blockade of extracellular inhibitory signals.”**® After a
stroke, axonal growth and repair mechanisms establish new projec-
tions in the contralesional hemisphere. The axonal sprouting trig-
gered by stroke generates new local intracortical projections as well
as long inter-hemispheric projections,”® which have been associated

with functional recovery.”” By engaging both the ipsilateral and
contralateral hemispheres, the rostral and caudal portions of the
motor cortex are involved in coordinating the skilled reaching perfor-
mance in the rat.’® In humans, the contralesional motor cortex plays a
central role in the recovery of motor function,” but acute cortical
reorganization following focal ischemia appears to occur less rapidly
than in rodents.*

Regarding the activators of these repair processes, endogenous
cellular and molecular processes occurring during a limited time win-
dow promote a regenerative microenvironment in the post-acute
ischemic phase. Physiologically, the axon growth cone that covers
the terminal zone of neuritic processes is assembled, and, along
with the reorganization of the cytoskeleton in the proximal axon
stump, initiates the regeneration process.”’ Growth cone formation
and axon growth progression are regulated by extracellular factors
and intracellular signaling molecules.>*?
that neurons endure profound changes in their transcriptional profile
in the subacute phase after stroke, which enables them to undergo
plasticity changes,** and astrocytes activate a transcriptional profile
that favors the expression of repairing genes.*> We hypothesize that
astrocytes signal neurons to activate the regenerative mechanisms
through intercellular signaling driven by EVs. This type of communi-
cation mechanism has recently been shown to be capable of directing
these processes. Astrocyte-derived exosomes with prostaglandin D2
synthase expression contribute to axonal outgrowth and functional
recovery in stroke by inhibiting the axon growth blocker semaphorin
3A," providing evidence that the release of EVs from astrocyte does
contribute to axonal growth signaling.

In addition, it is known

In our meta-analysis of astrocytic EV proteomes, we identified several
proteins that regulate axon outgrowth and guidance, for instance:
TUBB, a B-tubulin protein involved in axon guidance;"” ACTG1, a
critical protein for axogenesis, axon guidance, and synaptogenesis;*®
RhoA, which has been shown to restrict the initiation of neuronal po-
larization and axon outgrowth during development,” and whose
knockdown promotes axon regeneration;”’ RTN4, a myelin-associ-
ated axon growth inhibitor that impairs axon regeneration in the
adult mammalian CNS;>' Cdc42, which targets the cytoskeleton,
cell adhesion, and polarity regulators®* and is involved in axon guid-
ance;” TUBA4A and PEN1, which regulate cytoskeletal dynamics;**
SPARG, a secreted protein involved in synapse pruning during devel-
opmen'[;55 Rabl1A, involved in axon outgrowth;56 and Ephrin, whose
signaling is known to modulate axon guidance and synaptic plasticity
and promote long-term potentiation,””® and whose inhibition has
been targeted to augment recovery after stroke,”” among others.

EVs also regulate several physiological processes by delivering micro-
RNAs (miRNAs) to their target cells. Numerous species of these mol-
ecules, previously found in astrocyte-shed EVs,*® regulate axon
growth and guidance. miRNAs in distal axons of cortical neurons,
such as miR15b, miR195, and miR26b, are known to integrate
network regulatory systems that promote axonal growth,”’ Other spe-

cies that block these processes, such as miR203a and miR29a,°°! are
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Figure 7. Meta-analysis of astrocytic EV proteomes

(A) Venn diagram of the three databases used for the meta-analysis.”®“® (B) Biological process (BP) Gene Ontology (GO) analysis of proteins related to neuronal, axonal, and
synaptic biological processes. (C) STRING analysis of the 39 proteins represented in the BP GO terms in (B), with a minimum interaction score of 0.900 and k-means
clustering of 3.

decreased in EVs released from astrocytes subjected to proinflamma-  neuroadaptation following stroke.” The axon growth and guidance

tory signals. Nevertheless, other miRNA species, such as miR130a,  prompted by EVs most likely result from combining all of these
indirectly regulate VEGFR2 expression,”> which is also involved in  different regulatory molecules within the same vesicle. The exact
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mechanism of action of each miRNA contained within astrocytic EVs
requires elucidation.

In response to ischemia, astrocytes also modulate the production of
trophic factors with essential roles in the neuromodulation of recov-
ery after damage,’*®> mainly by regulating hypoxia-inducible factor
(HIF)-1 and HIF-2°*"" and nuclear erythroid related factor 2
(Nrf2).°® Trophic factors such as erythropoietin,”**’
thelial growth factor,”””" neurotrophin-3,”>”* and nerve growth fac-
tor’* not only contribute to maintaining neuronal survival but also
have profound effects on axonal outgrowth. In addition, they influ-
ence axonal fibers’ length and tortuosity in sensory pathways.”” "’
Molecular mediators that drive all of these mechanisms can, in prin-
ciple, be packed and released in EVs,”® increasing the potency for
recovery.

vascular endo-

We enhanced input signals for axonal growth from astrocytes under
stress (HXEV) and basal conditions (NXEV), which allowed us, under
a permissive environment generated by the stroke, to potentiate the
endogenous process of neurite growth and cortical remapping that
underlies functional recovery. The endogenous production of EV
content within the brain-resident astrocytes changes dynamically
throughout recovery after the ischemic insult. By delivering these ves-
icles 30 min after initiation of the reperfusion phase, we are likely
shortening the time taken for the endogenous reparative mechanisms
to commence, which is a plausible explanation for the recovery accel-
erating effect induced by administering astrocytic EVs. The astrocytes
in culture were free from the influence of classically activated micro-
glia, which is known to induce A1 reactive astrocytes that promote the
death of neurons and oligodendrocytes.*’

It is well established that the brain produces neurochemical signals
that drive adaptive changes at the molecular level conferring tolerance
to hypoxic stress.”” In this sense, the greater efficacy of HxEV over
NxEV could be attributed to preconditioning, where the exposure
to a potentially deleterious stimulus at a subthreshold level increases
the resistance to a repeated presentation of the challenge even at a
higher magnitude. Astrocytes are oxygen level sensors in the CNS™
and can thus trigger physiological responses for adaptation to envi-
ronmental challenges. For this, astrocytes use diverse molecular
mechanisms, for instance, switching molecular responses to increase
tolerance by sensitization of P2X; receptors,”””®" which are closely
associated with regulating excitotoxic neuronal death.®> Other mech-
anisms involved in the astrocyte-driven preconditioning are the
blockade of astrogliosis and induction of antioxidant capacities in
these cells.”” Given that HxEV had higher efficacy than did NxEV
in promoting functional recovery, our results support the notion
that EV-mediated release of molecular cues that facilitate axonal
growth and neuronal survival serves as a mechanism of intercellular
communication in hypoxic preconditioning,”**’

Most astrocytes are resistant to hypoxic death;* still, in our experi-
mental setting, the hypoxic challenge for 6 h decreases cell viability
by about 30%. Thus, it is important to consider that dead and injured

cells in the culture contribute to EV yield, possibly sending molecular
signals that act as damage-associated molecular patterns.*>*® The
proportion of cells with apoptotic markers (Figure S1) is significantly
high to consider that they can potentially influence tissue recovery.
Finally, it is also relevant to consider that in addition to inducing
cellular death, hypoxia also changes the physiology of EV production
and release.”’”

One of the most important findings of the present study is that astro-
cytes convey signals that directly reshape the innervation of affected
cortical brain areas and potentiate axonal communication in
impaired neuronal tracts through EVs. These effects are accompanied
by neurological improvement after stroke. Previous studies have
shown that astrocytes are highly heterogeneous cells, with typical
types accounting for ~70% of astrocytes in culture,”® promoting
neuron adhesion and neurite growth, while atypical astrocytes inhibit
such processes.” Reactive astrocytes, such as those that form glial
scars after brain damage, potentially limit axonal growth after stroke,
mainly by producing an extrinsic inhibitory environment. Our results
might also reflect the enhancement of soluble signals released by
repair-promoting astrocytes, and by the external administration of
these EVs, we could surpass the physical inhibitory barriers promoted
by reactive gliosis.

Given the dire need for suitable biomarkers for post-stroke plasticity
mechanisms, we propose that astrocyte-derived particles, which can
be isolated from human plasma,’>®" may serve as functional markers
for brain plasticity, especially in the chronic phase after stroke when
neurological restoration is minimal and can only possibly be obtained
by proper neurorehabilitative interventions.

In conclusion, understanding the biological basis of neurological
function restoration after stroke is critical for designing intervention
therapies by the exploitation of endogenously coded mechanisms for
the repair of the damaged brain. The use of isolated EVs from
cultured astrocytes, even if unmodified, may shorten the time
required for neurological recuperation or, even more so, extend the
very limited time window of spontaneous recovery and increase the
proportion of functional gains in patients. Additional studies are
warranted to explore the optimal time point for astrocyte-derived
EV administrations and the optimally effective and safe way to deliver
them to the damaged brain.

MATERIALS AND METHODS

Animals

This study used young 6-week-old (270-290 g) wild-type Wistar rats
subjected to MCAO as described below. Rats were bred at the Animal
Facility of IFC-UNAM certified by the Secretariat of Agriculture and
Rural Development (SADER-Mexico). Animals were housed in indi-
vidual cages in a 12-h light/12-h dark cycle with food and water ad
libitum. Rats were killed at 1, 7, 14, and 21 days post-stroke. All exper-
imental procedures were conducted under the current Mexican law
for the use and care of laboratory animals (NOM-062-Z0O0-1999)
with the approval of the Institutional Animal Care and Use
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Committee (CICUAL-IFC-LTR93-16). Experiments are reported in
compliance with the Updated Animal Research: Reporting In Vivo
Experiments (ARRIVE 2.0) guidelines.g2

Study design

We conducted this study in the setting of ischemia/reperfusion-
induced damage to the brain in the absence of hemorrhagic conver-
sion. The sample size used was determined a priori based on pilot
experiments. Considering a medium Cohen’s d effect size >0.3, statis-
tical B power of 0.8, and significance of 0.05, we determined that n = 4
would allow us to reject the null hypothesis (no effect) with 95% con-
fidence. The mortality rate was assumed to be 0.4 based on pilot
experiments. The inclusion criteria consider the analysis of experi-
ments that recapitulate full ischemia/reperfusion without brain hem-
orrhagia. An experiment met the inclusion criteria when there was a
reduction of blood perfusion below 50% of baseline, which roughly
corresponds to the effect of occluding the common carotid artery, re-
perfusion above 50% baseline within 10 min, total occlusion time of
60 min, absence of subarachnoid or intraparenchymal hemorrhages,
and survival for 24 h after stroke. For humane reasons, experiments
were terminated when animals presented with hemiplegia or general-
ized weakness that made them unable to eat or drink autonomously
within 24 h of stroke; those animals were considered dead before
24 h.

We used a total of 140 rats in this study, of which 21 died before 24 h
(19 control, 1 NxEV, and 1 HXEV). Because survival at 24 h was an
inclusion criterion, none of these rats was considered in any analyses.
Thirty-six other animals were excluded from the study (22 control,
9 NxEV, 5 HxEV) because they did not show reperfusion above
50% of baseline within 10 min or presented brain hemorrhage. All
of the observations (i.e., MRI, histology, and electrophysiological
CAP recordings) were run in independent experiments, except for
the longitudinal MRI assessments at 7, 14, and 21 days that followed
the same individuals across time. The characterization of axonal
growth and construction of polar maps was performed in a single
experiment per condition. This study is limited to assess effects on
male rats to prevent potential confounds of estrogen-mediated neuro-
protective actions present in female rodents.”

MCAO

Ischemic stroke was performed as previously reported with slight
modifications.®® Briefly, rats were subjected to isoflurane anesthesia
(5% for induction followed by <1.5% during surgery) with oxygen
as the carrier. Normal ventilation was autonomously maintained. A
nylon monofilament with a silicone-covered tip (403734, Doccol,
Sharon, MA, USA) was inserted through the ligated left external ca-
rotid artery, and intraluminally advanced through the internal carotid
artery until it occluded the MCA. The occlusion was maintained for
60 min, after which the monofilament was removed. Body tempera-
ture was maintained at 37°C with a heating pad for the duration
of surgery. At the end of the procedure, the neck’s skin was
sutured, and rats were returned to their cages. During the entire
experimental procedure, the cerebral blood flow (CBF) was moni-
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tored in the territory irrigated by the MCA with laser-Doppler flow-
metry at the following stereotaxic coordinates: anterior-posterior
(AP) —1.5 L +3.5 from bregma, with a laser-Doppler probe (model
407, Perimed, Jarfilla, Sweden) connected to a Periflux system 5010
(Perimed). CBF was continuously monitored with an acquisition in-
terval of 0.3 s using Perisoft software (Perimed).

Primary astrocyte cell culture

Primary cortical astrocyte cell cultures were prepared and maintained
using methods similar to those described previously.”® Briefly, astro-
cytes were isolated from the cerebral cortices of postnatal day 1-2
Wistar rats. The tissue was digested with trypsin and subsequently
mechanically dissociated in Hanks’ balanced salt solution. The cell
suspension was plated in poly-p-lysine culture flasks containing
Dulbecco’s modified Eagle’s medium/F-12 medium (Gibco-BRL)
and 10% fetal bovine serum (FBS) (Gibco-BRL). 24 h after plating,
the cultures were shaken at 200 rpm at 37°C overnight to remove
less-adherent cells, with the remaining cells determined to be ~98%
GFAP" astrocytes. Experiments were performed between three to
five passages.

Cell viability was determined with an apoptosis/necrosis assay kit
(ab176749, Abcam, Cambridge, UK) under normoxic, hypoxic
(6 h), and recovery (6 h hypoxia followed by 42 h recovery) condi-
tions. Cultured astrocytes were incubated with 2 pL of each marker
(CytoCalcein, 7-aminoactinomycin D [7-AAD], and Apopxin PS
sensor) for 60 min. After incubation, cells were harvested with a
cell scraper, centrifuged, and resuspended in 1.5 mL of culture me-
dium, then loaded and analyzed in an Attune acoustic focusing cy-
tometer (Thermo Fisher Scientific) with a 530/30 band for Apopxin,
a 640LP band for 7-AAD, and a 450/40 band for CytoCalcein. In
three independent experiments, standard singlet forward scatter
area (FSC-A)/forward scatter height (FSC-H) and size and granu-
larity FSC-A/side scatter area (SSC-A) gates were placed, and cell
populations were analyzed for each of the three compensated fluores-
cent markers with at least 10,000 cells per experiment in Flow]Jo 10.8.
The CytoCalcein™ cells were considered “live” regardless of the pres-
ence of the other cell markers (Figure S1). Cells were classified as
apoptotic (Apopxin®*), necrotic (7-AAD"), or necrotic/apoptotic
(Apopxin*/7-ADD") in the absence of CytoCalcein.

EV isolation and characterization

EVs were purified from astrocyte cell culture supernatants under two
experimental conditions: incubated for 48 h under normoxic condi-
tions (NXEV) or for 6 h under hypoxia, followed by 42 h for recovery
in normoxia (HXEV). For hypoxia, cultures were incubated inside a
hypoxic chamber (STEMCELL Technologies, Canada) with a 100%
N, atmosphere for 6 h at 37°C. For the collection of exosomes
secreted exclusively by astrocytes, a conditioned medium was pre-
pared with exosome-free FBS. The conditioned medium was recov-
ered and filtered with a 220-nm-pore membrane to remove large
cell debris, microvesicles derived from plasma membrane with a
diameter greater than 220 nm, and large apoptotic bodies. The super-
natant was collected and sequentially ultracentrifuged at 50,000 x g
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for 30 min, followed by 100,000 x g for 70 min. The purified vesicles
were resuspended in 100 pL of PBS.

A fraction of the resuspended vesicles was diluted 1:50 for nanopar-
ticle tracking analysis (NTA) measurement by NanoSight (NS300,
Malvern Panalytical, UK) at the National Laboratory of Flow Cytom-
etry (IIB-UNAM, Mexico). Vesicle size was determined by estimating
the diffusion coefficient calculated from the Brownian motion direct
observation using the Stokes-Einstein equation and depicted as a size
histogram. Both acquisition and analysis settings were kept constant
for control and hypoxic samples.

For the characterization by transmission electron microscopy, 2 uL of
EV suspension was loaded onto glow-discharged 400-mesh copper/
carbon-coated grids and left to settle for 5 min. After a brief wash
with drops of distilled water, the grids were stained in 2% uranyl
formate for 1 min and blow-dried on Whatman filter paper. Exo-
somes were examined with a JEOL-JEM-1200 transmission electron
microscope at an accelerating voltage of 80 keV.

The expression of the exosome canonical marker CD63 was deter-
mined by western blot. The quantification of protein content in exo-
some suspensions and whole-cell lysates was undertaken by a modi-
fied Lowry assay (detergent-compatible [DC] protein assay, Bio-Rad).
For immunoblotting, sample preparation was performed in Laemmli
buffer, and 5 pg of each protein was resolved by 7.5% SDS-polyacryl-
amide gel electrophoresis and transferred to polyvinylidene fluoride
membranes. Membranes were blocked with 5% bovine serum albu-
min (BSA) in Tris-buffered saline (TBS) containing 0.1% Tween 20.
After blocking, the membrane was incubated overnight with the pri-
mary polyclonal antibody anti-CD63 (1:200; Santa Cruz Biotech-
nology, sc-15363), followed by a 2-h incubation with the secondary
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody
(1:200; GeneTex, GTX213110). Following incubation with the
Immobilon forte substrate (EMD Millipore), the blot was scanned
on a C-DiGit apparatus (LI-COR Biosciences).

Administration of astrocyte-derived EVs in the brain

A 4-uL vol of an exosome suspension in phosphate buffer was admin-
istered by intracerebroventricular (i.c.v.) injection in the correspond-
ing animal groups 30 min after removing the intraluminal filament in
the MCAO procedure, which marked the beginning of reperfusion.
The injection was performed at the following stereotaxic coordinates:
AP —0.8 and L —1.5 from bregma and V —4 from dura matter at a
flux rate of 0.8 pL/min using a graduated glass microcapillary pipette
pulled to produce a tip <50 pm in diameter. The number of exosomes
administered in each experiment contained equal quantities of total
protein in the range of 400 ng.

For the characterization of the distribution and bioavailability of EVs
injected in the brain, we stained them with PKH26 (Sigma-Aldrich),
per the manufacturer’s directions, and proceeded to i.c.v. injection.
We determined the presence of labeled EVs in the brain at 2 and
24 h after their administration by evaluating 40-pm paraformalde-

hyde (PFA)-fixed coronal brain slices. Sections were blocked and per-
meabilized with 0.5% TBS with Tween 20 (TBS-T) and 5% BSA and
incubated overnight at 4°C with primary antibodies anti-MAP2
(1:500; Abcam, ab32454) and anti-GFAP (1:500; Sigma, G3893),
and, after three washes, secondary Alexa Fluor 647-conjugated goat
anti-rabbit and Alexa Fluor 488-conjugated anti-mouse antibodies
(1:500 each), as well as DAPI (1:10,000; Thermo Fisher Scientific).
The preparations were examined by confocal microscopy with an
LSM 800 microscope (Zeiss, Jena, Germany) using a x63 oil immer-
sion objective.

Behavioral testing

Animals were evaluated with a battery of neurological tests to assess
sensorimotor deficits at 24 h and 7, 14, and 21 days after stroke. The
severity of functional deficits was scored by assessing eight items
described in Table 1. All evaluations were cross-validated by a trained
observer blinded to the experimental treatment that analyzed the
tests’ recorded videos.

MRI

MRI scans were acquired at 7, 14, and 21 days after MCAO with a 7-T
MRI system (Varian), and assessments made at 24 h were performed
with a 7-T MRI system (Pharmascan 70/16; Bruker, Ettlingen, Ger-
many) on animals anesthetized with isoflurane (5% for induction fol-
lowed by <2% during image acquisition). T2-weighted images were
obtained with a fast spin-echo sequence: echo time (TE)/repetition
time (TR), 35.47/3714 ms; field of view (FOV), 64 x 64 mm; matrix,
256 x 256; voxel resolution, 250 um per side; slice thickness, 0.5 mm.
T1-weighted images were acquired with a 3D gradient-echo sequence
with the same orientation and resolution (TE/TR, 2.3/4 ms).
Diffusion-weighted images were acquired using a spin-echo echo-
planar imaging sequence: TE/TR, 30.5/2,500 ms; FOV, 64 x
64 mm; matrix, 64 x 64; slice thickness, 1 mm, yielding isometric
voxel resolution of 1 mm per side; diffusion gradient directions, 6;
diffusion gradient duration (3), 5 ms; and b-value, 800 s/mm®. An
additional b = 0 s/mm? image was acquired with the same parameters.

DTI

The diffusion tensor was fitted at each voxel for DTT analysis using
DSI Studio (http://dsi-studio.labsolver.org/Manual/diffusion-mri-
indices; December 6, 2015). Next, tractography was performed using
a deterministic fiber-tracking algorithm.”* Seed regions were placed at
the striatum and corpus callosum. The anisotropy threshold was 0.21,
and the angular threshold was 30°. The step size was 0.7 mm; aver-
aging the propagation direction with 30% of the previous direction
smoothed the fiber trajectories. A total of reconstructed streamlines
(tracts), axial diffusivity, mean diffusivity, and radial diffusivity,
were calculated by area.

Immunofluorescence and confocal microscopy

For immunohistological analyses, three rats per group were anesthe-
tized with pentobarbital (100 mg/kg) and transcardially perfused with
200 mL of ice-cold 0.9% NaCl followed by 250 mL of ice-cold 4%
PFA. Brains were collected and post-fixed in 4% PFA for 24 h and
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then cryoprotected in 30% sucrose. Whole PFA-fixed brains were cut
into 40-um-thick sections in a cryostat to produce 10 series of consec-
utive sections that were 400 pm apart. Brain sections containing
infarct core and penumbra were blocked with 5% BSA in TBS with
0.5% (v/v) Triton X-100 (TBS-T) and incubated with anti-MAP2
(1:200; Invitrogen, PAS-17646) and anti-TUJ-1 antibodies (1:200;
Merck Millipore, MAB380) for 48 h. Sections were washed three
times with TBS followed by a 2-h incubation at room temperature
(RT) with Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor
546-conjugated anti-rabbit antibodies (1:300 each; Thermo Fisher
Scientific, A32723, A11035) in TBS. Images were obtained in a Zeiss
LSM 800 confocal microscope using a x20 objective. An average of
40 pm for each z stack was obtained, every 0.5 um of optical
sectioning.

Axonal mapping

To determine the effect of EVs in neuronal projections recovered over
time, we injected 2 uL of 1% (w/v) fluorescein isothiocyanate (FITC)-
conjugated cholera toxin B subunit (Sigma, C1655) in rats subjected
to MCAO on day 14 post-stroke and analyzed the distribution of the la-
beling by confocal microscopy at 21 days post-stroke. In a separate series
of experiments, one rat of each group subjected to MCAO was admin-
istered 0.5 pL of 0.02% Dil in 0.1% DMSO in the striatal core of the
infarction (AP —0.1, medial-lateral [ML] 2.0, and dorsal-ventral [DV]
—4.2) on day 14 after MCAO. On day 21, the animals were intracardi-
ally perfused as indicated above with 4% PFA. The cortical hemispheres
were collected, and the ipsilateral hemicortex was flattened as previously
described.”” The flattened cortices were clarified in a sucrose gradient
(15%, 30%, 45%, 60%, and 75%) with Triton X-100 (0.4%, 0.6%,
0.8%, and 1%) for 15 days per stage. For two-photon microscopy, the
flattened cortices were immersed in 2% agarose between glass slides
and scanned with a Zeiss LSM 710 microscope to acquire a series of im-
ages in a stack of the whole cortex using a C-Apochromat 10x/0.45 W
M27 objective with a pixel dwell of 6.3 ms at a wavelength of 860 nm.

Stack maximum intensity projections for each image were binned in a
20 x 20 square calculating the pixels’ median intensity inside each bin
to create a new pixel. The images were processed for noise reduction
using a scikit-image median filter,”® calculating the median pixel
value in a 2-pixel-radius disk. We set a threshold filter at percentile
90-95 of the pixel values for establishing the positive signal intensity
and kept only the pixels with the highest values. The pixel Cartesian
coordinates were then obtained, setting the center (0,0) at the first
branch split of the M4 segment in the MCA’s superior trunk in
the barrel cortex, identified by cytochrome oxidase staining (Fig-
ure S8). This point was considered as the origin of the polar transfor-
mation. All of the processing and plotting were undertaken with ad
hoc Python scripts available at https://github.com/TYR-LAB-MX/
PolarPlot_HerasRomero_2021.

In vivo electrophysiological recording

I/O curves were assessed 21 days after stroke. For this, animals (n =4 per
group) were anesthetized with 5% isoflurane for induction, followed by
<2% during surgery. Body temperature was maintained at 35°C with
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heating pads. Rats were placed on a stereotaxic frame, and the skull
was exposed. A constant current was delivered by direct and unilateral
stimulation of the corpus callosum using a bipolar stainless-steel elec-
trode placed at the stereotaxic coordinates AP +0.2, ML —1.0, DV
—3.7 from bregma, with a Grass S48 stimulator and a photoelectric
stimulus isolation unit Grass PSIU6 (Grass Instrument Co., Quincy,
MS, USA). Corpus callosal responses were recorded unilaterally with
a monopolar stainless-steel electrode (127 um in diameter) placed at
the stereotaxic coordinates AP +0.2, ML +1.0, DV —3.7 from bregma.
The evoked responses were measured with the CAP amplitude,
measured in negative peak 1 (N1) and peak 2 (N2). I/O curves were built
with threshold folding of intensity (1-10x) to determine the axonal
conduction for a range of stimulation intensities. The threshold was
defined at the stimulation intensity required to produce a 0.10 mV
amplitude response in N1. The electric signal was digitalized, stored,
and analyzed using DataWave SciWorks (Broomfield, CO, USA).

Statistical analysis

GraphPad Prism 8 was used to analyze all in vivo data. The normal
distribution in each dataset was corroborated using the Shapiro-
Wilk normality test. Neurological scores and DTT parameter changes
among experimental groups and over time within each group were
tested on a two-way analysis of variance (ANOVA) with repeated
measures based on a general linear model, followed by Tukey’s post
hoc test. Data were considered significant at oo < 0.05. For the cell
viability assays, two-way ANOVA was performed in R 3.6.3 with
treatment and condition as independent variables, and the adjusted
p value was calculated with a pairwise Tukey’s honestly significant
difference (HSD) post hoc test.

Data availability
The datasets used and/or analyzed during the current study are avail-
able from the corresponding author on reasonable request.
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