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Abstract

Cellular responses in glia play a key role in regulating brain remodeling post-stroke. However, excessive glial
reactivity impedes post-ischemic neuroplasticity and hampers neurological recovery. While damage-associated
molecular patterns and activated microglia were shown to induce astrogliosis, the molecules that restrain astro-
gliosis are largely unknown. We explored the role of tenascin-C (TnC), an extracellular matrix component
involved in wound healing and remodeling of injured tissues, in mice exposed to ischemic stroke induced by
transient intraluminal middle cerebral artery occlusion. In the healthy adult brain, TnC expression is restricted to
neurogenic stem cell niches. We previously reported that TnC is upregulated in ischemic brain lesions. We
herein show that the de novo expression of TnC post-stroke is closely associated with reactive astrocytes, and
that astrocyte reactivity at 14 days post-ischemia is increased in TnC-deficient mice (TnC�/�). By analyzing the
three-dimensional morphology of astrocytes in previously ischemic brain tissue, we revealed that TnC�/�

reduces astrocytic territorial volume, branching point number, and branch length, which are presumably hall-
marks of the homeostatic regulatory astrocyte state, in the post-acute stroke phase after 42 days. Interestingly,
TnC�/� moderately increased aggrecan, a neuroplasticity-inhibiting proteoglycan, in the ischemic brain tissue
at 42 days post-ischemia. In vitro in astrocyte-microglia cocultures, we showed that TnC�/� reduces the micro-
glial migration speed on astrocytes and elevates intercellular adhesion molecule 1 (ICAM1) expression. Post-
stroke, TnC�/� did not alter the ischemic lesion size or neurological recovery, however microglia-associated
ICAM1 was upregulated in TnC�/� mice during the first week post stroke. Our data suggest that TnC plays a
central role in restraining post-ischemic astrogliosis and regulating astrocyte-microglial interactions.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction

Glial responses fundamentally control successful
brain remodeling after stroke [1,2]. Reactive astro-
cytes undergo complex context- and time-depen-
dent genetic, morphological, and molecular
changes, which are associated with the severity of
ischemia and can be regulated by intra- and intercel-
lular signaling pathways [3,4]. In the acute stroke
phase, astrocyte reactivity is triggered by alarmins
[5] and microglial pro-inflammatory cytokines via the
thors. Published by Elsevier B.V. This is an
ense (http://creativecommons.org/licenses
receptor for advanced glycation end products
(RAGE) and toll-like receptor 4 (TLR4) [6,7]. The
inflammatory response in astrocytes elicits morpho-
logical alterations and expression of glial fibrillary
acidic protein (GFAP), induces cell proliferation and
migration towards the lesion core [3,8-10], and pro-
motes the synthesis of extracellular matrix (ECM)
molecules [11�14]. Reactive astrocytes align
around the lesion border together with microglia,
NG2 cells, and fibroblasts [15,16] to form the glial
scar that prevents the spill-over of pro-inflammatory
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cytokines and the migration of immune cells into per-
ilesional tissues. Experimental depletion of the glial
scar in rodent models of cerebral ischemia increases
the infarct size and diminishes functional recovery
[8,17,18]. On the other hand, the glial scar inhibits
restorative mechanisms after brain injury [19] by
inducing inflammation-mediated cell death [20] and
neuroplasticity-restricting ECM components [21,22].
Emerging evidence indicates that reactive astro-
cytes are functionally diverse, and molecular expres-
sion analysis identifies neurotoxic “A1” and
supportive “A2” phenotypes [1,6]. In the post-acute
stroke phase, astrocyte reactivity decreases, and
the release of astrocytic growth factors promotes
neuroplasticity [23]. As opposed to pro-inflammatory
cytokines, astrocytic transforming growth factor beta
(TGFb) limits neuroinflammation during the sub-
acute period after stroke [24]. However, the molecu-
lar signals that restrain astrocyte reactivity remain
largely unknown.
In the healthy brain, TnC is expressed in stem

cell niches and is not produced by mature cells
[12,25,26]. In ischemic stroke, TnC has been identi-
fied as one of the main components of the fibrotic
scar [27] and as an endogenous TLR4 activator
[28,29]. Thereby, TnC can regulate astrocyte reac-
tivity and glial scar formation. The de novo TnC
expression has been reported in the mouse models
of retinal ischemia [30] and subarachnoid hemor-
rhage [31]. In subarachnoid hemorrhage, TnC defi-
ciency reduced brain edema and improved
neurological recovery [31]. In retinal ischemia, TnC
knock-out ameliorated photoreceptor degeneration
[32]. We have recently demonstrated that TnC lim-
its microglial reactivity and immune cell infiltration
following transient middle cerebral artery occlusion
(MCAO) in mice [33]. The role of TnC in the regula-
tion of post-ischemic astrocytic responses
remained unknown. By comparing wild-type (WT)
and TnC�/� mice exposed to transient MCAO, we
now explored how TnC controls reactive gliosis and
astrocyte-microglial interactions. Using high-reso-
lution microscopy and morphological analysis,
which we for the first time employed for analysing
ischemic tissue, we identified that TnC is an impor-
tant regulator of astrogliosis.
Results
De novo expression of TnC post-stroke
precedes astrogliosis and correlates with
astrocyte reactivity

TnC expression in a healthy brain is restricted to
neurogenic niches [34]. After stroke, we observed a
significant upregulation of TnC in the dorsal part of
the ischemic striatum of wild-type animals at 1, 3,
7, and 14 days post ischemia (DPI) (Fig. 1A, C). At
42 DPI, TnC was downregulated back to the control
level. The de novo expression of TnC strongly cor-
related (r = 0.7513, p=1.29*10�7) with reactive
astrogliosis detected by GFAP immunolabeling
(Fig. 1B, D). Reactive astrocytes were first detected
at 3 DPI, indicating that TnC upregulation precedes
astrogliosis (Fig. 1E).

TnC deficiency does not alter ischemic lesion
size or neurological recovery post-stroke

To evaluate stroke outcomes in WT and TnC�/�

mice, we analyzed consecutive brain sections
stained with cresyl violet (Nissl) or processed for
NeuN immunohistochemistry. We examined animal
behavior at 1, 3, 7, 14, and 42 DPI. TnC deficiency
did not affect ischemic lesion size, hemispheric
swelling in the acute phase, and hemispheric atro-
phy in the post-acute stroke phase, as shown by
Nissl staining (Fig. 2A, B). The density of surviving
neurons in the ischemic striatum did not differ
between the WT and TnC�/� mice, as shown by
NeuN immunohistochemistry (Fig. 2C). Compared
with the WT animals, TnC-deficient mice exhibited
similar neurological deficits, motor impairment, sur-
vival rate, and body weight changes at 1, 3, 7, 14,
and 42 DPI (Fig. 2D-G).

Notably, GFAP immunoreactivity was significantly
increased in the ischemic striatum of TnC�/� mice at
14 DPI, compared with WT animals (Fig. 1E). At 42
DPI, GFAP expression in TnC�/� mice was lower
than in WT animals.

TnC deficiency alters astrocyte morphology in
the post-acute stroke phase

Using GFAP immunolabeling, we employed high-
resolution confocal microscopy and bias-free auto-
mated data analysis to explore the changes in three-
dimensional astrocyte morphology in the dorsal part
of ischemic striatum, which is the core of the middle
cerebral artery territory, in the first six weeks post-
stroke (Fig. 3A). Individual reactive astrocytes were
detected using the previously established 3DMorph
tool [35], which we recently used to characterize
post-stroke morphological alterations in microglia
[33]. We here successfully used this tool for studying
astrocytic responses, which is an important
advancement in the field, since previous morpholog-
ical studies were performed in non-ischemic tissues
[36,37].

In line with the increased GFAP immunoreactivity at
14 DPI, the number of reactive astrocytes was signifi-
cantly higher in TnC�/� mice, compared with the WT
animals (Fig. 3B). Segmentation algorithms imple-
mented in 3DMorph provide a vast variety of morpho-
logical readouts, which implies careful selection of the
meaningful parameters by the user. In our data, the



Fig. 1. TnC expression and astrogliosis post-stroke. (A) Representative TnC immunolabeling is shown in the dorsal
part of the ischemic striatum of wild-type control mice and at 1, 3, 7, 14, and 42 DPI. (B) Representative immunolabeling
of reactive astrocytes (GFAP, red) is shown in the ischemic striatum of wild type and TnC�/� mice at 1, 3, 7, 14, and 42
DPI. Neuronal labeling (NeuN, green) is shown to visualize the ischemic lesion borders. (C) TnC expression is quantified
in the dorsal part of the ischemic striatum of wild-type mice at 1, 3, 7, 14, and 42 DPI. (D) The plot shows a linear correla-
tion between TnC and GFAP immunoreactivity. (E) GFAP expression is quantified in the dorsal part of the ischemic stria-
tum of wild type and TnC�/� mice at 1, 3, 7, 14, and 42 DPI. In control animals, no stroke was induced. Scale bars,
500 mm. DPI, days post ischemia. Boxes are 25-75% IQR, circles are means, lines are medians, whiskers are SD. Aster-
isks denote significant differences between genotypes as indicated by Kruskal-Wallis and Mann-Whitney tests (*p<0.05,
**p<0.01, ***p<0.001), n=9.
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Fig. 2. TnC deficiency does not affect stroke outcomes in the acute and post-acute phase. (A) Lesion size quantified as
the area of the brain section (bregma level) that is devoid of Nissl staining. (B) Hemispheric volume ratio (ipsilateral/con-
tralateral to the ischemic lesion) quantifications indicate brain swelling (values >1) and atrophy (<1). (C) Neuronal density
in ischemic striatum. (D) Neurological score. (E) Tight rope test score. (F) Animal survival. (G) Body weight. In control ani-
mals, no stroke was induced. DPI, days post-ischemia. n.a., not assessed. Data in (A-C) are box plots with boxes as 25-
75% IQR, circles are means, lines are medians, whiskers are minimum and maximum values. Data in (D-G) means §
SD. No differences between genotypes were detected by two-way ANOVA and Fisher's LSD tests, n=11.
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following parameters contributed to at least 97% of the
intra-group variance in all samples: branch length,
number of branching points, and territorial volume.
Therefore, further analysis was focused on these three
parameters. The territorial volume of individual astro-
cytes, which was approximated as volume of the cir-
cumscribed polyhedrons, increased at 3 DPI in both
genotypes [WT: 12§5 (1 DPI) vs 32§3 (3 DPI),
p=0.034; TnC�/�: 16§3 (1 DPI) vs 31§2 (3 DPI),
p=0.001; data are mean§s.e.m in thousands mm3].
Together with increased branch length [WT: 6.9§1.5
(1 DPI) vs 10§0.5 (3 DPI), p=0.033; TnC�/�: 7.9§0.8
(1 DPI) vs 11.9§0.4 (3 DPI), p=0.0004; data are
mean§s.e.m in mm], these data indicate astrocytic
hypertrophy that evolves in the acute phase.
In comparison with the WT, territorial volume

was moderately but significantly decreased in
TnC�/� animals at 14 and 42 DPI (Fig. 3C). The
average branch length and the number of
branching points (Fig. 3D, E) were also signifi-
cantly reduced in TnC�/� mice, indicating that
TnC deficiency makes reactive astrocytes more
compact.
Because the distribution of morphological
parameters of reactive astrocytes was bimodal at
42 DPI, we further segregated their phenotypes
into the compact and ramified subtypes using
hierarchical cluster analysis (Fig. 4A). Territorial
volume, branch length and number of branching
points per cell were significantly different
(p<0.01, two-sample t-test) between the compact
and ramified astrocytes in both WT and TnC�/�

genotypes. While the proportions of the clusters
were similar in WT and TnC�/� genotypes
(Fig. 4B), TnC deficiency reduced territorial vol-
ume, average branch length, and number of
branching points in both compact and ramified
cells, making the difference between these sub-
types less evident (Fig. 4C-E).

TnC deficiency increases aggrecan expression
in the post-acute stroke phase

As a multifunctional glycoprotein, TnC has multi-
ple interaction partners [38], and its absence can
affect the expression of other ECM components in



Fig. 3. Three-dimensional morphology of reactive astrocytes after stroke. (A) Representative confocal images (z-pro-
jections) show reactive astrocytes (GFAP, red) and the corresponding reconstructions of their three-dimensional morphol-
ogy in the dorsal part of the ischemic striatum of WT and TnC�/� mice at 1, 3, 7, 14 and 42 DPI. Scale bars, 25 mm. (B-E)
Morphological analyses evaluating reactive astrocyte cell density (B), territorial volume (C), branch length (D), and num-
ber of branching points (E) are shown for WT and TnC�/� mice at 1, 3, 7, 14 and 42 DPI. In control animals, no stroke
was induced. DPI, days post ischemia. Boxes are 25-75% IQR, circles are means, lines are medians, whiskers are mini-
mum and maximum data. Asterisks denote significant differences between genotypes as indicated by Kruskal-Wallis and
Mann-Whitney tests (*p<0.05, ***p<0.001), n=9.
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Fig. 4. Classification of reactive astrocyte morphology subtypes at 42 DPI. (A) Hierarchical cluster analysis detects the
compact and ramified subtypes of reactive astrocytes. Scale bar, 25 mm. (B-E) The compact and ramified astrocytes are
separately quantified, showing cluster proportions (B), territorial volume (C), average branch length (D), and the number
of branching points (E) in the dorsal part of the ischemic striatum of WT and TnC�/� mice at 42 DPI. DPI, days post-ische-
mia. Boxes in box plots are 25-75% IQR, circles are means, lines are medians, whiskers are SD. Asterisks denote signifi-
cant differences between genotypes as indicated by Mann-Whitney tests (*p<0.05), n=9.
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the ischemic brain. Here, we examined the expres-
sion of the two major ECM proteoglycans, brevi-
can and aggrecan, in the ischemic striatum of WT
and TnC�/� mice at 42 DPI by Western blot
(Fig. 5A). Both brevican and aggrecan are chon-
droitin sulfate proteoglycans that modulate neuro-
nal plasticity [39,40]. While brevican is commonly
associated with astrocytes [41], aggrecan contrib-
utes to perineuronal matrix formation and restricts
axonal outgrowth [42]. TnC deficiency did not
affect brevican expression but induced an upregu-
lation of aggrecan at 42 DPI (Fig. 5B).

TnC deficiency alters astrocyte-microglial
interaction

Reactive astrocytes and microglia vividly inter-
act during neuroinflammation in neurodegenera-
tive diseases and stroke [43,44]. To evaluate the
role of TnC in astrocyte-microglial interaction, we
co-cultivated primary astrocytes and microglia
obtained from WT and TnC�/� mice in all four
possible combinations. After 3 to 7 days in vitro,
astrocytic cultures form monolayers and exhibit
high expression of GFAP, resembling reactive
astrocytes after brain injury [45,46]. The migration
of microglia on astrocytic monolayers was quanti-
fied using time-lapse microscopy and cell tracking
(Fig. 6A and Supplementary Video 1). Cell types
were identified at the end of live-cell imaging
experiments by astrocytic GFAP and microglial
marker protein Iba1 immunolabeling. TnC defi-
ciency significantly reduced both average and
maximum microglial migration speed (Fig. 6B, C).
Although the lowest migration speed was
observed in TnC�/�/WT and TnC�/�/ TnC�/�

astrocyte/microglia combinations, TnC�/� micro-
glia also migrated slower on WT astrocytes. In
TnC�/� microglia, the expression of intercellular
adhesion molecule 1 (ICAM1) was significantly
higher than in WT, as indicated by immunolabel-
ing quantifications (Fig. 6D, E).

In TnC�/� mice, the expression of ICAM1 overlap-
ping with Iba1 staining was significantly higher than



Fig. 5. Protein expression of aggrecan and brevican at 42 DPI. (A) The representative Western blot shows the expres-
sion of aggrecan (approx. 250 kDa bands) and brevican (approx. 120 kDa bands) in the ischemic striatum of WT and
TnC�/� mice at 42 DPI. We used Ponceau staining as a loading control (multiple bands 300-25 kDa). Each vertical line
corresponds to one animal. Normalized protein expression of brevican and aggrecan is shown in (B). Boxes in box plots
are 25-75% IQR, circles are means, lines are medians, whiskers are minimum and maximum data. Asterisks denote sig-
nificant differences between genotypes as indicated by Mann-Whitney tests (*p<0.05), n=5.
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in WT mice at 1 and 7 DPI (Fig. 6F, G), which con-
firms the results obtained in vitro.
Discussion

Cellular responses in glia and ECM reorganization
are essential for brain remodeling after stroke. While
ample evidence indicates that reactive astrocytes
restrict secondary damage associated with inflam-
matory signaling in ischemic lesions, ECM remodel-
ing and astrocyte-ECM interactions post stroke
remain under investigated. Damage-associated
molecular patterns were shown to induce astrocyte
reactivity, while the molecules that restrain astroglio-
sis were largely unknown. Here, we examined how
astrocytic responses are influenced by TnC�/� dur-
ing the first six weeks after stroke. Using high-reso-
lution microscopy and cutting-edge image analysis
methods, we demonstrate that the de novo expres-
sion of TnC by reactive astrocytes acts as a homeo-
static regulator restricting excessive astrogliosis.

Ischemic brain injury and stroke recovery

Our results revealed that the severity and dynam-
ics of post-stroke brain swelling/atrophy and neuro-
logical recovery are similar in WT and TnC�/� mice,
indicating that TnC deficiency does not exacerbate
ischemic injury, which is consistent with our previous
observations [33]. In this study, lesion size, brain
edema/ atrophy and neuronal density did not
change significantly over time post ischemia, which
is different from previous studies in photothrombotic
stroke [47,48] and neonatal hypoxia [49]. Lesion
size, brain edema/ atrophy and neuronal density
were not influenced by TnC�/�, indicating that TnC
deficiency did not induce neuroprotection. However,
TnC may play a more prominent role for neuronal
survival under conditions of more slowly evolving
neuronal degeneration, e.g., in chronic neurodegen-
erative diseases. Further studies will be required to
elucidate this issue.
De novo expression of TnC in reactive
astrocytes

In the healthy brain, TnC is expressed in neuro-
genic niches [34,38,50] and contributes to cell prolif-
eration and differentiation control. Although TnC is
not produced by terminally differentiated brain cells,
we have recently shown that this glycoprotein is
abundantly expressed in the ischemic striatum after
stroke [33]. Here, we demonstrate that the de novo
expression of TnC reaches its maximum at 3 DPI,
remains upregulated during the post-acute stroke
phase, and fades away in the chronic phase. These
results are consistent with previous studies showing
TnC upregulation shortly after brain injury [51,52].

In WT mice, TnC expression positively correlated
with GFAP expression in all timepoints, indicating
that reactive astrocytes are the major source of TnC
in the ischemic brain tissue. Also, TnC is one of the
most abundant ECM proteins secreted by astrocytes
after brain injuries that are not related to stroke
[12,27]. Conclusively, the de novo expression of
TnC is a typical hallmark of reactive gliosis, regard-
less of the brain injury origin. Unlike WT cells, reac-
tive TnC�/� astrocytes were not able to synthesize
TnC, and reactive gliosis was significantly increased
in TnC�/� mice at 14 DPI. The impact of TnC



Fig. 6. Microglial migration and adhesion. (A) Live cell imaging and microglia cell tracking in astrocyte-microglial co-cul-
tures. A single microglia migration track during the 328-minute imaging period is shown in blue. Cell types were identified
by GFAP (red) and Iba1 (green) immunolabeling at the end of the time-lapse imaging shown in Supplementary Video 1.
Average (B) and maximum (C) microglia migration speed are quantified in astrocyte-microglial co-cultures obtained from
WT and TnC�/� mice, in all four combinations. (D) Representative immunolabeling of ICAM1 (red) and Iba1 (green). (E)
Microglial ICAM1 immunolabeling intensity. (F) Representative immunolabeling of ICAM1 (red) and Iba1 (green) is shown
in the dorsal part of the ischemic striatum of WT and TnC�/� mice at 1, 3, 7, and 14 DPI. (G) ICAM1 immunolabeling over-
lapping with Iba1 staining is quantified in the dorsal part of the ischemic striatum of WT and TnC�/� mice at 1, 3, 7, and 14
DPI. Scale bars, 50 mm. DPI, days post ischemia. Boxes are 25-75% IQR, circles are means, lines are medians, whiskers
are SD. Asterisks and hashes denote significant differences between genotypes as indicated by Kruskal-Wallis and
Mann-Whitney tests in (G) (*p<0.05), n=5, and t-tests in (B, C, and E) (**p<0.01, ***p<0.001, ##p<0.01, ###p<0.001), 60
cells per condition, n=3.
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deficiency accumulated throughout the acute phase
post stroke and resulted in increased cell density
and reduced territorial volume of reactive astrocytes
in the ischemic striatum at 14 DPI. In the chronic
stroke phase at 42 DPI, astrocytic morphology alter-
ations were even more pronounced, as indicated by
the reduced territorial volume and branching. Since
TnC is predominantly produced by reactive astro-
cytes, we hypothesize that TnC acts as a homeo-
static regulator of reactive gliosis. That is, the
release of TnC by reactive astrocytes can attenuate
astrogliosis. Our observations are coherent with the
previous in vivo research indicating exacerbated
astrogliosis in TnC-deficient mice [53], and the in
vitro studies reporting that TnC supports the quies-
cent state in cultivated human astrocytes [54].

TnC and its binding partners in the extracellular
matrix

TnC is a multifunctional glycoprotein that contains
a C-terminal fibrinogen-related domain, recurrent
fibronectin and epidermal growth factor (EGF)
domains, and heptad repeats [38]. Due to the heptad
repeats at the N-terminus, TnC can form hexamers,
and was formerly known as hexabrachion [55,56].
Because of the modular structure, TnC interacts
with multiple ECM molecules including fibronectin
[57], integrins [58], and chondroitin sulfate proteogly-
cans (CSPGs) [59]. The interplay of fibronectin and
TnC promotes the expression of metalloproteinases
that can degrade ECM [60], but the binding between
TnC and CSPGs may stabilize ECM complexes.
CSPGs restrict neuroplasticity after stroke [61,62],
and in this work we observed increased expression
of aggrecan, one the major CSPGs in the brain, at
42 DPI in TnC�/� mice. We hypothesize that the
upregulation of aggrecan inhibits post-stroke neuro-
plasticity, which could explain the fact that TnC�/�

animals did not show better neurological recovery
than WT mice.

TnC is a homeostatic regulator of glial
morphology

Reactive astrocytes are commonly identified by
their hypertrophic morphology [23]. In this study, we
combined high resolution microscopy and cutting-
edge image processing methods to provide an in-
depth evaluation of three-dimensional astrocytic
morphology in ischemic tissue in the acute, post-
acute, and chronic stroke phase. De novo expres-
sion of TnC preceded reactive astrogliosis in the
acute stroke phase and TnC deficiency resulted in
altered astrocytic morphology in the post-acute and
chronic stroke phases.
In the post-acute stroke phase, reactive astro-

cytes segregated into the compact and ramified phe-
notypes. In contrast to the compact subtype,
ramified astrocytes had longer, arborized branches
and larger cell territories. Previously, a similar phe-
notype of reactive astrocytes with high GFAP
expression and elongated processes has been
described in a rat model of ischemic stroke using
manual morphological analysis [63]. TnC�/� astro-
cytes were more compact than WT astrocytes, as
evidenced by the reduced territorial volume, branch
length and number of branching points. Of note, the
differences between genotypes were especially pro-
nounced for the ramified subtype. This finding indi-
cates that TnC produced by reactive astrocytes
favors their ramification. In line with the recent evi-
dence showing functional diversity of reactive astro-
cytes [6,64], the ramified phenotype likely
represents the supportive regulatory astrocytes.
Earlier [33], we demonstrated that TnC supports the
ramification of activated microglia after stroke. Here,
we report the similar influence on reactive astro-
cytes, which designates TnC as a general regulator
of reactive glia morphology.

On the molecular level, this regulatory function of
TnC can be associated with the activation of TLR4
and RAGE receptors on the surface of glial cells
[28,65,66]. However, the exact molecular mecha-
nism by which TnC promotes ramification of reactive
glia remains to be resolved.
TnC regulates astrocyte-microglial interactions

The induction of astrocytic reactivity by pro-inflam-
matory cytokines released from activated microglia
is a key mechanism of neuroinflammation in neuro-
logical diseases including stroke [2,6,44,67]. Here,
we observed that TnC deficiency impairs microglial
migration on the astrocytic surface. Therefore, acti-
vated microglia spend more time in contact with
TnC�/� astrocytes. We suggest that the prolonged
interaction between astrocytes and microglia pro-
motes stronger astrocytic responses, which is sup-
ported by morphological alterations in TnC�/�

astrocytes reported in this study. The increased
astrocyte-microglial adhesion is likely mediated by
the upregulation of ICAM1 associated with TnC�/�

microglia that we observed both in vitro and in vivo.
The role of ICAM1 in post-stroke neuroinflammation
is commonly attributed to the increased adhesion
between peripheral blood leukocytes and brain vas-
cular endothelium [68,69] mediated by integrin aLb2
[70], also known as leukocyte function associated
antigen 1 (LFA-1). To the best of our knowledge, the
involvement of ICAM1 in astrocyte-microglial adhe-
sion has not been reported. However, ICAM1 binds
the b3 integrin subunit [71], which is part of the
astrocytic aVb3 integrin complex involved in reac-
tive gliosis [72]. Thus, our data suggests that TnC
restricts post-ischemic astrogliosis by inhibiting
ICAM1-mediated astrocyte-microglial interaction.
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Strengths and limitations

This study identified TnC as a negative regulator
of post-ischemic astrogliosis, which maintains astro-
cytic territorial volume, branching point number, and
branch length. Automated analysis for the first time
allowed to evaluate astrocytic morphology in previ-
ously ischemic brain tissue. Large sample sizes in
combination with strict examiner blinding eliminated
data bias. The analysis of astrocytic morphology
was based on GFAP immunolabeling, which makes
our results applicable within the conditions involving
reactive gliosis. For extending the applicability of our
method, the markers of quiescent astrocytes or
genetically encoded reporters can be used.
Although the comparison of WT and TnC�/� geno-
types suggests causative links between TnC
expression and astrocytic phenotypes, this study
was descriptive in nature and observations on the
interactions of TnC and astrocytes are based on cor-
relations. The analysis of microglial migration on the
surface of astrocytes provided evidence for the
involvement of TnC in astrocyte-microglial interac-
tion in vitro. The implemented co-cultivation
approach is reductionistic in nature and requires
considering more complex multicellular interactions
in subsequent in vivo experiments. Future studies
should further explore the molecular mechanisms
via which TnC regulates astrocyte-microglial interac-
tions and restricts post-ischemic astrogliosis. Such
studies may point out targets for neurorestorative
stroke therapy.
Conclusion

Reactive astrocytes produce TnC to restrict
excessive gliosis and to maintain the ramified pre-
sumably supportive regulatory astrocytic phenotype.
Experimental procedures
Animals

117 wild-type (WT) and 110 transgenic TnC�/�

male 129/Sv mice (8-12 weeks, 23-28 g) were
employed in this study [73]. 7 WT and 8 TnC�/�

male and female 129/Sv mice (newborns, postnatal
day 1 and 2) were used for preparing cell cultures.
The genotypes were determined by PCR followed
by electrophoresis in 2% agarose gel. The following
primers were used: tnc_low (ttctgcaggttggaggcaac),
tnc_up (ctgccaggcatctttctagc) and tnc_neoup
(ctgctctttactgaaggctc). Animals were housed in
groups of 3-5 mice per cage in a 12h:12h human
light/dark cycle. Food and water were provided ab
libitum. All experimental procedures were approved
by the local ethical committee (Bezirksregierung
D€usseldorf; project G4585/16) and were performed
in compliance with ARRIVE guidelines (Animal
Research Reporting of In Vivo Experiments) and E.
U. guidelines (Directive 2010/63/EU) for the Care
and Use of Laboratory Animals.

Experimental design

Focal cerebral ischemia was induced by transient
MCAO in WT and TnC�/� mice. Animals were ran-
domly assigned into groups using a customized R
script (see Supplement 1). Histochemical and cell
morphology analyses were performed at 1, 3, 7, 14,
and 42 days post-ischemia (DPI). Behavioral tests
were performed at 1, 7, 14, 21, and 28 DPI in the
long-term assessment group that survived until 42
DPI. Tissues for Western blot analysis were
obtained from 42 DPI mice. In all experiments, naive
animals of both genotypes were used as control
group.

Middle cerebral artery occlusion (MCAO)

Intraluminal transient MCAO was induced for
35 min which results in moderate-sized focal lesions
encompassing the striatum allowing long-term ani-
mal survival [33]. The MCAO procedure is explained
in detail in the Supplement 2. We provided post-
operative care by injecting carprofen (4 mg/kg in
500 ml Ringer solution) daily during the first week
post-ischemia. Feeding was facilitated by moistened
food. Mice were weighed daily. Animals exhibiting
body weight loss >20% of baseline were excluded,
as stated in the approved animal proposal (Lande-
samt f€ur Umwelt und Verbraucherschutz (LANUV)
Recklinghausen; project G4585/16).

Behavioral testing

Neurological deficits and motor impairments were
evaluated at 1, 7, 14, 21, and 28 DPI. We assessed
general and focal neurological deficits using Clark's
neurological score [74]. Animal behavior was
observed in an open bench or during the tail suspen-
sion, as described in the Supplement 3. Motor coor-
dination deficits were analyzed with the tight rope
test using a 60 cm long rope that connects two plat-
forms at the height of 50 cm. The time to grasp, time
to reach, and circling behavior were included in the
score evaluation. The maximum duration of the test
was 60 s, and in all cases, the test was repeated six
times. The scores were calculated using the custom-
ized R script.

Nissl staining and volumetry

We performed cresyl violet (Nissl) staining to eval-
uate hemispheric swelling/atrophy. At defined time
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points, mice were sacrificed under deep isoflurane
anesthesia by transcardial perfusion with 20 ml of
0.9% ice-cooled saline, followed by 20 ml of 4% v/v
paraformaldehyde (PFA) in 0.1 M tris buffer saline,
pH 7.2 - 7.4 (TBS). The brains were carefully har-
vested from the skull and post-fixed overnight in
12 ml of 4% PFA. Next, brain cryoprotection was
achieved by sequential immersion in 12 ml of 15%
and 30% sucrose until sinking. Finally, the brains
were frozen in dry ice and stored at -80 °C for further
processing.
Coronal cryosections (30 mm thick) were collected

on cold microscope slides (ThermoFisher Scientific,
Cat# J1800AMNT). Sequential sections (12 sec-
tions, 500 mm interval) across the forebrain were
stained with cresyl violet solution (see Supplement 4
for details) and scanned (1200 £ 1200 PPP, 24
bits). To determine hemispheric swelling/atrophy,
we measured ischemic (ipsilateral) and non-ische-
mic (contralateral) hemispheric areas in each sec-
tion using the freehand and measure tools in FIJI.
The hemispheric volumes (Hv) were calculated as
Hv=

P
AS*T*I, were AS is hemispheric area mea-

sured in a section, T is the section thickness, and I is
the interval between sections. Ischemic lesion size
was evaluated by measuring the infarct area by
manually delineating the region devoid of cresyl vio-
let staining in the cryosections at the bregma level at
1, 3, and 7 DPI.
Cell cultures

Primary astrocytic and microglial cultures were
obtained by dissociating the cortices of newborn
mice as described previously [45], with minor mod-
ifications. In brief, dissociated cortical cell suspen-
sions were plated onto cell culture flasks coated
with poly-D-lysine (PDL) and maintained for
expansion in glia-selective medium (DMEM with
10% fetal bovine serum 4,5 g/l glucose, supple-
mented with L-glutamine) for 7 days at 5% CO2
and 37 °C. Microglia cells were removed by shak-
ing on a rotary shaker (150 rpm for 1 h) and culti-
vated separately for 5 days. The remaining mixed
cultures containing astrocytes, NG2 glia, and
residual microglia were treated with 20 mM cyto-
sine-1-b-D-arabinofuranoside (AraC) for 2 days
and the cell debris was removed by shaking to
obtain pure astrocytes. Astrocytes were sub-culti-
vated in PDL-coated 96-well plates (m-Plate 96
well black, Cat# 89626, Ibidi, Gr€afelfing, Ger-
many), 50000 cells per well, and incubated for
3 days to form monolayer cultures. Microglia were
seeded (30000 cells per well) onto the astrocytic
monolayers and allowed to settle for 3 h before
live cell imaging. Microglia and astrocytes
obtained from TnC�/� and WT mice were co-
cultivated in all four possible combinations.
Live cell imaging and microglia migration
tracking

Astrocyte-microglial co-cultures were monitored
for 6 h using the fully automated ImageXPress
Pico imaging system (Molecular Devices, San
Jose, USA). Every 4 min, the snapshots of
1387 £ 1387 mm regions of interest (10x/0.32
objective) positioned in the center of each well
were obtained using the transmitted light imaging
mode. At the end of live cell imaging experiment,
cell cultures were fixed with 4% PFA for 15 min
and processed for GFAP, Iba1, and ICAM1 immu-
nocytochemistry. Thereby, astrocytes and microglia
were identified in the same regions of interest as
recorded during the previous time-lapse imaging.
Individual microglia cell migration tracks were ana-
lyzed using the standard manual tracking FIJI tool.
Immunolabeling procedures

PFA-fixed brain sections from the level of bregma
þ0.98 to þ0.56 mm were processed for immuno-
histochemistry as described in the Supplement 5.
Primary antibodies detecting neurons (chicken anti-
NeuN; 1:300; Millipore Cat# ABN91, RRID:
AB_11205760), astrocytes (rat anti-GFAP; 1:300;
Thermo Fisher Scientific Cat# 13-0300, RRID:
AB_2532994), microglia (rabbit anti-Iba1; 1:500;
Wako Cat# 019-19741; RRID:AB_839504), ICAM1
(mouse anti-ICAM1; 1:500; R&D Systems,
Cat#AF796; RRID:AB_2248703) and TnC (rabbit
anti-TnC; 1:250; Kaf-15, from [75]) were used in
combination with secondary antibodies conjugated
to Alexa 488, 594, and 647 fluorophores.
Wide field microscopy and quantification of
immunofluorescence

The AxioObserver Z1 epifluorescence micro-
scope (objective Plan-Apochromat 10x/0.45 M25;
Zeiss, Jena, Germany) was used for imaging the
entire ischemic hemisphere by tiling and stitching
the adjacent fields of view. The scanning parameters
and the FIJI script for image pre-processing are pro-
vided in Supplement 6. Neuronal density was esti-
mated in the dorsal striatum by quantifying the
NeuNþ cells using the standard particle analysis
tool for FIJI (size=40-100; circularity=0.50-1.00).
Cell density was calculated as the ratio between the
cell number and the area of the striatum. TnC immu-
noreactivity was analyzed by measuring the mean
pixel fluorescence intensity in the 2048 £ 1620 mm
regions of interest positioned within the dorsal stria-
tum. Microglia-associated ICAM1 expression was
analyzed in the 2048 £ 1620 mm regions of interest
positioned within the dorsal striatum by measuring
the mean pixel fluorescence intensity within the Iba1
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staining binary masks generated by automatic Otsu
thresholding algorithm using the standard FIJI tools.
Confocal microscopy and morphological
analysis

Three-dimensional morphology of astrocytes was
analyzed via GFAP immunolabeling. High-resolution
confocal microscopy was performed in representa-
tive regions positioned within the estimated core of
ischemic lesion. For each brain Section
184.52 £ 184.52 £ 15 mm z-stacks (pixel size
180 nm, slice separation 500 nm) were scanned
using the Leica TCS SP8 confocal microscope (63x
HC PL APO CS2 objective; Leica, Wetzlar, Ger-
many). Immunolabeling artifacts were eliminated by
pre-processing as specified in the Supplement 7.
Individual astrocytes were detected using the

3DMorph [35] processing pipeline for MATLAB
(MathWorks, RRID: SCR_001622), and their three-
dimensional morphology was analyzed with seg-
mentation algorithms, as described in the Supple-
ment 8. Key morphological parameters were defined
based on their cumulative contribution to intra-group
variance. The ramified and the compact astrocyte
subtypes were detected by hierarchical cluster anal-
ysis using the group average method. Distance type
was Euclidean, variables were normalized to [0,1],
number of clusters was 2, cluster centers were not
pre-defined. Differences between cluster means
were verified by two-sample t-tests. No clusters
were assigned if the mean values were not signifi-
cantly different between clusters for more than one
morphological parameter.
For quantifying microglial ICAM1 expression in

primary cell cultures, low-resolution confocal micros-
copy (20x Plan-Apochromat objective, pixel size
230 nm) was performed in representative regions of
interest (236 £ 236 £ 5 mm). ICAM1 expression
was analyzed by measuring the mean pixel fluores-
cence intensity within the Iba1 staining binary masks
generated by automatic Otsu thresholding algorithm
using the standard FIJI tools.
Protein isolation and Western blots

Western blots were performed to evaluate the dif-
ferences in the expression of two major ECM proteo-
glycans, brevican and aggrecan, between WT and
TnC�/� genotypes at 42 DPI. Mice were sacrificed
under deep isoflurane anesthesia by transcardial
perfusion with 20 ml ice-cooled 0.9% saline. The
brains were harvested from the skull, and the ische-
mic striatum was carefully dissected, homogenized,
and quickly frozen on dry ice. Total protein extrac-
tion, SDS-PAGE electrophoresis, protein transfer
and immunodetection were performed as described
in the Supplement 9.
Statistical analysis

Data analysis was conducted using GraphPad
Prism version 8.0.2 (RRID:SCR_002798) and Ori-
ginPro (RRID:SCR_014212) for Windows. Animal
survival was analyzed using the Long-rank (Mantel-
Cox) test. Body weight was analyzed using repeated
measurements two-way analysis of variance (RM-
ANOVA, Mixed-effects test). Lesion size, brain atro-
phy, neuronal survival, TnC immunoreactivity and
GFAP expression data were analyzed by two-way
ANOVA. Uncorrected Fisher’s LSD test for multiple
comparisons was applied for exploring the differen-
ces between WT and TnC�/� genotypes at each
time point. Microglia cell migration and ICAM1
expression in vitro were analyzed by one-way
ANOVA and pairwise t-tests, Bonferroni correction
was applied for multiple comparisons. Normality of
data distribution was evaluated by Kolmogorov-
Smirnov and Shapiro-Wilk tests. Due to their non-
normal distribution, morphological analyses and
Western blots were evaluated by Kruskal-Wallis
tests, and the Bonferroni correction was applied for
multiple comparisons. Pairwise comparisons were
performed using Mann-Whitney tests. In all experi-
ments, the significance level was set as a=0.05, and
the p<0.05 values indicated significant differences
between groups.
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