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Introduction
Ischemic stroke represents a major public health challenge and is cur-
rently the second leading cause of disability and death worldwide (1).
Treatment options are limited to early treatment with intravenous
thrombolysis with recombinant tissue plasminogen activator (tPA)
and/or mechanical thrombectomy (2). Despite these acute interven-
tions, up to 40% of patients will die or remain functionally dependent.
More importantly, due to various contraindications, only a fraction
of all patients with ischemic stroke will receive these therapies. Much
effort has therefore been invested in researching additional treatment
options, mainly focusing on direct neuroprotection. However, due to
the limited success of neuroprotective approaches, studies examining
the therapeutic potential of preserving or restoring the integrity of
the blood-brain barrier (BBB) have been gaining interest (3).
Damage to the BBB is an early pathological event in ischemic
stroke, and the absence of a functional BBB will lead to profound dis-
turbances in neuronal and glial signaling (4). Several molecular path-
ways have been reported to play important roles in disease-induced
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Ischemic stroke is a major cause of disability in adults. Early treatment with thrombolytics and/or thrombectomy can
significantly improve outcomes; however, following these acute interventions, treatment is limited to rehabilitation
therapies. Thus, identification of therapeutic strategies that can help restore brain function in the post-acute phase remains
a major challenge. Here we report that genetic or pharmacologic inhibition of the PDGF-CC/PDGFRa pathway, which has
previously been implicated in stroke pathology, significantly reduced myofibroblast expansion in the border of the fibrotic
scar and improved outcome in a sensory-motor integration test after experimental ischemic stroke. This was supported

by gene expression analyses of cerebrovascular fragments showing upregulation of profibrotic/proinflammatory genes,
including genes of the TGF pathway, after ischemic stroke or intracerebroventricular injection of active PDGF-CC. Further,
longitudinal intravital 2-photon imaging revealed that inhibition of PDGFRa dampened the biphasic pattern of stroke-
induced vascular leakage and enhanced vascular perfusion in the ischemic lesion. Importantly, we found PDGFRa inhibition
to be effective in enhancing functional recovery when initiated 24 hours after ischemic stroke. Our data implicate the
PDGF-CC/PDGFRa pathway as a crucial mediator modulating post-stroke pathology and suggest a post-acute treatment
opportunity for patients with ischemic stroke targeting myofibroblast expansion to foster long-term CNS repair.

BBB damage, including in our previous studies demonstrating a role
for tPA-induced activation of PDGFRa signaling in perivascular cells
in the neurovascular unit (NVU) via catalysis of the ligand PDGF-
CC (5-11). Studies from our laboratory and others have shown that
administering imatinib, an RTK inhibitor of PDGFRs, ABL, and
¢-KIT (12), significantly improves outcome after both ischemic and
hemorrhagic stroke in rodents (9, 13, 14) and importantly in humans
(15). The beneficial effect of imatinib has been ascribed to its ability
to reduce stroke-induced BBB leakage, but how this exactly translates
to improved neurological outcome is yet unknown.

It has previously been shown that cells in the NVU act as sen-
sors for insults to the brain and that they elicit activation of the ear-
ly response to reactive gliosis response, in which astrocytes, NG2-
glia (also referred to as oligodendrocyte progenitor cells [OPCs]),
and microglia become activated, leukocytes infiltrate, and a cas-
cade of post-stroke neuropathology is initiated (16). The reactive
gliosis response is an important early injury response (occurring
hours to days after disease onset) that is considered to orchestrate
the subsequent scar formation in the subacute/chronic phase after
the insult (days to weeks after onset) (17). The CNS scar consists
of an outer glial component formed by reactive glial cells and an
inner fibrotic core harboring mainly fibroblasts and immune cells.
Demarcation of the lesion by activated glia cells is thought to lim-
it the spread of cellular death and confine chronic inflammation
at the lesion site, thereby protecting the relatively unaffected sur-
rounding CNS tissue. Scar formation is fundamental for injury
resolution; however, it is also deleterious to functional recovery
(18), as the glial component of the scar has been shown to have
inhibitory effects on CNS axonal regrowth (19).
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It has been proposed that poor CNS recovery after injury
may be mechanistically similar to chronic/unresolved wounds in
peripheral tissues (20). A key phase in the peripheral wound-heal-
ing process is the expansion (proliferation/migration/differen-
tiation) of contractile myofibroblasts from yet-to-be-established
progenitor cells (21). Myofibroblasts will contribute to repair
by generating contractile forces enabling the surrounding tissue
to contract and close the wound. Normally, after the successful
completion of repair, the myofibroblast scar will resolve, but in
cases of pathology, myofibroblasts accumulate and synthesize an
excessive amount of extracellular matrix (ECM) with a compo-
sition different from that of normal tissue ECM (21). It has been
shown that the increased stiffness and profibrotic composition of
this ECM contributes to distortion of the parenchymal architec-
ture, thus leading to compromised organ recovery and function. A
master regulator of myofibroblast differentiation is TGF-B,which,
through canonical signaling via SMAD mediators, will induce
upregulation of characteristic myofibroblast markers, including
a—smooth muscle actin (ASMA) and fibronectin (21). Interesting-
ly, recent research has demonstrated functional crosstalk between
the TGF-p and PDGFRa signaling pathways in regulating myo-
fibroblast migration and differentiation in skeletal muscle regen-
eration (22), and PDGFRa has been implicated in the temporal
control of fibroblast-to-myofibroblast transition in skin wound
healing (23).

In the present study, we utilized a photothrombotic murine
model of experimental ischemic stroke to investigate the interre-
lationship between stroke-induced cerebrovascular changes and
CNS repair. Using longitudinal in vivo 2-photon microscopy (24),
we found that imatinib blocked stroke-induced vascular leakage,
which coincided with preserved cellular organization in the NVU
during the acute phase after ischemic stroke. Gene expression
analyses of cerebrovascular fragments isolated from the ipsilater-
al hemisphere of imatinib-treated mice and their vehicle-treated
controls identified differential expression of pathways associat-
ed with inflammation and fibrosis. Immunohistological analyses
showed that imatinib dampened the acute reactive gliosis response
and subsequent myofibroblast expansion after stroke, while having
very limited effect on the remainder of the glial scar. Assessment
of a sensory-motor integration test revealed that functional bene-
fit with imatinib treatment progressively improved over time and,
importantly, also demonstrated the efficacy of imatinib treatment
when administered in the post-acute phase after ischemic onset.
Using an anti-PDGF-CC neutralizing antibody (25, 26) and
genetic ablation of Pdgfra in glial fibrillary acidic protein—positive
(GFAPY) cells, we were able to confirm that the effect of imatinib
on myofibroblast expansion was mediated via activation of the
PDGF-CC/PDGFRa pathway. Taken together, our results suggest
myofibroblast expansion as a potential post-acute target to foster
CNS repair after ischemic stroke.

Results

Imatinib preserves BBB integrity and organization of the NVU during the
acute phase after middle cerebral artery occlusion. TPA-mediated activa-
tion of PDGF-CC/PDGFRa signaling in the NVU during ischemic
stroke in mice induces opening of the BBB and augments brain
injury (9). Blocking this pathway with imatinib, an RTK inhibitor,
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improves outcome following ischemic stroke in both mice (9) and
humans (15). To further delineate the downstream mechanism of
PDGF-CC/PDGFRa signaling in ischemic stroke, we performed
vascular leakage, gene expression, and immunofluorescence anal-
yses in mice treated with imatinib or anti-PDGF-CC neutralizing
antibody (pretreatment if not stated otherwise); or in mice in which
perivascular PDGFRa had been ablated (see study outline in Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI171077DS1). Utilizing
intravital 2-photon imaging of stroke-induced BBB breach (24),
which enables longitudinal studies of vascular leakage following
middle cerebral artery occlusion (MCAO) of the cortical segment
of the MCA, we determined the kinetics of extraluminal cerebral
leakage from the first hours after ischemia (hours post-ischemia
[hpi]) to 7 days after ischemia (days post-ischemia [dpi]) (asterisks,
Figure 1A). We found that imatinib significantly reduced ischemic
stroke—induced extravasation of intravenously administered fluo-
rescent dye FITC70 into the brain parenchyma compared with con-
trol treatment (Figure 1B). In accordance with previously published
data (27), we observed a biphasic pattern of vascular leakage, with
the first peak of extraluminal FITC70 occurring within hours after
ischemia and the second at 3 dpi. We found that both waves were
reduced by imatinib treatment. Further analysis of the first wave of
MCAO-induced BBB leakage with Evans blue (EB) dye revealed
that atl hpi, the BBB was already losing its integrity (Figure 1C).
At 3 hpi we detected the highest level of leakage, which was fol-
lowed by a time-dependent decrease in EB extravasation. Imatinib
treatment significantly reduced MCAO-induced EB extravasation
at both 3 and 24 hpi compared with vehicle treatment (Figure 1C).
This coincided with a significantly lower number of microbleeds
at 3 hpi, as detected by immunofluorescence staining for the red
blood cell marker TER119, mainly around medium- to large-diam-
eter vessels in the ischemic area in imatinib-treated mice compared
with vehicle-treated controls (Supplemental Figure 1, B-D).

It is plausible that the MCAO-increased permeability was due
to a loss of endothelial tight junctions (TJs), and we therefore per-
formed staining with the TJ marker claudin-5 (CLDNS5) at 3 hpi, a
time point when extensive BBB breach was observed. Our analysis
revealed no significant difference between the treatment groups in
CLDNS5 immunofluorescent signal in vessels in the ischemic area
at 3 hpi (Supplemental Figure 1, E-H), which is in line with the
current literature suggesting that the first wave of BBB breakdown
in ischemic stroke is driven by increased transendothelial transport
and not the result of increased paracellular permeability due to TJ
disassembly (28, 29). The possibility should be noted, however, that
TJ modifications such as phosphorylation — as shown for, e.g.,
occludin (30) — might affect BBB integrity despite normal expres-
sion and localization of TJ markers.

Our staining for the endothelial marker CD31 revealed that
MCAO provoked a decrease in the number of vessels with a diam-
eter greater than 10 um in the ischemic region of vehicle controls at
3 hpi and that this was significantly alleviated by imatinib treatment
(Supplemental Figure 11). It is possible that these MCAO-provoked
vascular changes were caused by vascular constriction, vascular rar-
efaction, collateral recruitment, etc., and to test this we performed
2-photon analysis of vessel diameter in endothelial cell reporter
mice. This revealed a global vessel constriction (compared with ves-
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Figure 1. Imatinib attenuates MCAO-induced cerebrovascular breach and vasoconstriction. (A) Two-photon images of FITC70 signal before ischemia (pre)

and at different time points after ischemia. Asterisks: extraluminal FITC70 signal. (B) Quantification of 2-photon extraluminal FITC70 signal (n = 4). *P < 0.05,
treatment effect; #P < 0.05 relative to control at that time point. Pre mean indicates mean value prior to ischemia. (C) Analysis and representative images of EB
extravasation in the ipsilateral ischemic hemisphere in the acute phase after MCAO (n = 4-9). *P < 0.05, relative to sham; #P < 0.05, relative to vehicle controls.
(D) Quantification of relative vessel diameter change 1-2 hpi compared with the diameter before onset. Recorded with longitudinal 2-photon microscopy in endo-
thelial reporter mouse vessels (n = 399 untreated; 609 imatinib-treated) from 4 animals per treatment. (E and F) Ipsilateral overviews (E) and high-magnification
images from the ischemic area (F) of immunofluorescence staining for PDGFRo and GFAP in brain sections collected at 3 hpi. Vessels were visualized with CD31.
Arrows: perivascular expression of PDGFRa and GFAP; 2-headed arrows, scattered/lost perivascular expression of PDGFRa and GFAP; asterisk, non-perivascular
GFAP signal. Ischemic area outlined with dashed lines. (G and H) Quantification of PDGFRa* (G) and GFAP* (H) vessels (n = 3). contra, contralateral; ipsi, ipsilat-
eral. Representative images of maximum-intensity projections (A and F) and single-plane images (E) from vehicle- and imatinib-pretreated mice. Data points
represent individual animals; bars, group mean + SEM (C, G, and H); in B, data points represent group mean + SEM. The dashed lines in B, D, G, and H show the
pre-ischemia/contralateral group mean. Mixed-effects analysis with Tukey’s post-hoc test (B); 1-way ANOVA with Welch's test (C); 2-tailed, unpaired t test with
Welch's correction (D, G, and H). *P < 0.05, #P < 0.05; **P < 0.01; ***P < 0.007; ##P < 0.01. Scale bars: 100 um (A); 500 pm (E); 25 um (F).

sel diameter before ischemia) affecting all vessel types in the vascular ~ Imatinib significantly mitigated vasoconstriction in the arterial and
tree 1-2 hpi (Figure 1D). Assessment of the change in vessel diame-  venous segments, while capillary diameter was unchanged (Supple-
ter along the arteriovenous axis showed that the arterial segmentsin ~ mental Figure 1, J-L). Further analyses of the NVU demonstrat-
both untreated and imatinib-treated mice were the most constricted. ~ ed that imatinib treatment preserved normal levels of perivascular
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Figure 2. Imatinib dampens MCAO-induced expression, and PDGF-CC provokes expression, of profibrotic/proinflammatory genes in the cerebrovascu-
lature. Gene expression analysis on RNA isolated from cerebrovascular fragments collected from the ipsilateral hemisphere of vehicle- and imatinib-pre-
treated mice at different time points after MCAO (A-L) or 4 hours after ICV injection with active PDGF-CC protein in naive mice (M-P). (A-L) gPCR analysis
of differentially expressed genes in the ischemic cerebrovasculature of vehicle- and imatinib-pretreated mice (n = 3). (M-P) gPCR analysis of expression
of common fibrotic genes in cerebrovascular fragments isolated from WT mice 4 hours after ICV injection of either vehicle or active PDGF-CC protein (n =
6). Data points represent individual animals; dashed lines show the mean for the sham-operated group. Two-way ANOVA with uncorrected Fisher’s least
significant difference test (A-L); 2-tailed, unpaired t test with Welch'’s correction (M-P). ns, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001.

:

expression of PDGFRa as well as perivascular expression of GFAP
around medium- to large-sized vessels within the ischemic area at
3 hpi (arrows, Figure 1, E-H). In contrast, the immunoreactivity
of these 2 markers was largely lost or scattered around vessels in

the ischemic area of vehicle controls (2-headed arrows), whereas
nonvascular GFAP signal appeared to be increased (asterisks, Fig-
ure 1F). Taken together, these data suggest that imatinib treatment
maintains vascular health after ischemic stroke.
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Figure 3. Imatinib attenuates the reactive gliosis response after MCAO. (A and B) Ipsilateral overviews (A) and high-magnification images from the
ischemic area (B) of staining for GFAP. Asterisk: nonperivascular GFAP signal; arrows: perivascular GFAP signal. (C) Quantification of GFAP expression
based on antibody immunoreactivity intensity above a set threshold (n = 3-4). (D and E) Ipsilateral overviews (D) and high-magnification images
from the ischemic border (E) of costaining for NG2 and PDGFRa. Double-positive cell bodies outlined in E. (F) Quantification of PDGFRa*NG2*-glia cell
size in the peri-ischemic area (outlined in E) (n = 3-4). (G and H) Ipsilateral overviews (G) and high-magnification images from the ischemic border
(H) of staining for CD11b. Vessels visualized with CD31. Arrows: condensed CD11b* microglia/infiltrating macrophages. (1 and )) Ipsilateral overviews (1)
and high-magnification images from the ischemic border (J) of costaining for CD68 and TGF-B. (K) Quantification of TGF-B-expressing CD68* microg-
lia/infiltrating macrophages (arrows in J) in the ischemic area (n = 3-4). Representative images of immunofluorescence staining and quantification
in brain sections from vehicle- and imatinib-pretreated mice collected at 3 hpi (A-H) or 3 dpi (I-K). Stitched epifluorescence images (A), single-plane
confocal images (B, G, and 1), and maximum-intensity projections of confocal Z-stacks (D, E, H, and }). Ischemic area outlined with dashed lines. Data

points represent individual animals; bars, group mean + SEM; and dashed line, contralateral group mean. Two-tailed, unpaired t test with Welch'’s
correction (C, F, and K). *P < 0.05; **P < 0.01. Scale bars: 500 um (A, D, G, and I); 50 um (B, H, and J); 25 um (E).

Imatinib regulates expression of genes associated with fibrosis and
inflammation in the cerebrovasculature after MCAQ. Based on these
findings, we isolated cerebrovascular fragments at different time
points after MCAO from mice treated with imatinib or their vehi-
cle-treated controls, and performed gene expression and pathway
analyses. Assessment of gene expression in the cerebrovasculature
identified 121 and 85 differentially expressed transcripts at 3 and
24 hpi, respectively (Supplemental Figure 2A and Supplemental
Tables 1 and 2), of which some of the top regulated genes were
validated by quantitative PCR (qPCR) analysis (Figure 2, A-C,
and Supplemental Figure 2, B and C). Pathway analysis revealed
that functions related to fibrosis, vascular damage, inflammation,
as well as leukocyte adhesion were modulated by imatinib treat-
ment (Supplemental Figure 2, D and E). Subsequent comparison
to the Harmonizome database (31) confirmed these findings and
revealed that approximately 30% of the imatinib-regulated tran-
scripts were associated with fibrosis and 15% with inflammation at

J Clin Invest. 2025;135(5):e171077 https://doi.org/10.1172/)CI171077

both 3 and 24 hpi (Supplemental Figure 2, F and G). Since imatinib
has shown benefit in experimental models of hemorrhagic stroke
(13) and reduced the number of microbleeds (Supplemental Figure
1D), we compared our microarray data with the publicly available
microarray dataset from the perihematomal area of patients with
stroke (GEO GSE24265) (32), an area associated with BBB disrup-
tion and high levels of edema formation (33). The analysis revealed
a high level of overlap, and approximately half of the overlapping
genes were found to be associated with fibrosis (Supplemental Fig-
ure 2, H and I, and Supplemental Tables 3 and 4), thus suggesting
that the results of our murine analyses might be of relevance for
human stroke pathology.

As the highest proportion of differentially regulated genes after
imatinib treatment was associated with fibrosis and inflammation,
we performed qPCR analysis on cerebrovascular fragments isolat-
ed at 3 hpi, 24 hpi, and 7 dpi to analyze expression of selected pro-
fibrotic/proinflammatory genes. We found that MCAO-induced
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expression of the fibrosis-associated genes ltgax, Ccl5, Hpse, Col5a2,
Fnl, Icaml, Illa, and Mmp9 was significantly reduced at various
time points by imatinib treatment (Figure 2, A-H). Many of these
genes, e.g., Ccl5, Icaml, Illa, and Itgax, have also been associat-
ed with the inflammatory response. We further investigated the
effect of imatinib treatment on the expression of genes within the
PDGF-CC/PDGFRa pathway by gPCR. In accordance with our
transcriptome analysis, MCAO-induced cerebrovascular expres-
sion of Pdgfra was significantly inhibited in imatinib- compared
with vehicle-treated animals at 24 hpi (Figure 2I), while gene
expression of Pdgfrb was unaffected by imatinib treatment (Figure
2J). In addition, both Pdgfc and Plat (the gene encoding for tPA)
were downregulated by imatinib compared with vehicle control
treatment (Figure 2, K and L).

To establish whether the PDGF-CC/PDGFRa pathway can
trigger expression of fibrotic genes in the cerebrovasculature per
se, we administered active PDGF-CC protein by intracerebroven-
tricular (ICV) injection in naive mice and isolated cerebrovascular
fragments 4 hours later. qPCR analysis revealed that PDGF-CC
injection led to significant cerebrovascular upregulation of the fibro-
sis- and inflammation-associated genes Col5a2 and Cxcl10 (Figure 2,
M and N). Both these genes were found to be downregulated follow-
ing imatinib treatment after MCAO (Figure 2D and Supplemental
Table 1). Interestingly, members of the TGF-f signaling pathway
(Tgfb and Smad3), known master regulators of myofibroblast differ-
entiation (21) and key to epithelial/endothelial-mesenchymal tran-
sition (EMT/EndoMT) (34), were significantly upregulated after
ICV injection of active PDGF-CC (Figure 2, O and P).

Imatinib attenuates the reactive gliosis response within hours after
MCAO. Given the above findings implicating PDGF-CC/PDG-
FRa in the fibrotic injury response, we next investigated the effect
of imatinib on reactive gliosis, the immediate early injury response
in the CNS known to orchestrate the formation of the fibrotic scar
(17). Among the glial cells taking part in reactive gliosis are astro-
cytes, NG2-glia, and microglia, which are activated/recruited to
the site of insult. Since astrocytes are known to react to injury by
hypertrophy and upregulation of GFAP in the acute phase follow-
ing the insult (35), we assessed astrogliosis by staining for GFAP
at 3 hpi. We found increased nonvascular GFAP signal (asterisks)
in the ischemic area compared with the nonischemic surrounding
tissue in vehicle-treated controls (Figure 3, A and B), which was sig-
nificantly reduced in imatinib-pretreated animals (Figure 3C). The
difference in nonvascular GFAP signal between treatment groups at
3 hpi was not due to a difference in the total number of astrocytes,
as staining for the astrocyte-specific nuclear marker SOX9 detect-
ed no difference in the number of SOX9* nuclei in the ischemic
area between vehicle- and imatinib-treated animals (Supplemental
Figure 3, A-C). Further analysis of the reactive gliosis response
showed that NG2-glia cell body condensation, determined by
staining for neuron glia antigen-2/CSPG4 (NG2) and PDGFRa,
commenced in the ischemic border of vehicle control brains at 3
hpi (Figure 3, D and E) and was significantly inhibited by imatinib
treatment (Figure 3F). The majority of these PDGFRa" NG2-glia
expressed OLIG2, suggesting they were OPCs (Supplemental Fig-
ure 3, D and E). Since OPCs are progenitors of myelinating oligo-
dendrocytes and our transcriptome analyses identified myelin basic
protein (Mbp) as an imatinib-regulated gene (Supplemental Tables
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1 and 2, demonstrating downregulation at 3 hpi and upregulation
at 24 hpi following imatinib treatment), we assessed expression
of MBP in brain sections 3 hpi. These analyses, however, did not
detect any difference in myelination between imatinib-treated and
control mice at 3 hpi (Supplemental Figure 3, F and G).

The reactive gliosis response also includes activation/recruit-
ment of microglia/macrophages to the lesion site. Staining for
CD11b, a marker for microglia/infiltrating macrophages, howev-
er, did not show any difference in microgliosis/infiltrating macro-
phages at 3 hpi, and condensation of microglia was apparent in the
ischemic border (arrows) of both vehicle- and imatinib-treated mice
(Figure 3, G and H). The condensed CD11b" microglia coexpressed
IBA1, another microglia/macrophage marker, but were negative
for PDGFRa (Supplemental Figure 3H). In our analyses, the con-
densed CD11b*IBA1* microglia were often found in close proximity
to PDGFRa* cells (arrows, Supplemental Figure 3I), suggesting effi-
cient activation of PDGF-CC/PDGFRa signaling, which has been
shown to be dependent on Mac-1 on microglia (36). Further analy-
sis of the microglia/macrophage response to MCAO and imatinib
treatment revealed, in line with recent findings in rhesus monkeys
(37), a high number of CD68* activated microglia/macrophages in
the ischemic border at 3 dpi, of which approximately 60% stained
positive for the profibrotic marker TGF-f in vehicle-treated animals
(Figure 3, I-K). Imatinib treatment significantly reduced the num-
ber of TGF-p—expressing CD68* cells (Figure 3K), which is partic-
ularly interesting considering our data showing that PDGF-CC sig-
naling regulated expression of genes in the TGF pathway (Figure 2,
O and P). In addition, we found that imatinib significantly reduced
the number of CD11b* ameboid microglia/infiltrating macrophages
in the ischemic core at 7 dpi compared with control treatment (Sup-
plemental Figure 3, J-L), while displaying seemingly limited effect
on peripheral immune cell infiltration (neutrophil, B cell, and T cell
infiltration) (Supplemental Figure 4). Taken together, these results
indicate that imatinib specifically attenuates the reactive gliosis
response induced by MCAQ, with major effects seen on dampening
activation of astrocytes, NG2-glia, and microglia/macrophages.

Imatinib specifically targets myofibroblast expansion in the rim of the
Jibrotic scar. Since reactive gliosis has been suggested to orchestrate
the subsequent formation of the glial and fibrotic scar (17), we next
investigated whether the early effect of imatinib on reactive gliosis
affected scar formation in the early chronic tissue remodeling phase
at 7 dpi. Immunofluorescence staining for the astroglial scar with
GFAP (Figure 4A and Supplemental Figure 5A) and the NG2-glial
scar (Figure 4B and Supplemental Figure 5B) revealed that imatinib
treatment did not markedly affect glial scar formation. However,
we found that, compared with vehicle control, imatinib significant-
ly reduced the formation and organization of a PDGFRa" scar
(Figure 4, C-G), along the rim of a collagen I-rich (COL1-rich)
fibrotic scar (Supplemental Figure 5, C-E). Our analyses revealed
that the PDGFRa" scar was adjacent to the GFAP* scar, with some
overlapping expression right at the border (arrows, Figure 4E). Fur-
ther, we found that the PDGFRa* scar was embedded within the
NG2* scar, although the majority of the parenchymal PDGFRa*
cells in the fibrotic rim were negative for NG2 (2-headed arrows,
Figure 4, F and G) and OLIG2 (Supplemental Figure 5, F and G).
We noted that the OLIG2* cells accumulated on the astroglial side
of the scar, and we detected no difference between imatinib- and
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Figure 4. Imatinib specifically targets expansion of a PDGFRo* myofibroblast scar in the fibrotic rim after MCAO. Representative images of immu-
nofluorescence staining and quantification in brain sections from vehicle- and imatinib-pretreated mice collected at 7 dpi. (A-C) Ipsilateral overviews
from staining for GFAP (A), NG2 (B), and PDGFRa (C). Arrows in C: PDGFRo* scar not targeted by imatinib. (D) Quantification of PDGFRa* scar thickness
in the fibrotic rim (demarcated in C) (n = 5-6). (E) High-magnification images from the fibrotic rim from costaining for PDGFRa and GFAP. Arrows: PDG-
FRa*GFAP* cells. (F and G) Costaining for PDGFRa and NG2 acquired within the NG2* glial scar. Arrows: PDGFRa*NG2* cells; 2-headed arrows: non-peri-
vascular PDGFRa*NG2- cells. (H) Ipsilateral overview and magnifications of the fibrotic rim and core from staining for fibronectin (FN). (I) Quantifica-
tion of FN expression in the fibrotic rim (demarcated in H) (n = 5). (J) High-magnification images from the fibrotic rim of costaining for PDGFRo and
fibronectin. (K) Ipsilateral overviews from staining for ASMA and PDGFRo. (L) Quantification of ASMA* scar thickness in the fibrotic rim (demarcated in
K) (n = 5-6). (M) High-magnification images from the fibrotic rim of costaining for ASMA and PDGFRa. Two-headed arrows: PDGFRo*ASMA* nonvas-
cular cells; arrows: ASMA* vSMCs. Stitched epifluorescence images (A-C and K), single-plane confocal images (E and H), and maximume-intensity pro-
jections of confocal Z-stacks (F, G, J, and M). Dashed lines demarcate glial scar (A and B) and myofibroblast scar (C-K). Data points represent individual
animals; bars, group mean + SEM. Two-tailed, unpaired t test with Welch'’s correction (D, I, and L). *P < 0.05; ***P < 0.001. Scale bars: 500 um (A-C, H,
and K); 50 um (E and F, core/rim in H); 25 um (G and J); 10 um (M).
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vehicle-treated mice. This was supported by staining for MBP,
which revealed no difference in MBP immunoreactivity between
the 2 treatment groups (Supplemental Figure 5H).

To further characterize the fibrotic scar, we performed immu-
nofluorescence staining for the ECM glycoprotein fibronectin, a
canonical myofibroblast gene (21). In line with the results from
the gene expression analysis (Figure 2E), we found that imatinib
reduced deposition of fibronectin (Figure 4H); this occurred selec-
tively in the highly nucleated fibrotic rim without affecting expres-
sion in the lesion core (Figure 41 and Supplemental Figure 5I).
Costaining for fibronectin and PDGFRa revealed that the PDG-
FRa" cells in the fibrotic rim were embedded within the fibronec-
tin-positive ECM, suggesting that fibronectin is secreted by these
cells (Figure 4J), thus indicating a myofibroblast identity for the
PDGFRa' cells. Since parenchymal de novo expression of ASMA
is a hallmark of myofibroblasts, we investigated the expression of
ASMA in the PDGFRa" fibrotic border at 7 dpi. We found that
MCAO induced pronounced ectopic expression of ASMA in the
PDGFRa' fibrotic rim of vehicle controls, which was significantly
reduced by imatinib treatment (Figure 4, J-M, and Supplemen-
tal Figure 5, J and K). Higher-magnification images revealed that
ASMA was coexpressed in these PDGFRa* cells, indicating they
were indeed myofibroblasts (2-headed arrows), and we detected
very few myofibroblasts in imatinib-treated animals (Figure 4M).
In contrast, ASMA expression in vascular smooth muscle cells
(vSMCs) appeared normal in both treatment groups, and vSMCs
did not coexpress PDGFRa (arrows, Figure 4M; single confocal
plane, Supplemental Figure 5K). It should be noted that in the
unchallenged naive brain, ASMA expression was restricted to
vSMCs surrounding medium- to large-sized vessels (arrow), and
no parenchymal (nonvascular) expression was detected (asterisk,
Supplemental Figure 5L). Staining with the proliferation marker
Ki-67 showed high MCAO-induced proliferation within the fibrotic
rim 7 dpi, which was nonsignificantly reduced following imatinib
treatment (Supplemental Figure 5, M—O). Of note, our analyses
showed that it was not only PDGFRa" myofibroblasts that prolif-
erated in the fibrotic rim (as assessed from costaining of Ki-67 and
PDGFRa; arrowheads, Supplemental Figure S5N). Taken together,
these data suggest that imatinib selectively inhibits myofibroblast
expansion in the fibrotic rim after MCAO.

PDGFRa drives myofibroblast expansion in the fibrotic rim. Since
imatinib inhibits signaling not only via PDGFRa but also via PDG-
FRp, we investigated the effect of imatinib on PDGFRf, which
is abundantly expressed in the fibrotic scar after CNS injury (38,
39). Analysis of PDGFR expression in the lesion at 7 dpi showed
PDGFRp immunoreactivity throughout the lesion, with the highest
signal detected in the fibrotic rim, adjacent to the GFAP* astrog-
lia border (Figure 5, A and B, and Supplemental Figure 6A).
Although, contrary to what we found with the PDGFRa* scar, the
margin between the astroglial scar and the PDGFRp* scar was not
as distinct, with many activated astrocytes within the astroglia scar
displaying de novo expression of PDGFRJ (asterisks, Figure 5B).
Costaining for PDGFRp with PDGFRa and/or ASMA revealed
that ASMA*PDGFRa* myofibroblasts coexpressed PDGFRp (Fig-
ure 5, C and D, and Supplemental Figure 6B). In fact, we found
that in vehicle controls, the vast majority of PDGFR* cells coex-
pressed PDGFRa and ASMA in the fibrotic rim, which would sug-
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gest not only that all myofibroblasts were PDGFRf", but also that
(nearly) all PDGFRp" cells in the fibrotic rim were myofibroblasts.
Surprisingly, our analyses revealed that the thickness of the PDG-
FRB* scar in the fibrotic rim was unaffected by imatinib treatment
(Figure 5E), even though the PDGFRa"*ASMA* scar was reduced
(Figure 5, C and D). Further analyses of the myofibroblast scar
demonstrated a population of PDGFRa'PDGFRp* cells within
the fibrotic rim adjacent to the GFAP* astroglial scar with high
expression of both receptors (referred to as PDGFRa"PDGFRf";
2-headed arrows, Figure 5C), while PDGFRa*PDGFRp* cells
located within the fibrotic rim but toward the fibrotic core exhibited
lower expression of PDGFRa (referred to as PDGFRo*PDGFRp";
arrowheads; Figure 5C). Taken together, our data suggest the exis-
tence of subpopulations of myofibroblasts within the fibrotic rim,
possibly originating from different progenitor cells.

Based on the collective findings reported above, and the published
data suggesting perivascular cells as the progenitors of myofibroblasts
(40), we speculated that PDGFRa signaling in the NVU might be
driving the expansion of the myofibroblast scar. To test this, we uti-
lized GFAP-Cre;PDGFRa floxed mice, in which PDGFRa is geneti-
cally ablated from GFAP-expressing cells. We utilized this mouse line
since in the nonischemic murine brain, PDGFRa expression is detect-
ed in GFAP*PDGFRf* perivascular cells around medium- to large-
sized vessels (arrows, Supplemental Figure 6, C-E). GFAP-Cre*;
PDGFRa! mice have been shown to display a greater than 60%
reduction in perivascular PDGFRa signal in the murine brain com-
pared with littermate controls (7). We found that loss of perivascular
PDGFRa in GFAP-Cre*;PDGFRa! mice resulted in a significant
reduction in myofibroblast scar thickness in the fibrotic rim 7 dpi
compared with littermate controls in which PDGFRa had not been
ablated (GFAP-Cre ;PDGFRo""WT GFAP-Cre"';PDGFRo"™/WT,
GFAP-Cre ;PDGFRa"") (Figure 5, F-H). Interestingly, the astroglial
scar was unaffected in the GFAP-Cre";PDGFRo! mice, suggesting
that the astroglial scar and the myofibroblast scar arise from different
progenitors. Thus, loss of PDGFRa signaling in perivascular cells was
sufficient to diminish myofibroblast expansion.

Specific inhibition of PDGF-CC/PDGFRa signaling reduces stroke
lesion volume and myofibroblast expansion in the fibrotic scar. To fur-
ther investigate the role of PDGFRa in myofibroblast expan-
sion after MCAQO, we made use of a monoclonal anti-human
PDGF-CC antibody that neutralizes PDGF-CC, the ligand for
PDGFRao, in genetically modified mice expressing a human-
ized form of PDGF-CC (PDGF-CCMm) (25, 26). This allowed
us to exclusively inhibit PDGF-CC/PDGFRa signaling, without
affecting PDGFRS signaling or any of the other targets of ima-
tinib. We found that at 3 dpi, infarct volume was significantly
reduced in the animals receiving anti-PDGF-CC antibody treat-
ment compared with animals treated with the control antibody
(Figure 6A). This coincided with reduced weight loss, indicative
of a better general condition, in anti-PDGF-CC antibody-treat-
ed animals (Figure 6B). Assessment of myofibroblast scar thick-
ness at 7 dpi showed a significant reduction in animals treated
with the anti-PDGF-CC antibody compared with controls (Fig-
ure 6, C—F). As with imatinib, the astroglial scar (Supplemental
Figure 7, A and B) and the NG2 glial scar (Supplemental Fig-
ure 7, C and D) appeared to be unaffected by anti-PDGF-CC
antibody treatment. Staining for Ki-67, we found extensive pro-
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Figure 5. PDGFRa signaling drives expansion of the myofibroblast scar after MCAO. Representative images of immunofluorescent stainings and quanti-
fications in brain sections from vehicle and imatinib pretreated mice (A-E) and GFAP-Cre;PDGFRa floxed mice (F-H) collected at 7 dpi. (A) Ipsilateral over-
view from staining for PDGFR. (B) High-magnification images from the fibrotic rim of costaining for PDGFRP and GFAP. Asterisks: PDGFRp expression
within the astroglial scar. (C) High-magnification images from the fibrotic rim of PDGFRa and PDGFR costaining. Two-headed arrows: PDGFRo"PDGFRRB"
cells; arrowheads; PDGFRa®PDGFRB" cells. (D) High-magnification images from the fibrotic rim of costaining for PDGFRB and ASMA. Arrows: ASMA*PDG-
FRPB* vSMCs. (E) Quantification of PDGFRp* scar thickness in the fibrotic rim (demarcated in A) (n = 7-9). Ipsilateral overviews (F) and high-magnification
images from the fibrotic rim (G) of staining for PDGFRa and GFAP in GFAP-Cre;PDGFRa floxed mice. (H) Quantification of PDGFRa* scar thickness in the
fibrotic rim (demarcated in F). n = 17 controls (ctrl), n = 8 PDGFRa knockouts (KO). Single-plane (A) and maximum-intensity projections (B-D and G) of
confocal images, and stitched epifluorescent tiles (F). Dashed lines demarcate the PDGFRf* dense scar (A-D) and the myofibroblast scar (F and G) in the
fibrotic rim. Data points represent individual animals and bars the group mean + SEM. Two-tailed, unpaired t test with Welch'’s correction (E and H). ***P <
0.001. Scale bars: 500 pm (A and F); 100 um (B and D); 50 um (C and G).

liferation 7 dpi in the fibrotic rim of control antibody—treated  treatment on the myofibroblast scar was mediated via PDGFRa,
mice, which was significantly reduced in anti-PDGF-CC anti-  we assessed PDGFRa activation at 6 hpi and 7 dpi by immuno-
body—treated animals (Figure 6, G-I, and Supplemental Figure  fluorescence staining using 2 different antibodies that recognize
7E). To determine whether the effect of anti-PDGF-CC antibody  specific phosphorylation sites on activated PDGFRa (pY 754 and
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pY1018) (36, 41). Both antibodies detected phosphorylation of
PDGFRao around vessels at 6 hpi in control animals, which was
significantly reduced in animals treated with the anti-PDGF-CC
antibody compared with the controls (pY 1018, Figure 6, J and
K, and Supplemental Figure 7F; pY 754, Supplemental Figure 7,
G-I). At 7 dpi, a strong PDGFRa phosphorylation signal was
detected in the PDGFRa* fibrotic rim of control-treated animals,
whereas this was markedly reduced in anti-PDGF-CC-antibody
treated animals (pY 1018, Figure 6, L and M, and Supplemental
Figure 7, J and K; pY754, Supplemental Figure 7, L and M). In
summary, these data show that selective inhibition of the PDGF-
CC/PDGFRa signaling pathway resulted in a reduction in stroke
infarct volume and myofibroblast expansion similar to that seen
with imatinib treatment, thus potentially offering a targeted treat-
ment approach for patients with ischemic stroke.

Imatinib progressively improves function in a sensory-motor integra-
tion test after MCAO. To test how reduced BBB breach and myofibro-
blast expansion, after pre- or posttreatment with imatinib, affects
functional recovery, we assessed a lateralized sensory-motor inte-
gration test at 3 and 7 dpi using the corridor task modified for mice
(30, 42, 43) (see experimental outline in Figure 7A). This test is
based on the fact that unilateral brain lesions will cause contralat-
eral neglect and thus lead to a preference for exploring/retrieving
objects or food placed on the side ipsilateral to the lesion (ipsilat-
eral bias). Functional improvement after a treatment will therefore
result in reduced ipsilateral bias. Analysis of the PDGFRa" scar
in post-infarct-treated mice, which received their first dose of imati-
nib 24 hours after MCAO and thus had experienced the first wave
of MCAO-induced BBB leakage, revealed that posttreatment still
resulted in a significant reduction in PDGFRa* scar thickness
(Figure 7B and Supplemental Figure 8A). The reduction in PDG-
FRa* scar thickness was equal to the effect seen after imatinib pre-
treatment (Figure 4D), indicating that scar expansion was largely
independent of the early BBB disruption. Using the corridor test,
we found that at 3 and 7 dpi, all vehicle-treated mice preferentially
explored sugar pellets on the side ipsilateral to the lesion (Figure
7C and Supplemental Video 1) and did not display any functional
recovery over time (Figure 7D). Imatinib posttreatment significantly
reduced ipsilateral exploration bias compared with vehicle control
at 7 dpi, but not at 3 dpi (Figure 7C). Imatinib-pretreated animals
on the other hand, displayed significantly reduced ipsilateral bias
already at 3 dpi that was further improved at 7 dpi (Figure 7C).
Further analysis showed that both imatinib-pretreated and -posttreat-
ed animals displayed about 50% functional improvement between
3 and 7 dpi (Figure 7D). Analysis of infarct volume at 7 dpi
revealed that imatinib-pretreated and -posttreated animals displayed
similar lesion sizes (Figure 7E) and that infarct size significant-
ly correlated with exploration bias (Figure 7F). This correlation
between infarct size and exploration bias is further supported by
the fact that no difference was detected in either infarct volume
(Supplemental Figure 8B) or exploration bias (Figure 7C) when
imatinib-posttreated animals were compared with vehicle controls at
3 dpi. Using 2-photon microscopy, we followed vascular perfusion
over time in the ischemic area of untreated and imatinib-pretreated
animals from before onset of ischemia to 7 dpi (Figure 7, G and
H). Our analyses showed that while there was no improvement in
vessel perfusion between 3 and 7 dpi in control animals, vessel per-
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fusion increased significantly in the imatinib-treated cohort in the
same time frame (Figure 7H). This correlated well with explora-
tion bias (Figure 7C), thus suggesting that vessel perfusion might
contribute to the improvement in functional outcome seen in ima-
tinib-treated animals. However, it should be noted that at 3 dpi,
we detected no difference in vascular perfusion when comparing
untreated and imatinib-pretreated animals (Figure 7H), even though
functional improvement was detected following pretreatment with
imatinib at this time point (Figure 7C). Taken together, these results
suggest that late and continued intervention to block the PDGF-
CC/PDGFRua signaling pathway might improve functional recov-
ery by limiting myofibroblast scar formation.

Discussion

We have previously shown that PDGF-CC/PDGFRo signaling
regulates cerebrovascular permeability in a tPA-dependent manner
and that inhibiting disease-induced BBB breakdown by targeting
this pathway with imatinib significantly improves outcome in a
number of experimental disease models (5-11). Yet how targeting
the BBB translates into improved neurological outcome is poorly
understood, and the current literature indicates a complex relation-
ship between disease-induced BBB breakdown and CNS repair (4,
17, 44). Here we present data indicating that imatinib pretreatment
(administered before induction of ischemia and disease-induced
BBB breach) accelerated functional recovery after MCAO com-
pared with imatinib posttreatment (administered 24 hours affer
induction of ischemia and the first peak of disease-induced BBB
breach had subsided). Importantly, though, despite the fact that
posttreatment was not targeting the first wave of BBB breach or the
acute reactive gliosis response, imatinib-posttreated mice reached
the same level of functional recovery as imatinib-pretreated mice at
7 dpi. Our data thus indicate a much-sought-after therapeutic strat-
egy that could help restore brain function in the post-acute phase
of ischemic stroke when current treatment options are limited to
rehabilitation therapies.

‘We found that in addition to regulating BBB integrity, imatinib
dampened MCAO-induced expression of profibrotic/proinflamma-
tory genes in the cerebrovasculature and diminished myofibroblast
expansion in the rim of the fibrotic scar after MCAO. This is of
particular interest considering that the fibrotic component of the
CNS scar has recently emerged as a potential target in CNS repair,
and that a moderate and region-specific reduction in fibrotic scar-
ring, which still allows wound closure, promotes axon regenera-
tion and functional recovery in experimental models of spinal cord
injury (SCI) (45) and multiple sclerosis (experimental autoimmune
encephalomyelitis [EAE]) (46). Based on this, we hypothesize that
modulation of the myofibroblast response, by targeting signaling via
PDGFRa, contributes to the beneficial effect seen on neurological
and functional outcome with imatinib after ischemic stroke (9, 15).
This is supported by a line of evidence including studies showing
that PDGF-CC/PDGFRa signaling is associated with fibrotic and
myofibroblast expansion in other organs (23, 47-51) and that abla-
tion of PDGFRa in myofibroblast progenitor cells reduces myofi-
broblast differentiation and improves liver function in a model of
liver disease (49), while sustained myofibroblast expansion is detri-
mental to healing processes (21). Importantly, we found that TGF,
which is a key factor stimulating myofibroblast differentiation (21),

J Clin Invest. 2025;135(5):e171077 https://doi.org/10.1172/)CI171077


https://doi.org/10.1172/JCI171077
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd

The Journal of Clinical Investigation

A [ Control Ab B
M Anti-PDGF-CC Ab

40-

w
ad

N
@

Infarct volume (% ipsi)
N
o

7 dpi - ipsi

Anti—-PDGF-CC Ab

Control Ab

6 hpi - ipsi

Q
<
Q
Q
L
0]
[a]
o
£
£
<

Control Ab

3 dpi

Weight loss (%)

RESEARCH ARTICLE

_ Jeleli*M D @ Control Ab
-@- Control Ab -® Anti-PDGF-CC Ab % m Anti-PDGF-CC Ab
0 N E 4004
< e
24 2 3
el 23004 °
Q o S
41 S :
v B § 200
-6 N~ g 5 :
Q 04
8 o L 100
8 g g
< T
-10 T T T T D|_ - .
Pre 24h 2d 3d b= 7 dpi
ischemia Post ischemia <
G Ki67 (inverted) H
< o .
3 o ° 5
o < < SR < N <
3 o : o
v = 5 3
| 5 5 4
NG 3 |© i - 85
A 2 - g N O
. [ = a
o —
T |Q (o e} .
3 O O ©
< Q Q N <
G G
g |9 o &
Q) L L 5
s |z L % 8
K --- Contramean L
[ Control Ab
B Anti—-PDGF-CC Ab
© ey o
£3004 = < <B
3 . I I3
o c c
£ | |8 8
2 200 2
e =
L L
£ I 2
& Q Q
w 100—-- Q Q
S G Q)
)
d : :
> 6 hpi < Z

7 dpi - ipsi

Anti—-PDGF-CC Ab

Ki67+*cells per FOV

in the fibrotic rim

Ko}
<
2
c
Q
o

O Control Ab
B Anti-PDGF-CC Ab

100

[o]
o
|

[©]
o
|

N
o
|

N
o
|

7 dpi

PDGFRa pY1018 PDGFRa pY1018

Figure 6. Anti-PDGF-CC antibody treatment reduces infarct volume and myofibroblast expansion in the fibrotic rim after MCAO. (A) Infarct volume
3 dpi (n = 12). (B) Weight during the first 3 dpi (n = 12). (C-M) Representative images of immunofluorescence staining and quantification in brain
sections from control and anti-PDGF-CC antibody-pretreated mice collected at 6 hpi to 7 dpi. (C) Ipsilateral overviews of PDGFRa staining at 7dpi. (D)
Quantification of PDGFRa* scar thickness in the fibrotic rim (demarcated in C) (n = 5). (E-H) Costaining of PDGFRo. and ASMA (E and F) and PDGFRo,
GFAP, and Ki-67 (G and H) at 7 dpi. Arrowheads: proliferating PDGFRo cells. (1) Quantification of Ki-67* nuclei in the fibrotic rim (n = 4-5). FOV, field
of view. (J) High-magnification images from the ischemic area at 6 hpi of staining for phospho-PDGFRo. (pY1018) and CD31. Arrows: phosphorylation
of perivascular PDGFRa. (K) Quantification of perivascular phospho-PDGFRa expression in the ischemic area at 6 hpi (n = 4). (L and M) Costaining for
phospho-PDGFRa (pY1018) and total PDGFRa at 7dpi. Stitched epifluorescent tiles (C) and single-plane (E, G, and L)/maximum-intensity projections
(F, H, ), and M) of confocal images. Dashed lines demarcate the myofibroblast scar (C, E, G, and L) and the glial border (H). Data points represent
individual animals; bars, group mean + SEM (A, D, I, and K); in B data points represent group mean + SEM. Dashed line in K shows contralateral group
mean. Two-tailed, unpaired t test with Welch's correction (A, D, I, and K); 2-way repeated-measures ANOVA with Tukey's post-hoc test (B). *P < 0.05;
***p < 0.001. Scale bars: 500 um (C, E, G, and L); 50 um (F, H, and M); 20 pum ().

J Clin Invest. 2025;135(5):e171077 https://doi.org/10.1172/)CI171077

+


https://doi.org/10.1172/JCI171077

RESEARCH ARTICLE

A Treatment with imatinib or vehicle by oral B
gavage. Initiated 24h before (pre-treatment)
or 24h after (post-treatment) MCAO and

The Journal of Clinical Investigation

Post-treatment C CoSham mePre 1~ B®Pre

P tVehche Post

[ Vehicle @ Imatinib @ oS BoFos
*%k%

|Imatinib

ns
then twice daily until end of experiment. ~ 300+ ns *% |
§ % | ns | ns
Pre — — = *k 100- Wns W,@
ria rna 173
MCAO 5 min day 7 2 200d *° — 801 & - = :
Time } ) gleoy | = 7
¢’ \ % :\3 40 - ] @ % Cp
Habituation 10 min [ Infarct volume analysis 3 ° e 20 o = e g
Suga{ pellet by TTC »f; 1001 |eo| ® = | & | °
& [ U -SUNOUONL - SRR <SR TN -
. ® ® ®© ®© © © © ©® O ¢& . 8 |55 D%O:@
5 i
T 0 60606060 60 06 28 LB S o - :
0 40 3 dpi 7 dpi
60 cm 7 dpi
D E F @Pre icle @Pre ini
Cmmm 3d | Group mean oPost|Veh|CIe OPost| Imatinib
000 7d Fkk 80 -
s @®Pre |Vehic|e r=0468 © |
Improvement: 0% 0% 52% 53% ©Post 709 P=0003 | o
ns ns ns *k 259 e ®Pre | Imatinib 60 - I
T 1 r 1 T 1 T 1 e @ Post H o
60 3d 7d 3d 7d 3d 7d 3d 7d E 204 o0 ns 8| 50 R
- E &® 3 40 -
— 60 < 154 ° < 304 -~~~y —-—
~&| 0] £ oo 0O 8
X~ = Eg m 20 1 “
% |20 S 10+ % &
& > ) k<] 10 °o !
o (,E 04 % 5 °° ~ (E 0 T T I T 1
= £ 5 5 |
§ 201 £ S| _104 5 .018 |15° 20 25
404 Sham  Vehicle Imatinib , O 20 - o
7 dpi 7 dpi Infarct volume (% Ipsi)

G

Untreated

*—

H -+ Pre-ischemia mean
OO Untreated B @ Imatinib
ns

Imatinib

*% *%
?5 1.5+ *%k
€ *kk ns
E *%
// \\ :E/ 10_
7/ \ »
7 AN o TET U O U RUT RO . O
N
Contra ; Ipsi ®
: > _
. 3 0.5
[0}
3
. ‘© \
Ischemic S 0.0 |
area Pre 3d 7d 3d 7d

ischemia Post ischemia

Figure 7. Imatinib progressively improves functional recovery after MCAO. (A) Schematic illustration of experimental design and the corridor task. The
pellet explorations made from the left (ipsilateral to the lesion) or right (contralateral) side were counted. (B) Quantification of PDGFRa* scar thickness

in the fibrotic rim in imatinib-posttreated mice at 7 dpi (n = 5-6). (C) Exploration bias in mice pre- and posttreated with vehicle or imatinib, as well as in
sham-operated mice (n = 10-19). (D) Change in exploration bias between 3 and 7 dpi. Arrows: individual mice (n =10-19). (E) Infarct volume at 7 dpi of vehi-
cle-treated and imatinib-pretreated or posttreated mice (n = 10-19). (F) Correlation of infarct volume with exploration bias at 7 dpi (n = 9-10). (G) Represen-
tative maximume-intensity 2-photon images of FITC70 signal before (pre) and at different time points after (post) ischemia. (H) Quantification of vascular
perfusion as assessed by intraluminal FITC70 signal using longitudinal 2-photon microscopy (n = 4). Data points represent individual animals; bars, group
mean + SEM (B, C, E, F, and H); in D arrows represent individual animals, and data points represent group mean + SEM. Two-tailed, unpaired t test with
Welch’s correction (B); 2-way repeated-measures ANOVA with Tukey's post-hoc test (C, D, and H); 1-way ANOVA with Welch’s test (E); linear regression (F).

*P < 0.05; **P < 0.01; ***P < 0.001. Scale bar: 100 pm (G).

was upregulated in the cerebrovasculature following PDGF-CC
administration and downregulated following imatinib treatment
in disease-associated microglia/macrophages. Last, our data show
that imatinib reduced MCAO-induced expression of the canonical

myofibroblast gene fibronectin. Fibronectin is known to decrease
neuronal growth cone velocity in vitro (52) and contribute to remye-
lination failure within multiple sclerosis lesions (53), thus suggesting
that a fibronectin-dense scar might interfere with axon regeneration,
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while decreased fibronectin deposition could ameliorate function-
al recovery. Further experiments will, however, be needed to fully
understand the functional contribution of the myofibroblast scar
to CNS recovery and to delineate the exact mechanism by which
PDGF-CC/PDGFRu signaling is involved in this process.

The proposed progenitors of myofibroblasts include circu-
lating bone marrow—derived fibrocytes (54, 55); tissue-resident/
meningeal/choroid-plexus fibroblasts (56), and other mesenchy-
mal cells related to blood vessels, e.g., pericytes, that could dif-
ferentiate via EMT/EndoMT (40). In the CNS, lineage tracing
analyses largely supports the latter, i.e. that perivascular cells in
the NVU are the main progenitors of the fibrotic (39, 57) and
myofibroblast scar formation (58), of which a subset resides
along medium- to large-sized vessels and expresses PDGFRa
and PDGFR. These studies suggest that activated perivascular
cells leave the vessel wall in the acute phase following ischemia,
after which they migrate/proliferate/differentiate to form the
myofibroblast scar in the chronic phase after ischemia. Thus,
blocking the initial activation of the perivascular cells would
stop them from leaving the vessel wall, leading to fewer cells that
could proliferate/differentiate and populate the myofibroblast
scar. Our data suggest the existence of subpopulations of myo-
fibroblasts within the fibrotic rim, of which some myofibroblasts
expressed high levels of PDGFRo (PDGFRo*PDGFRp"), while
others displayed low expression (PDGFRo°PDGFRp"). Myo-
fibroblasts with high expression levels of PDGFRa localized
adjacent to the astroglial scar, while those with low expression
levels of PDGFRa were found closer to the fibrotic core. It is
possible that these subpopulations arise from multiple progeni-
tors and that they exert different effects in the healing response
after ischemic stroke. This is supported by recent findings show-
ing that myofibroblasts arise from multiple progenitors after SCI
(58) and that different subpopulations of myofibroblasts elicit dif-
ferent protective/harmful functions in repair processes (59). It is
also possible, however, that the PDGFRa°*PDGFR" and PDG-
FRaMPDGFRp" cells represent different stages of myofibroblast
maturation. Thus, imatinib might block differentiation into fully
maturated myofibroblasts, while the number of progenitor cells
remains the same. Understanding the temporospatial regulation
as well as the cellular origin/potential multilineage differentia-
tion of the injury-induced myofibroblasts is central to allowing
for future manipulation of the fibrotic scar.

The cellular identity of the perivascular PDGFRa* cells has
not been completely elucidated, and these cells have been referred
to in the literature as fibroblast-like cells (56, 60), type A pericytes
(57), and perivascular stromal cells (61) and by us as perivascular
astrocytes (based on coexpression with GFAP and AQP4) (7-10,
30, 36). Whether these names are referring to the same popula-
tion or different subpopulations of cells remains to be determined.
Nevertheless, our studies, utilizing GFAP-Cre;PDGFRa floxed
mice — which display a greater than 60% reduction in perivascular
PDGFRa signal in the brain (7) — or a monoclonal anti-PDGF-
CC antibody (25) clearly demonstrate that genetic ablation of
PDGFRa in GFAP-positive cells or pharmacologic neutralization
of the ligand for PDGFRa results in a diminished myofibroblast
scar. This suggests that PDGFRa signaling is critical for the expan-
sion of the myofibroblast scar. In contrast, our analyses suggests
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that PDGFRS is also inhibited by imatinib and constitutes a mark-
er of myofibroblasts/their progenitors, it does not appear to drive
the expansion of the myofibroblast scar. However, since PDGFRf
is coexpressed in the potential perivascular PDGFRa* progenitor
cells and myofibroblasts, and PDGF-CC can induce signaling via
the heterodimeric receptor PDGFRaf, it is tempting to speculate
that signaling via PDGFRaa homodimers and PDGFRof} hetero-
dimers might be of importance for myofibroblast expansion, but
that they might trigger distinct cellular responses.

In line with previous work (37), we detected a great number of
TGF-B-expressing CD68* cells in the ischemic area, presumably
microglia/macrophages, although it should be noted that bone mar-
row—derived fibrocytes also express CD68 (54) and are capable of
acquiring myofibroblast characteristics (55). Our data demonstrate
that imatinib reduced expression of TGF-f in these CD68"* cells
and attenuated MCAO-induced cerebrovascular expression of Itgax
(encoding CD11c). Since TGF-f is a key regulator of myofibroblast
differentiation (21) and Irgax is a well-known disease-associated
microglia gene (62), our data imply direct immune system—fibrosis
crosstalk in ischemic stroke. In support of this are studies demon-
strating that macrophages promote myofibroblast expansion in skin
repair (63) and that fibroblasts coordinate neuroinflammation after
brain injury (64). Further, TGF-p—PDGFRa crosstalk (22) and mac-
rophage-expressed PDGF-CC (65) have been implicated in myofi-
broblast scar expansion in other organs, and we found that efficient
proteolytic activation of PDGF-CC requires the integrin Macl on
microglia (36). The fibrotic scar has been shown to play a role in
regulating disease severity during neuroinflammation in EAE (46),
and interestingly, we have previously shown that imatinib and anti—
PDGF-CC antibody treatment can ameliorate EAE severity (6, 11).
Originally we ascribed the beneficial effect of anti-PDGF-CC/
PDGFRa treatment in EAE to the attenuation of disease-provoked
BBB breakdown, but it is possible that inhibiting the PDGF-CC/
PDGFRa pathway also targets the fibrotic response in EAE.

Taken together, our results provide evidence of what we believe
to be a novel way to modify the myofibroblast scar by targeting
PDGFRa signaling, either with imatinib or with a monoclonal
anti-PDGF-CC antibody. Importantly, our findings demonstrate
improved functional recovery following subacute administration of
imatinib, which might be of great importance given the current lack
of post-acute treatment options for patients with ischemic stroke.

Methods

Sex as a biological variable. Sex as a biological variable was considered
by making use of both male and female animals. Findings were similar
for both sexes.

Animals. WT C57BL/6 (Charles River), C57BL/6NTac-
Pdgfctm3633(K242T, K246R, R299S, K318R, N342S, A343T)Arte (referred to as PDGF_CChum
mice) (26), GFAP-Cre;PDGFRa™* (7), and Cldn5(BAC)-GFP mice
(24, 60, 66), aged 2—-7 months, were used in this study. PDGF-CChMm
mice express a humanized growth factor domain that allows neutraliz-
ing PDGF-CC signaling using a murine anti-human PDGF-CC anti-
body (25, 26). GFAP-Cre;PDGFRa™ mice express Cre-recombinase
under the murine GFAP promoter (67) and loxP sites flanking exons 2
and 3 of the PDGFRa gene (68). Cldn5(BAC)-GFP mice express cyto-
solic GFP under the CLDNS5 promoter, leading to endogenous labeling
of endothelial cells.
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Experimental ischemic stroke model. A photothrombotic model of
MCAQ, using the photoactivatable dye rose bengal and light activation
with a laser at the level of the surgically exposed middle cerebral artery
(MCA), was used for experimental ischemic stroke. Details are present-
ed in Supplemental Methods.

Imatinib treatment. Mice were treated with imatinib (Gleevec, Novar-
tis; or generic version Mylan) by oral gavage (details on the preparation
are presented in Supplemental Methods). Mice pretreated with imati-
nib received 3 doses (morning-night-morning) before MCAO and were
then treated twice daily until the end of the experiment. In posttreated
animals, imatinib treatment was initiated 24 hpi and then treated twice
daily until the end of the experiment. As controls, mice were gavaged at
the corresponding times with vehicle (H,O for the functional corridor
tests; PBS for all other experiments), except for the 2-photon imaging
experiments, in which the control animals were untreated.

Anti—-PDGF-CC antibody treatment. Homozygous PDGF-CC™™ mice
were intraperitoneally injected with a single dose of 2 mg/mL of either
murine anti-human PDGF-CC (mu6B3, a gift from Paracrine Therapeu-
tics described in ref. 25) or control antibody (IgG2a clone C1.18.4, BioX-
cell) in PBS (resulting in 400 pug per mouse) the day before MCAO induc-
tion. For experiments longer than 3 days, a second dose was given 3 dpi.

Two-photon imaging. Cranial window implantation over the cortical
branch of the middle cerebral artery, stroke induction through the cranial
window, 2-photon imaging, and image analysis were performed as pre-
viously described (24) (details are presented in Supplemental Methods).

EB dye extravasation. BBB breakdown in the ipsilateral hemisphere
at different time points after MCAO was assessed by extravasation of
EB dye as previously described (9, 36, 69) (details are presented in Sup-
plemental Methods).

Immunohistochemistry. Tissue preparation of fixed or fresh-fro-
zen brains for sectioning, immunofluorescence staining, and con-
focal image acquisition were conducted using standard protocols.
Details, lists of antibodies, and image analyses are presented in Sup-
plemental Methods.

ICV injection. Vehicle or active PDGF-CC was injected into the left
lateral ventricle of naive C57BL/6 mice. Four hours after ICV, brains
were rapidly dissected out and used for isolation of cerebrovascular
fragments. Details are presented in Supplemental Methods.

Isolation of cerebrovascular fragments, generation of mRNA, and real-
time qPCR analysis. Cerebrovascular fragments were isolated with anti-
body-coupled magnetic beads as previously described (30, 70). RNA
was extracted and used for mRNA expression array analysis and cDNA
generation for real-time qPCR analysis. Methodological details and a
list of primers are presented in Supplemental Methods.

Microarray and data analysis. GeneChip ST Arrays (GeneChip Mouse
Gene 2.0 ST Array) were hybridized with cDNA from cerebrovascular
fragments and washed, stained, and scanned. Differential gene expres-
sion for molecules from the dataset that met the log, fold change of great-
er or less than 0.05 and P value less than 0.05 cutoff in cerebrovascular
fragments from imatinib- and vehicle-treated mice were compared using
the Ingenuity Pathway Analysis platform (QIAGEN). The molecules in
this dataset were grouped by biological functions and/or diseases or were
associated with a canonical pathway in Ingenuity’s knowledge base. To
compare our dataset with the Harmonizome database (31), we used the
dataset “fibrosis, CTD Gene-Disease Associations” and compared our
dataset with all genes from the fibrosis dataset showing a standardized
value higher than 1.5. Details are presented in Supplemental Methods.
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Corridor task and stroke volume. Assessment of functional recovery
by measuring lateralized sensory-motor integration using a corridor
task was done as previously described (30). Infarct volume analysis with
4% 2,3,5-triphenyltetrazolium chloride (TTC) staining was performed
as described previously (9, 36).

Statistics. Data analysis was performed using GraphPad Prism 9
statistical software. For statistical analysis in experiments with only 2
groups, a 2-tailed, paired or unpaired ¢ test with Welch’s correction was
used. For experiments with more than 2 groups, statistical evaluation
correcting for multiple comparisons and/or repeated measures was
performed as stated in the figure legends, with statistical significance
defined as P < 0.05. Data are presented as mean + SEM.

Study approval. All experiments in this study were approved and per-
formed in accordance with the guidelines of the Swedish National Board
for Laboratory Animals and the European Community Council Direc-
tive (86/609/EEC) and were approved by the North Stockholm Animal
Ethics Committee and the Institutional Animal Care and Use Commit-
tee Unit for Laboratory Animal Medicine at the University of Michigan.

Data availability. Data are available in the Supporting Data Values
file. Raw data of the microarrays have been deposited in the NCBI’s
Gene Expression Omnibus database (GEO GSE137534).
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