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A B S T R A C T   

Restoration of functional connectivity is a major contributor to functional recovery after stroke. We investigated 
the role of reactive astrocytes in functional connectivity and recovery after photothrombotic stroke in mice with 
attenuated reactive gliosis (GFAP–/–Vim–/–). Infarct volume and longitudinal functional connectivity changes 
were determined by in vivo T2-weighted magnetic resonance imaging (MRI) and resting-state functional MRI. 
Sensorimotor function was assessed with behavioral tests, and glial and neural plasticity responses were quan
tified in the peri-infarct region. Four weeks after stroke, GFAP–/–Vim–/– mice showed impaired recovery of 
sensorimotor function and aberrant restoration of global neuronal connectivity. These mice also exhibited 
maladaptive plasticity responses, shown by higher number of lost and newly formed functional connections 
between primary and secondary targets of cortical stroke regions and increased peri-infarct expression of the 
axonal plasticity marker Gap43. We conclude that reactive astrocytes modulate recovery-promoting plasticity 
responses after ischemic stroke.   

1. Introduction 

Stroke is the second most common cause of death and the third 
leading cause of disability worldwide (Feigin et al., 2014). The majority 
of stroke cases are due to cerebral artery occlusion, which triggers a 
pathophysiological cascade of cell death, neuroinflammation and sec
ondary neurodegeneration. Stroke-induced damage can lead to death or 
devastating functional deficit in the acute phase, but many stroke sur
vivors achieve at least some functional recovery over months or years. 
Spontaneous functional improvement requires responses ranging from 
synaptic plasticity and axonal sprouting to re-organization of functional 
intra- and interhemispheric networks across the lesion border, leading to 
changes in existing neuronal pathways and new neuronal connections 
(Pekna et al., 2012). Stroke also triggers neurodegenerative changes in 
remote brain regions, such as the thalamus, that are not directly affected 
by the injury but are connected with the infarcted tissue. Clinical studies 

show that stroke-induced secondary neurodegeneration worsens the 
long-term outcome (Kuchcinski et al., 2017). Loss and gain of sensori
motor deficit–related functional connectivity and the spontaneous 
reorganization of functional neuronal networks can be monitored 
longitudinally by resting-state functional magnetic resonance imaging 
(rs-fMRI). Rs-fMRI shows blood oxygen level–dependent signal fluctu
ations related to synchronized networks of spatially distinct brain re
gions at rest and is widely used to noninvasively monitor functional 
network changes after stroke in clinical studies (Thiel and Vahdat, 2015) 
and also in studies in rodents (Grandjean et al., 2020; Green et al., 2018; 
Mandino et al., 2019; Minassian et al., 2020). 

Reactive astrocytes are important cellular players in stroke (Li et al., 
2008; Pekny and Nilsson, 2005; Pekny et al., 2019). In the acute phase, 
astrocytes protect brain tissue through mechanisms that support the 
restoration of brain homeostasis (Escartin et al., 2021; Pekny et al., 
2016, 2019; Verkhratsky and Nedergaard, 2018), and chemogenetic 
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ablation of a subset of reactive astrocytes impairs vascular remodeling 
(Williamson et al., 2021). In the post-acute, functional recovery phase, 
reactive astrocytes modulate both axonal sprouting in the peri-infarct 
cortex and synaptic plasticity (Clarkson et al., 2010; Overman et al., 
2012; Pekny et al., 2019). However, the role of astrocytes in functional 
network changes after stroke is unknown. 

Mice with genetic ablation of astrocyte intermediate filament 
(known also as nanofilament) proteins glial fibrillary acidic protein 
(GFAP) and vimentin (GFAP–/–Vim–/– mice) are a widely used model of 
attenuated reactive gliosis (Eliasson et al., 1999; Pekny et al., 1999b; 
Pekny and Pekna, 2014). In these mice, astrocytes do not become hy
pertrophic upon injury (Wilhelmsson et al., 2006, 2004), and additional 
signs of attenuated reactive gliosis are present, such as reduced Erk or 
c-fos activation (Nakazawa et al., 2007) and reduced upregulation of 
14− 3− 3 proteins (Sihlbom et al., 2007). Moreover, infarcts after middle 
cerebral artery transection are larger in 
GFAP–/–Vim–/– mice (Li et al., 2008), and GFAP–/–Vim–/– astrocytes show 
less efficient endothelin-3-induced blockage of communication via gap 
junctions (Li et al., 2008), decreased glutamine levels (Pekny et al., 
1999a), lower glutamate transport (Li et al., 2008), impaired response to 
oxidative stress (de Pablo et al., 2013), and reduced taurine release - a 
part of astrocyte regulatory volume response - after hypoosmotic stress 
(Ding et al., 1998), indicating that astrocyte intermediate filaments are 
important for astrocyte-mediated neuroprotection in the acute phase 
after ischemic injury. 

Here we investigated the role of reactive astrocytes in functional 
connectivity responses in GFAP–/–Vim–/– mice after ischemic stroke 
induced by photothrombosis. In contrast to ischemic stroke induced by 
an occlusion or transection of a vessel, e.g. middle cerebral artery, 
photothrombotic stroke results in no or very limited ischemic penumbra, 
and is therefore well suited for assessing neuroplasticity responses 
independently of neuroprotection (Pekny et al., 2013; Pekny et al., 
2019). Sensorimotor function was assessed with behavioral tests, infarct 
volume and functional connectivity changes were determined by in vivo 
MRI, and glial and neural plasticity responses were quantified in the 
peri-infarct region. 

2. Material & methods 

2.1. Ethics approval 

All experiments were conducted in compliance with animal care laws 
and institutional guidelines and were approved by the Landesamt für 
Natur, Umwelt und Verbraucherschutz North Rhine-Westphalia, Ger
many (animal protocol number 84− 02.04.2014.A305) and by Gothen
burg Ethics Committee, Sweden (animal permit number 1551/2018). 
This study was done in accordance with the ARRIVE guidelines for 
reporting in vivo animal experiments and the IMPROVE guidelines for 
stroke animal models (Kilkenny et al., 2010; Percie du Sert et al., 2017). 

2.2. Animals and experimental protocol 

Animals were housed in individually ventilated cages under 12 h 
light/12 h darkness cycle with access to water and food ad libitum. Two- 
month-old GFAP–/–Vim–/– (Pekny et al., 1999b) and wild-type (WT) male 
mice on a C57BL6− 129Sv− 129Ola mixed genetic background were 
used (n = 14 WT and n = 15 GFAP–/–Vim–/– mice). Mice with missing 
values at specific time points (from death during anesthesia or when 
mice were killed due to post-surgery complications) were excluded (n =
4 WT and n = 7 GFAP–/–Vim–/–). Numbers of mice are presented in the 
figure legends. 

All experiments were planned and recorded in an electronic database 
to ensure blinded experimentation and restricted access to the data 
during data recording and analysis (Pallast et al., 2018). The data were 
analyzed by four raters blinded to the experimental group. The mice 
underwent photothrombotic stroke and a longitudinal experimental 

protocol composed of repetitive MRI and three different sensorimotor 
behavioral tests until 4 weeks after stroke (Fig. 1A). Photothrombosis 
was done as described (Aswendt et al., 2021) in the left hemisphere 
inducing a functional deficit in the right fore- and hindlimb. In brief, 
after intraperitoneal injection of 1.5 mg of Rose Bengal (in 150 μl of 
phosphate-buffered saline), 50 mW laser radiation at 561 nm was 
delivered over 15 min at brain coordinates M/L + 2.0 and A/P + 0.5 
mm, targeting the primary somatosensory forelimb area and primary 
motor cortex. Post-surgery monitoring included a visual inspection, 
weighing, and modified neurological deficit scoring (Ito et al., 2018) of 
general deficits (appearance of eyes and fur, spontaneous movement, 
epileptic behavior) and focal deficits (whisker response, body/forelimb 
symmetry, circling behavior, gait). Three behavior tests were used: 
rotating beam, grid walk and cylinder test. These tests robustly detect 
sensorimotor deficits as well as recovery for up to 4 weeks post-stroke in 
mice (Balkaya et al., 2018; Ito et al., 2018; Li et al., 2015; Roome and 
Vanderluit, 2015). We applied standardized protocols as reported else
where (Aswendt et al., 2021). All tests were video recorded and 
analyzed frame-by-frame by blinded raters (not the experimenters) for 
hindlimb drops (rotating beam), foot faults (grid walk), and paw drags 
(cylinder test). Mice were killed by perfusion fixation with phospha
te-buffered 4 % paraformaldehyde, and the brains were removed for 
histology. 

2.3. MRI data acquisition 

MRI data were acquired at the Max Planck Institute for Metabolism 
Research (Cologne, Germany) using a 94/20USR BioSpec Bruker system 
(including 660 mT/m B-GA12SHP gradient system, RT-shim and related 
power supplies, 1H receive-only mouse brain surface coil, and 1H 
resonator 112/072) and ParaVision v6.01 (Bruker, BioSpin). To reduce 
movement artefacts and enable reproducible placement of the mouse 
brain, the mice were anaesthetized initially with isoflurane (2–3 % in 
70/30 N2/O2) and head-fixed in an animal carrier using tooth and ear 
bars. Using a custom-made system based on DASYLab (measX), respi
ration and body temperature were measured (Small Animal In
struments) and electronically recorded, in synchrony with the MRI 
temporal protocol. Body temperature was maintained at 37 ◦C with a 
feedback-controlled water circulation system (Medres). After initial 
adjustments of RF power, shim, and B0 field, a high-resolution, whole- 
brain, T2-weighted RARE sequence (T2w-MRI) was acquired at coronal 
slice orientation with a repetition time (TR) of 5500 ms, echo time (TE) 
of 32.5 ms, flip angle (FA) of 90 ◦, image resolution 0.068 × 0.068 × 0.5 
mm3 (n = 28 slices). Before the start of rs-fMRI, isoflurane anesthesia 
was continuously reduced to 0.5 % after an initial subcutaneous bolus 
injection of medetomidine (0.1 mg/kg in 0.25 mL of saline) (Domitor, 
Elanco). Respiration was maintained at 80–120 breaths per minute. A 
gradient-echo echo planar imaging (GE-EPI) sequence for rs-fMRI was 
modified from Green et al. (Green et al., 2018) (TR 1420 ms, TE 18 ms, 
FA 90 ◦, image resolution 0.141 × 0.141 × 0.5 mm3, and 20 slices). 
Datasets (raw data and pre-processed data) are publicly available on the 
German Neuroinformatics Node infrastructure service GIN (https://doi. 
org/10.12751/g-node.yzjhz3). 

2.4. MRI data processing 

The raw data in Bruker file format were converted to Nifty format, 
pre-processed, and registered with the Allen Brain Reference atlas (ccf 
v3) (Wang et al., 2020) using the in-house developed Python pipeline 
AIDAmri as described (Pallast et al., 2019). Briefly, the data were con
verted to NIfTI, bias-field corrected, and extracted, followed by a 
two-step registration. The raw data were untouched, and the trans
formation was applied to a modified version of the atlas, comprising 98 
regions split between hemispheres and selected to match parental re
gions with the MR image resolution. The AIDAmri code and the modi
fied atlas are available online (https://github.com/aswendtlab/AIDAm 
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Fig. 1. Attenuation of reactive gliosis in GFAP–/–Vim–/– mice does not affect infarct size. (A) Schematic of the study design. (B) MRI incidence maps: color 
indicates number of GFAP–/–Vim–/– and WT mice in which a pixel was classified as part of a lesion area on T2w-MRI on P1 and P7. (C) Lesion volume determined by 
T2w-MRI. (D and E) Medial-lateral (ML) and anterior-posterior (AP) extent of the lesion determined on sagittal top-view projections of T2w-MRI. (F and G) Atlas- 
based mapping of T2w-MRI stroke lesions to individual brain regions. (F) incidence (% of mice affected) and (G) the extent of the region affected at P1 and P7. (H) 
Lesion volume determined from consecutive hematoxylin/eosin-stained brain sections at P29. (I and J) Atlas-based mapping of stroke lesions on hematoxylin/eosin- 
stained sections to individual brain regions with the incidence (% of mice affected) (I) and the extent of MOp affected (J) at P29. Data are presented as individual 
values with mean and SD (C–E, H, J), color map with percentage (F, I) or box plot (G). GFAP–/–Vim–/– (red) n = 8, WT (blue) n = 10. *p < 0.05, **p < 0.01, ***p <
0.001 by repeated-measures ANOVA with Sidak’s correction for multiple comparisons (C–F), a mixed-effects model with Tukey’s correction for multiple comparisons 
(L), and unpaired t-test (H and J). 
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ri). 
Three-dimensional (3D) lesion masks were drawn semi- 

automatically with ITKsnap (www.itksnap.org) (Yushkevich et al., 
2006). The resulting lesion masks at each time point for each group were 
averaged and presented as incidence maps showing each pixel 
color-coded to indicate the number of mice in which that pixel was in
side the lesion mask. The frequency and fraction of a given brain region 
that was affected by stroke was also recorded. 

The pre-processing of the rs-fMRI data included skull stripping, 
spatial filtering with a Gaussian kernel sigma of 0.1 mm, slice time 
correction, motion correction and regression of the respiration, high- 
pass filtering with a cut-off frequency of 0.01 Hz (100 Hz), and the 
registration to the defined 98 regions in the standard space of the atlas. 
The time-series of the regions were calculated as the mean time series of 
all voxels belonging to the specific region. The correlation matrix was 
calculated for all 98 regions with Pearson’s correlation on the full 
dataset. Based on these correlations, graphs were constructed by 
applying a fixed threshold of 0.1. Functional connectivity data were 
presented using network science and graph theory in which a brain re
gion relates to a node and the connection between two nodes to an edge. 
We calculated the universal graph properties degree (the number of 
connections of a node), edge weight (connectivity strength between two 
nodes), node strength (the sum of edge weights connected to the node), 
and small-worldness (high local clustering and short average path length 
between any two nodes). A weighted network analysis taking into ac
count the network edge strength was done with a custom version of the 
Matlab Brain Connectivity Toolbox (Rubinov and Sporns, 2010), avail
able online (https://github.com/aswendtlab/AIDAconnect). 

2.5. Immunohistochemistry 

Brains were postfixed overnight in phosphate-buffered 4 % para
formaldehyde, dehydrated, embedded in paraffin, and cut into 8- μm 
sections with a microtome. For immunohistochemistry, sections were 
rehydrated, subjected to heat-activated antigen retrieval in 0.01 M cit
rate buffer (pH 6.2, with 2 mM EDTA and 0.05 % Tween 20), incubated 
first with blocking buffer (3 % donkey serum and 0.05 % Tween 20 in 
phosphate-buffered saline) and then with primary antibodies diluted in 
blocking buffer overnight at 4 ◦C. The following primary antibodies 
were used: rabbit anti-Iba1 (1:400, 019–19741, Wako Chemicals), goat 
anti-Sox2 (1:200, sc-7379, Santa Cruz Biotechnology), rabbit anti S100 
(1:200, Z0311, Dako), mouse anti-Gap43 (1:1000, MAB347, Millipore), 
and guinea pig anti-Vglut1 (1:500, AB5905, Millipore). Gap43 anti
bodies were visualized with biotin-conjugated rabbit anti-mouse anti
bodies (Dako) followed by streptavidin-conjugated Cy3 (Sigma- 
Aldrich). Iba1, Sox2, S100, and Vglut1 antibodies were visualized with 
secondary antibodies conjugated with Alexa fluorochromes 
(Invitrogen). 

For assessment of lesion volume, bright-field images of every 24th 
section stained with hematoxylin and eosin (H&E) were acquired with 
2x objective on a Nikon Eclipse 80i light microscope (Bergman Labora). 
The stroke lesion area was manually delineated with ImageJ (www. 
imagej.net, NIH). 

For assessment of Sox2+ and Iba1+ astrocytes and microglia, 
respectively, single-plane tiled confocal images covering the motor and 
somatosensory cerebral cortex of 2 tissue sections 200 μm apart were 
acquired with a laser-scanning confocal microscope (LSM 700, Carl 
Zeiss) and standardized acquisition parameters. Square regions of in
terest (ROIs), 500 μm wide, placed 200 μm from the lesion border and at 
comparable location in the contralesional cortex, and circular ROIs, 200 
μm in diameter, within the medial and lateral peri-lesion tissue cortical 
layer V–VI, were assessed for Sox2+ cell density and Iba1+ area using 
thresholded images and the Integrated Morphometry Analysis tool in 
MetaMorph software (Molecular Devices, v. 2.8.5). 

For analysis of S100 images, 625-μm-wide square ROIs were placed 
100 μm from the lesion border and in contralesional cortex. 

Directionality was quantified with ImageJ (https://imagej.net/Direc 
tionality) and Fourier component to generate histograms with a fitted 
gaussian curve; amplitude was measured from the baseline of the 
respective curve. The length of S100+ objects was quantified on the 
same images with the Integrated Morphometry Analysis tool in Meta
Morph software. Single-plane 160 × 160-μm images of Vglut1 and 
Gap43 immunostained sections were obtained at 1024 × 1024-pixel 
resolution by laser scanning confocal microscopy (LSM 700, Zeiss) and 
standardized acquisition parameters. Images were taken of deep (V–VI) 
cortical layers in the medial (motor) and lateral (somatosensory) peri- 
infarct cortex and in the corresponding areas in the contralesional 
hemisphere. The number, average size, and intensity of positive punc
tuate structures per image were determined with MetaMorph software. 

2.6. Statistics and data visualization 

All statistical tests and data plotting were done with Prism (macOS 
version 8.2.1, www.graphpad.com). Briefly, normality was checked 
with the D’Agostino-Pearson test or in case of low n with the Shapiro- 
Wilk test to determine whether to use parametric or nonparametric 
tests. The parametric tests were t-test and one-way and two-way 
ANOVA, using the sphericity correction method of Geisser and Green
house, Sidak’s correction for multiple comparisons between the groups, 
Dunnett’s test for comparisons of time points, and Tukey’s test for 
comparison of regions. For the functional connectivity and behavioral 
analysis, two-way ANOVA with repeated-measures or a mixed-effects 
model (residual maximum likelihood) was used. The sphericity correc
tion method of Geisser and Greenhouse was applied. For the mixed- 
effects model, subjects were considered random variables and time 
and group were considered fixed variables. For functional connectivity 
analysis only, the original false discovery rate (FDR) correction for 
multiple comparisons of Benjamin and Hochberg was included. For the 
results violating the normality tests, we used the non-parametric Mann- 
Whitney U test. Pearson correlation was used to analyze the lesion size 
determined by MRI, and Spearman correlation was used for the MRI and 
behavioral data. Immunohistochemistry data were analyzed by one-way 
ANOVA with Sidak’s or Tukey’s posthoc test. Differences between 
groups for Iba1, Sox2, and S100 were assessed with Mann-Whitney U 
tests. The data were plotted as box-and-whiskers plot (box extends from 
the 25th to 75th percentiles with a line in the middle of the box repre
senting the median and 5–95 % percentile whiskers), line graph (mean ±
SEM), bar graph (mean ± SD) or scatter plot. Differences were consid
ered significant at p < 0.05. 

2.7. Availability of data and materials 

The MRI datasets (raw data and pre-processed data) are publicly 
available in the German Neuroinformatics Node infrastructure re
pository GIN (https://doi.org/10.12751/g-node.yzjhz3). Other raw and 
processed data (e.g., microscopy) supporting the conclusions are avail
able upon request. The MRI processing software AIDA is freely available 
on GitHub (https://github.com/aswendtlab). 

3. Results 

3.1. Attenuated reactive gliosis in GFAP–/–Vim–/– mice does not affect 
infarct size or acute loss of neuronal connectivity 

GFAP–/–Vim–/– and wild-type (WT) mice were subjected to photo
thrombotic stroke in primary somatosensory and motor cortical areas. 
Infarct size was quantified by in vivo T2-weighted MRI (T2w-MRI) and 
histology in combination with lesion mapping based on the Allen Brain 
Reference Atlas. In the acute and subacute phase, at post-stroke days 1 
(P1) and 7 (P7), the ischemic lesion appeared as a hyperintense region 
on T2w-MRI. Lesion incidence maps showed low intragroup variability 
(Fig. 1B). Lesion volume on T2w-MRI decreased between P1 and P7 (p <
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Fig. 2. Attenuation of reactive gliosis in GFAP–/–Vim–/– mice does not affect the acute loss of neuronal connectivity. Acute stroke-induced neuronal network 
changes were determined by rs-fMRI in WT (blue) and GFAP–/–Vim–/– (GV, red) mice. (A) Total degree (number of network connections in all brain regions) on P1 
normalized to baseline (BL) and regions with the largest change in connection degree (top 10 %). (B) Total node strength (the strength of connectivity in all brain 
regions) at P1 normalized to baseline and regions with the largest change in node strength (top 10 %). (C–F) Sensorimotor subnetwork (brain regions SSp-ll/ul/un, 
MOs/p, PAL, STRd, DORsm/pm) connectivity at baseline and P1 visualized by mean correlation matrices for WT (C) and GFAP–/–Vim–/– (D) mice and by graphs of 
quantitative data for the same network (E and F, respectively). Circles indicate nodes ; line thickness indicates edge weights. (G and H) Quantitative analysis of 
connection degree (G) and node strength (H) in the areas primarily affected by stroke (SSp-ul/ll/un and MOp/s) at baseline and P1. Data are presented as individual 
values (A, B) or box plots (A, B, G, H). n = 7 GFAP–/–Vim–/– mice; n = 9 WT mice. **p < 0.01, ***p < 0.001 by paired t-test (baseline vs P1), unpaired t-test (between 
groups), two-way ANOVA with FDR correction for region-wise comparisons (A, B), and mixed-effects model with FDR correction for between time points or 
intergroup comparisons (G, H). 

Fig. 3. Attenuation of reactive gliosis in GFAP–/–Vim–/– mice impairs functional recovery after ischemic stroke. Evaluation of post-stroke sensorimotor 
function. (A–C) Functional recovery as assessed by the number of hindlimb drops in the rotating beam test (A), relative frequency of paw drags in the cylinder test 
(B), and the fraction of foot faults in the grid walk test (C). Data are presented as mean ± SEM. Rotating beam: GFAP–/–Vim–/– n = 7, WT n = 10. Grid walk: GFAP–/ 

–Vim–/– n = 8, WT n = 10. Cylinder test: GFAP–/–Vim–/– n = 6, WT n = 10. Mixed-effects model with Dunnett’s and Sidak’s correction for between time points (***p <
0.001) and intergroup comparisons (#p < 0.05, ##p < 0.01, and ###p < 0.001), respectively. 
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0.001); the groups did not differ in lesion volume (Fig. 1C), shape 
(Fig. 1D and E), or location (Fig. 1F and G). At P1 in both GFAP–/–Vim–/– 

and WT mice, the lesion affected 80–100 % of the primary somatosen
sory cortex (SSp) and 66–74 % of the primary and secondary motor 
cortex (MOp and MOs). At 4 weeks, lesion volumes and regions affected 
were similar in the two groups (Fig. 1H–J). There was a strong corre
lation between in vivo and ex vivo measures of lesion size (Table S1). 

To investigate stroke-induced acute changes in the neuronal network 
response, we used atlas-based processing and graph theoretical analysis 
of rs-fMRI data. Acute consequences of the cortical lesions were evalu
ated according to the changes in degree, representing the number of 
connections per node (brain region), and node strength, representing the 
sum of all edge weights (connectivity strength) per node. Globally (the 
entire brain network across 98 regions), connection degree and node 
strength decreased between baseline and P1 (p < 0.001), with no dif
ferences between groups (Fig. 2A and B). The decrease in connection 
degree and node strength was mostly restricted to sensorimotor-related 
regions (i.e. SSp-ll, STRv, and DORsm). Connectivity in the selected 
sensorimotor subnetwork (MOp, MOs, SSp-ul/ll/un), sensorimotor cor
tex–related thalamus (DORsm), polymodal association cortex–related 
thalamus (DORpm), dorsal striatum (STRd), and pallidum (PAL) was 
reduced at P1 (Fig. 2C–F). To assess the involvement of regions pri
marily affected by stroke, we compared connection degree and node 
strength in SSp-ul/ll/un and MOp/s (Fig. 2G and H). Both measures 
decreased from baseline to P1 in WT mice (connection degree: p <
0.001, node strength: p < 0.001) and GFAP–/–Vim–/– mice (connection 
degree: p < 0.01, node strength: p < 0.001), with no differences between 
groups at baseline or P1. 

3.2. Attenuated reactive gliosis in GFAP–/–Vim–/– mice impairs functional 
recovery after ischemic stroke 

To assess stroke-induced impairment and spontaneous functional 

recovery, we used the rotating beam, cylinder, and grid walk tests to 
evaluate sensorimotor function at baseline and for 4 weeks after stroke. 
Functional impairment relative to baseline was expressed as number of 
hindlimb drops and frequency of paw drags and foot faults. Starting on 
P7, the GFAP–/–Vim–/– mice showed more hindlimb drops, paw drags, 
and foot faults than WT mice (p < 0.05, p < 0.01, and p < 0.001, 
respectively, on P28) (Figs. 3A–3C). In WT mice, hindlimb drops and 
paw drags quickly decreased and did not differ from pre-stroke 
levels after P7. In contrast, in GFAP–/–Vim–/– mice, the number of hin
dlimb drops and paw drags remained increased on P21 (p < 0.05) and 

Fig. 4. Attenuation of reactive gliosis in GFAP–/–Vim–/– mice alters stroke-induced neuronal connectivity responses in the post-acute phase. Late post- 
stroke neuronal network changes determined by rs-fMRI in WT (blue) and GFAP–/–Vim–/– (GV, red) mice. (A) Change in total degree (the number of network 
connections in all brain regions) at P28 relative to baseline in GFAP–/–Vim–/– and WT mice, presented as individual values and with box plot for the top 10 % of 
negative regions in GFAP–/–Vim–/– mice and the respective regions in WT mice. (B) Change of total node strength (the strength of connectivity in all brain regions) at 
P28 relative to baseline for GFAP–/–Vim–/– and WT mice, presented as individual value and with box plot for the top 10 % of positive regions in GFAP–/–Vim–/– mice 
and the respective regions in WT mice. (C) Mean correlation matrices for GFAP–/–Vim–/– and WT mice at baseline and P28 in selected sensorimotor regions (SSp-ul/ll/ 
un, MOp/s, STRd, PAL, DORsm). (D and E) Longitudinal change in connection degree (D) and node strength (E) in the regions primarily affected by stroke (SSp-ul/ll/ 
un, MOp/s, and DORpm/sm). (F) Change in small-worldness from baseline to P28. GFAP–/–Vim–/– n = 7, WT n = 9. *p < 0.05, **p < 0.01, ***p < 0.001 by paired t- 
test (baseline vs P28), unpaired t-test (between groups), two-way ANOVA with false-discovery rate correction for region-wise comparisons (A, B), and mixed-effects 
model with false-discovery rate correction for time point comparisons or intergroup comparisons (D–F). 

Table 1 
Results of Spearman correlation (Spearman rs and p-value) of connection degree, 
node strength, and small-worldness in stroke-affected regions (MOp/s, SSp-ul/ 
ll/un) with the functional readouts hindlimb drop (rotating beam test), paw 
drag (cylinder test), and foot fault (grid walk test).   

P1 degree 
vs P3 hindlimb drop 

P1 degree 
vs P3 paw drag 

P1 degree 
vs P3 foot fault 

rs 0.261 0.106 0.205 
p 0.327 0.683 0.414  

P1 node strength 
vs P3 hindlimb drop 

P1 node strength 
vs P3 paw drag 

P1 node strength 
vs P3 foot fault 

rs − 0.224 0.349 − 0.345 
p 0.480 0.219 0.227  

P28: degree 
vs hindlimb drop 

P28: degree 
vs paw drag 

P28: degree 
vs foot fault 

rs − 0.6324 − 0.5608 − 0.325 
p 0.008** 0.026* 0.188  

P28: Node strength 
vs hindlimb drop 

P28: Node strength 
vs paw drag 

P28: Node strength 
vs foot fault 

rs − 0.242 − 0.570 − 0.679 
p 0.402 0.036* 0.007**  

P28: Small-worldness 
vs hindlimb drop 

P28: Small-worldness 
vs paw drag 

P28: Small-worldness 
vs foot fault 

rs − 0.760 − 0.501 − 0.566 
p 0.001*** 0.059 0.020*  
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Fig. 5. Reactive gliosis-dependent change in functional connectivity after stroke in primary and secondary targets of cortical stroke. (A and B) Illustration 
of the top 21 connections of ipsilesional SSp-ll (A) and ipsilesional STRd (B). Thresholding was based on the group average z-score correlations of rs-fMRI data at 
baseline (top) and on P28 (middle); the bottom part highlights newly formed and lost connections at P28. Line thickness indicates connection strength (high, middle, 
and low) (extended list in Table S2). 
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P28 (p < 0.05), respectively. The frequency of foot faults in the grid walk 
test at P28 was still higher than pre-stroke levels in both groups 
(GFAP–/–Vim–/–: p < 0.001, WT: p < 0.01). However, WT mice improved 
between P14 and P28 (p < 0.001), whereas GFAP–/–Vim–/– mice did 
not (Fig. 3C). All behavioral measures were independent of lesion 
volume determined by T2-weighted MRI on P1 and by histology on P28 
(Table S1). 

3.3. Attenuated reactive gliosis in GFAP–/–Vim–/– mice alters stroke- 
induced neuronal connectivity responses in the post-acute phase 

To assess post-stroke functional connectivity changes, we analyzed 
rs-fMRI data from the late post-stroke stage. At P28, connection 
degree across the whole brain was lower (Fig. 4A) than at baseline in 
GFAP–/–Vim–/– mice (p < 0.01); the median was –3.5. In contrast, 
connection degree in WT mice reached baseline levels by P28 (p < 0.001 
vs GFAP–/–Vim–/–). Analysis of the regions in which the decrease 
in connection degree relative to baseline was in the top 10 % in 
GFAP–/–Vim–/– mice showed no overall difference between 
GFAP–/–Vim–/– and WT mice. Both groups had lower node strength 
at P28 than at baseline (p < 0.001), but the decrease was larger in 
GFAP–/–Vim–/– mice (median –4.3 vs. –2.2, p < 0.001) (Fig. 4B). 

Next, we performed region-specific analysis of rs-fMRI data from the 
sensorimotor network and the regions primarily affected by stroke 
(Figs. 4C–4E). In both groups, the average connection degree in affected 
regions (MOp, MOs, SSp-ul/ll/un, DORsm, DORpm, STRd and PAL) 
decreased until P7 (WT: p < 0.001, GFAP–/–Vim–/–: p < 0.05) but did not 
differ from baseline levels on P14, P21, or P28. In the WT group, how
ever, on P28 connection degree was increased compared to P7 (p <
0.001), and was also higher than in GFAP–/–Vim–/– mice (p < 0.05). In 
both groups, average node strength in stroke-affected regions on P21 
was lower than at baseline (p < 0.001) and reached baseline levels at 
P28 with no intergroup differences. However, only in WT mice did node 
strength increase between P1 and P28 (p < 0.01). 

Network small-worldness, a measure of local connectivity, was 
similar in the two groups at baseline (Fig. 4F). At P28, however, it had 
increased in WT mice (p < 0.01) but decreased in GFAP–/–Vim–/– mice (p 
< 0.05) and was lower than in WT mice (p < 0.001), suggesting 
impaired connectivity between neighboring brain regions. In the acute 
phase, network changes in stroke-affected regions did not correlate with 
sensorimotor function; at P28, however, connection degree, node 
strength, and small-worldness correlated negatively with the number of 
hindlimb drops and frequency of paw drags and foot faults (Table 1). 

3.4. Stroke alters specific connections in the sensorimotor network in WT 
mice 

To determine whether the functional neuronal network was re- 
established with all individual connections preserved or whether indi
vidual connections were altered or even replaced, we used rs-fMRI 
network analysis as a novel approach to assess the individual connec
tions of stroke-affected brain regions. We focused on the 21 strongest 
connections (highest inter-node correlation strength at baseline) of the 
sensorimotor networks (SSp-ul/ll/un, SSs, DORsm/pm, MOp/s, STRd) in 
the ipsilesional (left) and contralesional (right) hemispheres (Table S2). 
In the WT group, 64.0 ± 9.3 % of the strongest intra- and interhemi
spheric connections were preserved or re-established (Fig. 5). Specif
ically, in SSp-ll (directly affected by stroke) and STRd (secondarily 
affected), four baseline connections were lost, whereas five were new at 
P28. Thus, in WT mice, specific connections were lost after stroke, and 
new ones were established. This approach provides more specific in
formation about stroke-induced sensorimotor network responses. 

3.5. Attenuated reactive gliosis in GFAP–/–Vim–/– mice increases loss and 
gain of connections in sensorimotor networks 

Next, we applied the same approach to sensorimotor networks in 
GFAP–/–Vim–/– mice. At P28, fewer of the strongest intra- and inter
hemispheric connections were preserved or re-established than in WT 
mice (49.5 ± 8.7 % vs 64.0 ± 9.3 %) (Fig. 5). Specifically, in SSp-ll, 
GFAP–/–Vim–/– mice lost more connections (7 vs 4) and had more new 
connections (8 vs 5). Similarly, in STRd, GFAP–/–Vim–/– mice lost more 
connection (10 vs 5) and had more new connections (10 vs 5). At P28, 
only 7.7 ± 9.0 % of the new strongest connections (green in Fig. 5) were 
identical in both groups. Importantly, in GFAP–/–Vim–/– mice, the 
number of connections that did not change between baseline and P28 
was lower in both the ipsilesional (p < 0.01) and contralesional (p <
0.001) networks. Thus, attenuated reactive gliosis in GFAP–/–Vim–/– 

mice impaired the restoration of normal sensorimotor networks and 
induced new connections different from those in WT mice. 

3.6. Impaired polarization of astrocyte processes and decreased peri- 
lesion astrocyte density in GFAP–/–Vim–/– mice 

To assess the post-stroke response of glial cells, we used immuno
histochemistry to identify and quantify Iba1+ microglia and Sox2+ or 
S100+ astrocytes in the cortex at P29 (Fig. 6). The densities of Iba1+

microglia and Sox2+ astrocytes were similar in GFAP–/–Vim–/– and WT 
mice, and in both groups the density of Iba+ cells was higher in the 
ipsilesional than contralesional somatosensory cortex (Fig. 6A–C). Im
munostaining for S100 suggested reduced polarity of astrocytes in 
response to the lesion in GFAP–/–Vim–/– mice (Fig. 6D). In WT mice, the 
directionality of S100+ astrocyte processes showed polarization of as
trocytes toward the lesion in the ipsilesional cortex. This polarization 
response was impaired in GFAP–/–Vim–/– mice (p < 0.05) (Fig. 6E and F), 
and S100+ profiles in ipsilesional cortex were shorter than in WT mice 
(Fig. 6G). In the peri-infarct cortex adjacent to infarcted tissue (Fig. 6H), 
microglia activation was similar in the two groups, as judged from the 
Iba1+ area (Fig. 6I), whereas Sox2+ astrocytes in the same area were less 
abundant in GFAP–/–Vim–/– mice (Fig. 6J) suggesting less prominent 
migration of astrocytes towards the lesion border. Thus, astrocyte den
sity at the edge of the lesion is decreased and the polarization of astro
cyte processes is impaired in GFAP–/–Vim–/– mice, confirming attenuated 
reactive gliosis. The overall cortical densities of microglia and astrocytes 
at P29 were not affected by attenuation of reactive gliosis. 

3.7. Attenuated reactive gliosis in GFAP–/–Vim–/– mice alters neural 
plasticity responses in the peri-infarct region 

To assess stroke-induced plasticity changes on a tissue level at 4 
weeks, we identified presynaptic terminals of excitatory neurons with 
antibodies against glutamate transporter 1 (Vglut1) (Fig. 7A). In WT 
mice, high-content image analysis showed increases in the number, size, 
and signal intensity of Vglut1+ puncta in cortical layers V–VI of the 
motor and somatosensory peri-lesional cortex vs contralesional cortex 
(Figs. 7B–7D). In GFAP–/–Vim–/– mice, however, the only difference 
between these areas was the greater size of Vglut1+ puncta in the ipsi
lesional motor cortex, indicating a weaker stroke-induced synaptogenic 
response (Figs. 7B–7D). Finally, we used immunohistochemistry to 
assess expression of Gap43, a marker of axonal and glial plasticity 
(Fig. 7E). The density, size, and intensity of Gap43+ puncta in layers V- 
VI of the peri-infarct motor cortex were greater in GFAP–/–Vim–/– 

compared to WT mice (p < 0.05, p < 0.05, and p < 0.001, respectively), 
indicating higher expression of Gap43 (Figs. 7F–7H). The density and 
intensity of the Gap43+ puncta in layers V–VI was also higher in the peri- 
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Fig. 6. Impaired polarization of astrocyte processes and decreased peri-lesion astrocyte density in GFAP–/–Vim–/– mice. (A) Coronal section of ipsilesional 
cortex 4 weeks after stroke. Green, Sox2+ astrocytes; red, Iba1+ microglia. Squares and circles indicate areas used for quantification. (B and C) Density of Iba1+ cells 
(B) and Sox2+ cells (C) in the squares within ipsilesional (ipsi) and contralesional (cont) cortex. (D) Coronal section of peri-lesional cortex 4 weeks after stroke; 
astrocytes and their processes were visualized by S100 immunohistochemistry. Asterisk denotes lesion cavity. (E–G) Polarity of astrocyte processes. Representative 
histograms of astrocyte process directionality (E), polarity of astrocyte processes (F), and length of thresholded S100+ objects (G). (H–J) Intensity of Iba1+ im
munostaining (I) and Sox2+ cell density (J) in the medial (M) and lateral (L) peri-lesional cortex in the area denoted by circles in A and H. Dotted line demarcates the 
lesion. Scale bars: A, 1000 μm; D, 100 μm; H, 250 μm. n = 5 (B, C, I, J) or 3–5 (F, G) per group. Data are presented as box plots. *p < 0.05, **p < 0.01 by one-way 
ANOVA with Sidak’s or Tukey’s correction for multiple comparisons (B, C, F) and Mann-Whitney U test (G, I, J). 
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Fig. 7. Attenuation of reactive gliosis 
in GFAP–/–Vim–/– mice alters neural 
plasticity responses in the peri- 
infarct cortex. (A–H) Representative 
images of Vglut1 (A) and Gap43 (E) 
immunoreactivity in the ipsilesional and 
contralesional cortex at 4 weeks after 
stroke; insets show high-magnification 
images. Quantification of Vglut1 (B–D) 
and Gap43 (F–H) immunoreactivity as 
puncta density (upper), size (middle), 
and intensity (lower). Scale bars A and 
E, 20 μm. Cont, contralesional; ipsi, 
ipsilesional. A–D, n = 8–9 per group; 
E–H, n = 6–9 per group. Data are pre
sented as box plots. *p < 0.05, **p <
0.01, ***p < 0.001 by one-way ANOVA 
with Sidak’s correction for multiple 
comparisons.   
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infarct somatosensory cortex of GFAP–/–Vim–/– compared to WT mice 
(both p < 0.05). These results suggest that glial and axonal plasticity 
responses are increased by attenuation of reactive gliosis. 

4. Discussion 

Restoration of functional connectivity is important for functional 
recovery after stroke (Green et al., 2018; Pan et al., 2015; van der Zijden 
et al., 2008a,b; van Meer et al., 2010), but the mechanisms of functional 
brain re-organization after stroke are only partially understood. This 
study shows that attenuation of reactive gliosis in GFAP–/–Vim–/– mice 
leads to an aberrant reorganization of both the global and the affected 
sensorimotor functional networks after cortical stroke. These results 
suggest that reactive gliosis is necessary for normalization of functional 
neuronal connectivity and for plasticity responses in the peri-infarct 
cortex that promote functional recovery. 

We found that attenuated reactive gliosis in GFAP–/–Vim–/– mice did 
not affect lesion size, the initial functional deficit after stroke or peri
infarct microglial responses. In line with the previous in vitro data 
(Lepekhin et al., 2001), the decreased density of astrocytes at the lesion 
edge points to the role of astrocyte intermediate filaments in the regu
lation of astrocyte migration. As in previous rs-fMRI studies of 
stroke-induced changes in functional connectivity (Carter et al., 2010; 
Golestani et al., 2013; van Meer et al., 2010), functional connectivity in 
the acute phase after stroke was strongly reduced. This acute reduction 
in functional connectivity was similar in GFAP–/–Vim–/– and WT mice. 
During the recovery phase, the degree and node strength of functional 
connectivity did not reach pre-stroke levels in mice with attenuated 
reactive gliosis, and their behavioral recovery was slower and less 
complete. These findings suggest a less stable functional network char
acterized by more and stronger stroke-induced new connections and by 
greater stroke-induced loss of connectivity. Moreover, functional 
outcome correlated positively with both the connection degree and node 
strength of the entire brain network, consistent with the correlation 
between normalized activation patterns in fMRI and functional recovery 
in chronic stroke patients (Ward et al., 2003). These findings further 
implicate restoration of neuronal connectivity in post-stroke recovery of 
function and the critical role of reactive astrocytes in that process. 

Although WT mice achieved a functional normalization of the 
neuronal network on the whole-brain level, our detailed sensorimotor 
network topology analysis revealed that stroke causes long-lasting al
terations in the number and strength of connections in the primarily 
affected brain regions and other regions of the sensorimotor network. 
The massive loss of originally strong connections and the strengthening 
of weak connections – many from stroke-affected regions to contrale
sional, non-sensorimotor regions – in mice with attenuated reactive 
gliosis point to a suboptimal or maladaptive gain and loss of top con
nections after stroke. Our results also point to a major role of reactive 
gliosis in restoring network small-worldness, a measure of high clus
tering and short path length within a network, indicative of fast prop
agation of information and strong synchronizability between network 
nodes (Watts and Strogatz, 1998). The differences in small-worldness 
between GFAP–/–Vim–/– and WT mice and the negative correlation of 
small-worldness with the extent of impairment 4 weeks after stroke 
further support the notion that reactive gliosis is required for optimal 
network re-organization after stroke. 

There is a growing list of molecules whose expression is induced in 
the peri-infarct region and which have been implicated as positive and 
negative regulators of post-stroke connectivity changes (Murphy and 
Corbett, 2009). Many of these factors and their receptors, such as 
thrombospondins, ephrin A5, and semaphorin 3A, are expressed by 
reactive astrocytes (Pekny and Pekna, 2014; Pekny et al., 2019). We and 
others have shown that reactive gliosis limits a range of neuroplasticity 
and regenerative responses in the CNS, such as synaptic plasticity 
(Wilhelmsson et al., 2004), axonal regeneration (Cho et al., 2005; Menet 
et al., 2003), baseline or pathology-triggered neurogenesis (Järlestedt 

et al., 2010; Wilhelmsson et al., 2012), and integration of neural grafts 
(Kinouchi et al., 2003; Widestrand et al., 2007). 

Synaptic plasticity and functional remapping in the peri-infarct 
cortex and in the contralesional hemisphere were proposed as impor
tant factors in post-stroke functional recovery (reviewed in Pekna et al., 
2012). Post-stroke synaptic plasticity in the peri-infarct cortex is asso
ciated with the reactivation of an intrinsic neuronal growth program and 
upregulation of Gap43 (Carmichael et al., 2005), a membrane phos
phoprotein associated with axonal growth cones and a marker of axonal 
sprouting (Benowitz et al., 1990; Benowitz and Routtenberg, 1997). 
Gap43 in the peri-infarct cortex is predominantly localized in the 
neuronal compartment, near pre-synaptic terminals, and in astrocytes 
(Stokowska et al., 2017). Gap43 expressed in astrocytes mediates glial 
plasticity during reactive gliosis, attenuates microglial activation, and 
fosters neuronal survival and plasticity (Hung et al., 2016). Our findings 
– specifically, the altered expression of Gap43 and the weaker sy 
naptogenic response seen as the relative increase in the density of 
Vglut1+ presynaptic terminals of excitatory neurons in the peri- 
infarct region of GFAP–/–Vim–/– mice with attenuated reactive 
gliosis – further support the notion that reactive astrocytes help 
modulate post-stroke neural plasticity. This altered sy 
naptogenic response after stroke in mice with attenuated 
reactive gliosis is in line with the more pronounced de 
afferentation injury-induced loss and faster normalization of the number 
of synapses in the hippocampus of these mice (Wilhelmsson et al., 2006, 
2004). Given the impaired recovery of sensorimotor function in mice 
with attenuated reactive gliosis, these neural plasticity responses appear 
to be maladaptive, leading to suboptimal or random neuronal network 
reorganization. As random spontaneous axonal outgrowth was proposed 
as the mechanism of less optimal network organization (Thiel and 
Vahdat, 2015), the increased expression of Gap43 and the reduced 
astrocyte polarity in the peri-infarct cortex of mice with attenuated 
reactive gliosis implicate reactive gliosis as an inhibitor of maladaptive 
plasticity responses in the post-acute phase after stroke. While astrocytes 
were shown to contribute to adaptive neural plasticity responses after 
ischemic stroke, e.g. through the thrombospondin 1 and 2-mediated 
post-stroke synaptogenesis (Christopherson et al., 2005; Liauw et al., 
2008), they were also shown to inhibit axonal sprouting and synaptic 
plasticity through the secretion of ephrin-A5 and GABA (γ-aminobutyric 
acid) transporter GAT-3, respectively (Clarkson et al., 2010). Our study 
provides to our knowledge the first evidence for the inhibition of mal
adaptive neural plasticity by reactive astrocytes. Thus, similar to im
mune cells and neuroinflammation in general, which can increase tissue 
damage but also contribute to functional recovery through mechanisms 
ranging from the clearance of debris to the regulation of neural plasticity 
(Cirillo et al., 2020; Pekna et al., 2021), reactive astrocytes exert mul
tiple functions with differential effects on neuronal functioning in the 
post-stroke brain. 

Our results point to a novel role of reactive gliosis in restoration of 
functional connectivity and recovery after stroke. By virtue of their 
neuroprotective functions in the acute phase and their ability to promote 
adaptive plasticity in the post-acute phase, reactive astrocytes are crit
ically important players in the ischemic brain. Careful modulation, 
rather than inhibition, of reactive gliosis during the right time window 
therefore appears to be a promising strategy to improve functional re
covery after stroke. 
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Foundation (to MPy, to MPa), E. Jacobson’s Donation Fund (to UW), the 
Swedish Stroke Foundation (to MPy, to MPa), EU FP 7 Program 

M. Aswendt et al.                                                                                                                                                                                                                               



Progress in Neurobiology 209 (2022) 102199

12

TargetBraIn (279017; to MH and MPy), EuroCellNet COST Action 
(CA15214) including the EuroCellNet COST Action (CA15214) support 
for Short Scientific Missions (to MA and MH). 

Authors’ contributions 

Conception and design of the study: MA, UW, MH, MPa, MPy; 
acquisition and analysis of data: MA, UW, FW, AS, YP, FS, NP, LM, 
MPy.; drafting a significant portion of the manuscript or figures: 
MA, UW, AS, MH, MPa, MPy. All authors read and approved the final 
manuscript. 

Declaration of Competing Interest 

The authors declare no competing interests. 

Acknowledgements 

The authors acknowledge help with the in vivo experiments, espe
cially MRI and behavioral tests, by Olivia Käsgen, Veronika Fritz, and 
Nicole Kuschel. The authors acknowledge the Centre for Cellular Im
aging at the University of Gothenburg and the National Microscopy 
Infrastructure, NMI (VR-RFI 2016-00968) for providing assistance in 
microscopy. 

Appendix A. The Peer Review Overview and Supplementary 
data 

The Peer Review Overview and Supplementary data associated with 
this article can be found in the online version, at doi:https://doi.org/10 
.1016/j.pneurobio.2021.102199. 

References 

Aswendt, M., Pallast, N., Wieters, F., Baues, M., Hoehn, M., Fink, G.R., 2021. Lesion size- 
and location-dependent recruitment of contralesional thalamus and motor cortex 
facilitates recovery after stroke in mice. Transl. Stroke Res. 12, 87–97. 

Balkaya, M.G., Trueman, R.C., Boltze, J., Corbett, D., Jolkkonen, J., 2018. Behavioral 
outcome measures to improve experimental stroke research. Behav. Brain Res. 352, 
161–171. 

Benowitz, L.I., Routtenberg, A., 1997. GAP-43: an intrinsic determinant of neuronal 
development and plasticity. Trends Neurosci. 20, 84–91. 

Benowitz, L.I., Rodriguez, W.R., Neve, R.L., 1990. The pattern of GAP-43 
immunostaining changes in the rat hippocampal formation during reactive 
synaptogenesis. Brain Res. Mol. Brain Res. 8, 17–23. 

Carmichael, S.T., Archibeque, I., Luke, L., Nolan, T., Momiy, J., Li, S., 2005. Growth- 
associated gene expression after stroke: evidence for a growth-promoting region in 
peri-infarct cortex. Exp. Neurol. 193, 291–311. 

Carter, A.R., Astafiev, S.V., Lang, C.E., Connor, L.T., Rengachary, J., Strube, M.J., 
Pope, D.L., Shulman, G.L., Corbetta, M., 2010. Resting interhemispheric functional 
magnetic resonance imaging connectivity predicts performance after stroke. Ann. 
Neurol. 67, 365–375. 

Cho, K.S., Yang, L., Lu, B., Feng Ma, H., Huang, X., Pekny, M., Chen, D.F., 2005. Re- 
establishing the regenerative potential of central nervous system axons in postnatal 
mice. J. Cell. Sci. 118, 863–872. 

Christopherson, K.S., Ullian, E.M., Stokes, C.C., Mullowney, C.E., Hell, J.W., Agah, A., 
Lawler, J., Mosher, D.F., Bornstein, P., Barres, B.A., 2005. Thrombospondins are 
astrocyte-secreted proteins that promote CNS synaptogenesis. Cell 120, 421–433. 

Cirillo, C., Brihmat, N., Castel-Lacanal, E., Le Friec, A., Barbieux-Guillot, M., Raposo, N., 
Pariente, J., Viguier, A., Simonetta-Moreau, M., Albucher, J.F., Olivot, J.M., 
Desmoulin, F., Marque, P., Chollet, F., Loubinoux, I., 2020. Post-stroke remodeling 
processes in animal models and humans. J. Cereb. Blood Flow Metab. 40, 3–22. 

Clarkson, A.N., Huang, B.S., Macisaac, S.E., Mody, I., Carmichael, S.T., 2010. Reducing 
excessive GABA-mediated tonic inhibition promotes functional recovery after stroke. 
Nature 468, 305–309. 

de Pablo, Y., Nilsson, M., Pekna, M., Pekny, M., 2013. Intermediate filaments are 
important for astrocyte response to oxidative stress induced by oxygen-glucose 
deprivation and reperfusion. Histochem. Cell Biol. 140, 81–91. 

Ding, M., Eliasson, C., Betsholtz, C., Hamberger, A., Pekny, M., 1998. Altered taurine 
release following hypotonic stress in astrocytes from mice deficient for GFAP and 
vimentin. Brain Res. Mol. Brain Res. 62, 77–81. 

Eliasson, C., Sahlgren, C., Berthold, C.H., Stakeberg, J., Celis, J.E., Betsholtz, C., 
Eriksson, J.E., Pekny, M., 1999. Intermediate filament protein partnership in 
astrocytes. J. Biol. Chem. 274, 23996–24006. 

Escartin, C., Galea, E., Lakatos, A., O’Callaghan, J.P., Petzold, G.C., Serrano-Pozo, A., 
Steinhauser, C., Volterra, A., Carmignoto, G., Agarwal, A., Allen, N.J., Araque, A., 

Barbeito, L., Barzilai, A., Bergles, D.E., Bonvento, G., Butt, A.M., Chen, W.T., Cohen- 
Salmon, M., Cunningham, C., Deneen, B., De Strooper, B., Diaz-Castro, B., Farina, C., 
Freeman, M., Gallo, V., Goldman, J.E., Goldman, S.A., Gotz, M., Gutierrez, A., 
Haydon, P.G., Heiland, D.H., Hol, E.M., Holt, M.G., Iino, M., Kastanenka, K.V., 
Kettenmann, H., Khakh, B.S., Koizumi, S., Lee, C.J., Liddelow, S.A., MacVicar, B.A., 
Magistretti, P., Messing, A., Mishra, A., Molofsky, A.V., Murai, K.K., Norris, C.M., 
Okada, S., Oliet, S.H.R., Oliveira, J.F., Panatier, A., Parpura, V., Pekna, M., 
Pekny, M., Pellerin, L., Perea, G., Perez-Nievas, B.G., Pfrieger, F.W., Poskanzer, K.E., 
Quintana, F.J., Ransohoff, R.M., Riquelme-Perez, M., Robel, S., Rose, C.R., 
Rothstein, J.D., Rouach, N., Rowitch, D.H., Semyanov, A., Sirko, S., Sontheimer, H., 
Swanson, R.A., Vitorica, J., Wanner, I.B., Wood, L.B., Wu, J., Zheng, B., Zimmer, E. 
R., Zorec, R., Sofroniew, M.V., Verkhratsky, A., 2021. Reactive astrocyte 
nomenclature, definitions, and future directions. Nat. Neurosci. 24, 312–325. 

Feigin, V.L., Forouzanfar, M.H., Krishnamurthi, R., Mensah, G.A., Connor, M., 
Bennett, D.A., Moran, A.E., Sacco, R.L., Anderson, L., Truelsen, T., O’Donnell, M., 
Venketasubramanian, N., Barker-Collo, S., Lawes, C.M., Wang, W., Shinohara, Y., 
Witt, E., Ezzati, M., Naghavi, M., Murray, C., Global Burden of Diseases, Injuries, and 
Risk Factors Study 2010 (GBD 2010) and the GBD Stroke Experts Group, 2014. 
Global and regional burden of stroke during 1990–2010: findings from the Global 
Burden of Disease Study 2010. Lancet 383, 245–254. 

Golestani, A.M., Tymchuk, S., Demchuk, A., Goodyear, B.G., Group, V.-S., 2013. 
Longitudinal evaluation of resting-state FMRI after acute stroke with hemiparesis. 
Neurorehabil. Neural Repair 27, 153–163. 

Grandjean, J., Canella, C., Anckaerts, C., Ayranci, G., Bougacha, S., Bienert, T., 
Buehlmann, D., Coletta, L., Gallino, D., Gass, N., Garin, C.M., Nadkarni, N.A., 
Hubner, N.S., Karatas, M., Komaki, Y., Kreitz, S., Mandino, F., Mechling, A.E., 
Sato, C., Sauer, K., Shah, D., Strobelt, S., Takata, N., Wank, I., Wu, T., Yahata, N., 
Yeow, L.Y., Yee, Y., Aoki, I., Chakravarty, M.M., Chang, W.T., Dhenain, M., von 
Elverfeldt, D., Harsan, L.A., Hess, A., Jiang, T., Keliris, G.A., Lerch, J.P., Meyer- 
Lindenberg, A., Okano, H., Rudin, M., Sartorius, A., Van der Linden, A., Verhoye, M., 
Weber-Fahr, W., Wenderoth, N., Zerbi, V., Gozzi, A., 2020. Common functional 
networks in the mouse brain revealed by multi-centre resting-state fMRI analysis. 
Neuroimage 205, 116278. 

Green, C., Minassian, A., Vogel, S., Diedenhofen, M., Beyrau, A., Wiedermann, D., 
Hoehn, M., 2018. Sensorimotor functional and structural networks after 
intracerebral stem cell grafts in the ischemic mouse brain. J. Neurosci. 38, 
1648–1661. 

Hung, C.C., Lin, C.H., Chang, H., Wang, C.Y., Lin, S.H., Hsu, P.C., Sun, Y.Y., Lin, T.N., 
Shie, F.S., Kao, L.S., Chou, C.M., Lee, Y.H., 2016. Astrocytic GAP43 induced by the 
TLR4/NF-kappaB/STAT3 Axis Attenuates astrogliosis-mediated microglial activation 
and neurotoxicity. J. Neurosci. 36, 2027–2043. 

Ito, M., Aswendt, M., Lee, A.G., Ishizaka, S., Cao, Z., Wang, E.H., Levy, S.L., Smerin, D.L., 
McNab, J.A., Zeineh, M., Leuze, C., Goubran, M., Cheng, M.Y., Steinberg, G.K., 2018. 
RNA-sequencing analysis revealed a distinct motor cortex transcriptome in 
spontaneously recovered mice after stroke. Stroke 49, 2191–2199. 
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