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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 

BBB damage, including in our previous studies demonstrating a role 
for tPA-induced activation of  PDGFRα 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 
c-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).

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/PDGFRα 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 PDGFRα dampened the biphasic pattern of stroke-
induced vascular leakage and enhanced vascular perfusion in the ischemic lesion. Importantly, we found PDGFRα inhibition 
to be effective in enhancing functional recovery when initiated 24 hours after ischemic stroke. Our data implicate the 
PDGF-CC/PDGFRα 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.
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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/PDGFRα 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 PDGFRα 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 at1 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 (CLDN5) at 3 hpi, a 
time point when extensive BBB breach was observed. Our analysis 
revealed no significant difference between the treatment groups in 
CLDN5 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 μm in the ischemic region of  vehicle controls at 
3 hpi and that this was significantly alleviated by imatinib treatment 
(Supplemental Figure 1I). 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-

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-β,which, 
through canonical signaling via SMAD mediators, will induce 
upregulation of  characteristic myofibroblast markers, including 
α–smooth muscle actin (ASMA) and fibronectin (21). Interesting-
ly, recent research has demonstrated functional crosstalk between 
the TGF-β and PDGFRα signaling pathways in regulating myo-
fibroblast migration and differentiation in skeletal muscle regen-
eration (22), and PDGFRα 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 
(GFAP+) cells, we were able to confirm that the effect of  imatinib 
on myofibroblast expansion was mediated via activation of  the 
PDGF-CC/PDGFRα 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/PDGFRα 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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Imatinib significantly mitigated vasoconstriction in the arterial and 
venous segments, while capillary diameter was unchanged (Supple-
mental Figure 1, J–L). Further analyses of  the NVU demonstrat-
ed that imatinib treatment preserved normal levels of  perivascular 

sel diameter before ischemia) affecting all vessel types in the vascular 
tree 1–2 hpi (Figure 1D). Assessment of  the change in vessel diame-
ter along the arteriovenous axis showed that the arterial segments in 
both untreated and imatinib-treated mice were the most constricted. 

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 PDGFRα and GFAP in brain sections collected at 3 hpi. Vessels were visualized with CD31. 
Arrows: perivascular expression of PDGFRα and GFAP; 2-headed arrows, scattered/lost perivascular expression of PDGFRα and GFAP; asterisk, non-perivascular 
GFAP signal. Ischemic area outlined with dashed lines. (G and H) Quantification of PDGFRα+ (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 < 0.001; ##P < 0.01. Scale bars: 100 μm (A); 500 μm (E); 25 μm (F).
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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.

expression of  PDGFRα 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 

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) qPCR analysis 
of differentially expressed genes in the ischemic cerebrovasculature of vehicle- and imatinib-pretreated mice (n = 3). (M–P) qPCR 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.
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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 

Imatinib regulates expression of  genes associated with fibrosis and 
inflammation in the cerebrovasculature after MCAO. 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 

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 PDGFRα. Double-positive cell bodies outlined in E. (F) Quantification of PDGFRα+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. (I and J) Ipsilateral overviews (I) 
and high-magnification images from the ischemic border (J) of costaining for CD68 and TGF-β. (K) Quantification of TGF-β–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 I), and maximum-intensity projections of confocal Z-stacks (D, E, H, and J). 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 μm (A, D, G, and I); 50 μm (B, H, and J); 25 μm (E).
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expression of  the fibrosis-associated genes Itgax, Ccl5, Hpse, Col5a2, 
Fn1, Icam1, Il1a, and Mmp9 was significantly reduced at various 
time points by imatinib treatment (Figure 2, A–H). Many of  these 
genes, e.g., Ccl5, Icam1, Il1a, 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/PDGFRα pathway by qPCR. 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/PDGFRα 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-β 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-
FRα 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 PDGFRα, 
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 PDGFRα+ 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 

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 PDGFRα (Supplemental Figure 3H). In our analyses, the con-
densed CD11b+IBA1+ microglia were often found in close proximity 
to PDGFRα+ cells (arrows, Supplemental Figure 3I), suggesting effi-
cient activation of  PDGF-CC/PDGFRα 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-β in vehicle-treated animals 
(Figure 3, I–K). Imatinib treatment significantly reduced the num-
ber of  TGF-β–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 MCAO, with major effects seen on dampening 
activation of  astrocytes, NG2-glia, and microglia/macrophages.

Imatinib specifically targets myofibroblast expansion in the rim of  the 
fibrotic 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 PDGFRα+ 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 PDGFRα+ scar was adjacent to the GFAP+ scar, with some 
overlapping expression right at the border (arrows, Figure 4E). Fur-
ther, we found that the PDGFRα+ scar was embedded within the 
NG2+ scar, although the majority of  the parenchymal PDGFRα+ 
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 PDGFRα+ 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 PDGFRα (C). Arrows in C: PDGFRα+ scar not targeted by imatinib. (D) Quantification of PDGFRα+ scar thickness 
in the fibrotic rim (demarcated in C) (n = 5–6). (E) High-magnification images from the fibrotic rim from costaining for PDGFRα and GFAP. Arrows: PDG-
FRα+GFAP+ cells. (F and G) Costaining for PDGFRα and NG2 acquired within the NG2+ glial scar. Arrows: PDGFRα+NG2+ cells; 2-headed arrows: non-peri-
vascular PDGFRα+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 PDGFRα and 
fibronectin. (K) Ipsilateral overviews from staining for ASMA and PDGFRα. (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 PDGFRα. Two-headed arrows: PDGFRα+ASMA+ nonvas-
cular cells; arrows: ASMA+ vSMCs. Stitched epifluorescence images (A–C and K), single-plane confocal images (E and H), and maximum-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 μm (A–C, H, 
and K); 50 μm (E and F, core/rim in H); 25 μm (G and J); 10 μm (M).
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gest not only that all myofibroblasts were PDGFRβ+, but also that 
(nearly) all PDGFRβ+ cells in the fibrotic rim were myofibroblasts. 
Surprisingly, our analyses revealed that the thickness of  the PDG-
FRβ+ scar in the fibrotic rim was unaffected by imatinib treatment 
(Figure 5E), even though the PDGFRα+ASMA+ scar was reduced 
(Figure 5, C and D). Further analyses of  the myofibroblast scar 
demonstrated a population of  PDGFRα+PDGFRβ+ cells within 
the fibrotic rim adjacent to the GFAP+ astroglial scar with high 
expression of  both receptors (referred to as PDGFRαhiPDGFRβhi; 
2-headed arrows, Figure 5C), while PDGFRα+PDGFRβ+ cells 
located within the fibrotic rim but toward the fibrotic core exhibited 
lower expression of  PDGFRα (referred to as PDGFRαloPDGFRβhi; 
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 PDGFRα signaling in the NVU might be 
driving the expansion of the myofibroblast scar. To test this, we uti-
lized GFAP-Cre;PDGFRα floxed mice, in which PDGFRα is geneti-
cally ablated from GFAP-expressing cells. We utilized this mouse line 
since in the nonischemic murine brain, PDGFRα expression is detect-
ed in GFAP+PDGFRβ+ perivascular cells around medium- to large-
sized vessels (arrows, Supplemental Figure 6, C–E). GFAP-Cre+; 
PDGFRαfl/fl mice have been shown to display a greater than 60% 
reduction in perivascular PDGFRα signal in the murine brain com-
pared with littermate controls (7). We found that loss of perivascular 
PDGFRα in GFAP-Cre+;PDGFRαfl/fl mice resulted in a significant 
reduction in myofibroblast scar thickness in the fibrotic rim 7 dpi 
compared with littermate controls in which PDGFRα had not been 
ablated (GFAP-Cre–;PDGFRαWT/WT, GFAP-Cre+;PDGFRαWT/WT, 
GFAP-Cre–;PDGFRαfl/fl) (Figure 5, F–H). Interestingly, the astroglial 
scar was unaffected in the GFAP-Cre+;PDGFRαfl/fl mice, suggesting 
that the astroglial scar and the myofibroblast scar arise from different 
progenitors. Thus, loss of PDGFRα signaling in perivascular cells was 
sufficient to diminish myofibroblast expansion.

Specific inhibition of  PDGF-CC/PDGFRα signaling reduces stroke 
lesion volume and myofibroblast expansion in the fibrotic scar. To fur-
ther investigate the role of  PDGFRα in myofibroblast expan-
sion after MCAO, we made use of  a monoclonal anti–human 
PDGF-CC antibody that neutralizes PDGF-CC, the ligand for 
PDGFRα, in genetically modified mice expressing a human-
ized form of  PDGF-CC (PDGF-CChum) (25, 26). This allowed 
us to exclusively inhibit PDGF-CC/PDGFRα signaling, without 
affecting PDGFRβ 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-

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 4I and Supplemental Figure 5I). 
Costaining for fibronectin and PDGFRα revealed that the PDG-
FRα+ 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 
PDGFRα+ cells. Since parenchymal de novo expression of  ASMA 
is a hallmark of  myofibroblasts, we investigated the expression of  
ASMA in the PDGFRα+ fibrotic border at 7 dpi. We found that 
MCAO induced pronounced ectopic expression of  ASMA in the 
PDGFRα+ 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 PDGFRα+ 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 PDGFRα (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 PDGFRα+ myofibroblasts that prolif-
erated in the fibrotic rim (as assessed from costaining of  Ki-67 and 
PDGFRα; arrowheads, Supplemental Figure 5N). Taken together, 
these data suggest that imatinib selectively inhibits myofibroblast 
expansion in the fibrotic rim after MCAO.

PDGFRα drives myofibroblast expansion in the fibrotic rim. Since 
imatinib inhibits signaling not only via PDGFRα but also via PDG-
FRβ, we investigated the effect of  imatinib on PDGFRβ, which 
is abundantly expressed in the fibrotic scar after CNS injury (38, 
39). Analysis of  PDGFRβ expression in the lesion at 7 dpi showed 
PDGFRβ 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 PDGFRα+ scar, the 
margin between the astroglial scar and the PDGFRβ+ scar was not 
as distinct, with many activated astrocytes within the astroglia scar 
displaying de novo expression of  PDGFRβ (asterisks, Figure 5B). 
Costaining for PDGFRβ with PDGFRα and/or ASMA revealed 
that ASMA+PDGFRα+ myofibroblasts coexpressed PDGFRβ (Fig-
ure 5, C and D, and Supplemental Figure 6B). In fact, we found 
that in vehicle controls, the vast majority of  PDGFRβ+ cells coex-
pressed PDGFRα and ASMA in the fibrotic rim, which would sug-

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
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      R E S E A R C H  A R T I C L E

9J Clin Invest. 2025;135(5):e171077  https://doi.org/10.1172/JCI171077

treatment on the myofibroblast scar was mediated via PDGFRα, 
we assessed PDGFRα activation at 6 hpi and 7 dpi by immuno-
fluorescence staining using 2 different antibodies that recognize 
specific phosphorylation sites on activated PDGFRα (pY754 and 

liferation 7 dpi in the fibrotic rim of  control antibody–treated 
mice, which was significantly reduced in anti–PDGF-CC anti-
body–treated animals (Figure 6, G–I, and Supplemental Figure 
7E). To determine whether the effect of  anti–PDGF-CC antibody 

Figure 5. PDGFRα 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;PDGFRα floxed mice (F–H) collected at 7 dpi. (A) Ipsilateral over-
view from staining for PDGFRβ. (B) High-magnification images from the fibrotic rim of costaining for PDGFRβ and GFAP. Asterisks: PDGFRβ expression 
within the astroglial scar. (C) High-magnification images from the fibrotic rim of PDGFRα and PDGFRβ costaining. Two-headed arrows: PDGFRαhiPDGFRβhi 
cells; arrowheads; PDGFRαloPDGFRβhi cells. (D) High-magnification images from the fibrotic rim of costaining for PDGFRβ and ASMA. Arrows: ASMA+PDG-
FRβ+ vSMCs. (E) Quantification of PDGFRβ+ 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 PDGFRα and GFAP in GFAP-Cre;PDGFRα floxed mice. (H) Quantification of PDGFRα+ scar thickness in the 
fibrotic rim (demarcated in F). n = 17 controls (ctrl), n = 8 PDGFRα 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 PDGFRβ+ 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 μm (A and F); 100 μm (B and D); 50 μm (C and G).
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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/PDGFRα signaling pathway might improve functional recov-
ery by limiting myofibroblast scar formation.

Discussion
We have previously shown that PDGF-CC/PDGFRα 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 after 
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 
PDGFRα, 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/PDGFRα signaling is associated with fibrotic and 
myofibroblast expansion in other organs (23, 47–51) and that abla-
tion of  PDGFRα 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), 

pY1018) (36, 41). Both antibodies detected phosphorylation of  
PDGFRα 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 (pY1018, Figure 6, J and 
K, and Supplemental Figure 7F; pY754, Supplemental Figure 7, 
G–I). At 7 dpi, a strong PDGFRα phosphorylation signal was 
detected in the PDGFRα+ fibrotic rim of  control-treated animals, 
whereas this was markedly reduced in anti–PDGF-CC–antibody 
treated animals (pY1018, 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/PDGFRα 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 PDGFRα+ 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 PDGFRα+ scar thickness 
(Figure 7B and Supplemental Figure 8A). The reduction in PDG-
FRα+ 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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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 PDGFRα staining at 7dpi. (D) 
Quantification of PDGFRα+ scar thickness in the fibrotic rim (demarcated in C) (n = 5). (E–H) Costaining of PDGFRα and ASMA (E and F) and PDGFRα, 
GFAP, and Ki-67 (G and H) at 7 dpi. Arrowheads: proliferating PDGFRα˗ cells. (I) 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-PDGFRα (pY1018) and CD31. Arrows: phosphorylation 
of perivascular PDGFRα. (K) Quantification of perivascular phospho-PDGFRα expression in the ischemic area at 6 hpi (n = 4). (L and M) Costaining for 
phospho-PDGFRα (pY1018) and total PDGFRα at 7dpi. Stitched epifluorescent tiles (C) and single-plane (E, G, and L)/maximum-intensity projections 
(F, H, J, 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 μm (C, E, G, and L); 50 μm (F, H, and M); 20 μm (J).
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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, 

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 

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 PDGFRα+ 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 maximum-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 μm (G).
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that PDGFRβ 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 PDGFRβ 
is coexpressed in the potential perivascular PDGFRα+ progenitor 
cells and myofibroblasts, and PDGF-CC can induce signaling via 
the heterodimeric receptor PDGFRαβ, it is tempting to speculate 
that signaling via PDGFRαα homodimers and PDGFRαβ 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-β–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-β in these CD68+ cells 
and attenuated MCAO-induced cerebrovascular expression of  Itgax 
(encoding CD11c). Since TGF-β is a key regulator of  myofibroblast 
differentiation (21) and Itgax 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-β–PDGFRα 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 Mac1 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/
PDGFRα treatment in EAE to the attenuation of  disease-provoked 
BBB breakdown, but it is possible that inhibiting the PDGF-CC/
PDGFRα 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 
PDGFRα 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;PDGFRαflox (7), and Cldn5(BAC)-GFP mice 

(24, 60, 66), aged 2–7 months, were used in this study. PDGF-CChum 

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;PDGFRαflox mice express Cre-recombinase 

under the murine GFAP promoter (67) and loxP sites flanking exons 2 

and 3 of  the PDGFRα gene (68). Cldn5(BAC)-GFP mice express cyto-

solic GFP under the CLDN5 promoter, leading to endogenous labeling 

of  endothelial cells.

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/PDGFRα 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 PDGFRα 
and PDGFRβ. 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  PDGFRα (PDGFRαhiPDGFRβhi), while 
others displayed low expression (PDGFRαloPDGFRβhi). Myo-
fibroblasts with high expression levels of  PDGFRα localized 
adjacent to the astroglial scar, while those with low expression 
levels of  PDGFRα 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 PDGFRαloPDGFRβhi and PDG-
FRαhiPDGFRβhi 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 PDGFRα+ 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;PDGFRα floxed 
mice — which display a greater than 60% reduction in perivascular 
PDGFRα signal in the brain (7) — or a monoclonal anti–PDGF-
CC antibody (25) clearly demonstrate that genetic ablation of  
PDGFRα in GFAP-positive cells or pharmacologic neutralization 
of  the ligand for PDGFRα results in a diminished myofibroblast 
scar. This suggests that PDGFRα signaling is critical for the expan-
sion of  the myofibroblast scar. In contrast, our analyses suggests 

https://doi.org/10.1172/JCI171077
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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 t 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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Experimental ischemic stroke model. A photothrombotic model of  

MCAO, 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 (H2O 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-CChum 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 µg 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 log2 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.

https://doi.org/10.1172/JCI171077
https://www.jci.org/articles/view/171077#sd
mailto://linda.fredriksson@ki.se
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
https://www.jci.org/articles/view/171077#sd
https://www.jci.org/articles/view/171077#sd


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2025;135(5):e171077  https://doi.org/10.1172/JCI171077

Clinical Neuroscience, Karolinska Institutet, Center for Molecular 
Medicine, Stockholm, Sweden. LM’s present address is: Department 
of  Medicine Huddinge, Karolinska Institutet, Huddinge, Sweden.

DT’s present address is: Patricia and John Rosenwald Laboratory of  
Neurobiology and Genetics, The Rockefeller University, New York, 
New York, USA. MZA and SAL’s present address is: Department of  

	 1.	Saini V, et al. Global epidemiology of  stroke and 
access to acute ischemic stroke interventions.  
Neurology. 2021;97(20 suppl 2):S6–S16.

	 2.	Prabhakaran S, et al. Acute stroke intervention: a 
systematic review. JAMA. 2015;313(14):1451–1462.

	 3.	Abdullahi W, et al. Blood-brain barrier dysfunc-
tion in ischemic stroke: targeting tight junctions 
and transporters for vascular protection. Am J 
Physiol Cell Physiol. 2018;315(3):C343–C356.

	 4.	Stanimirovic DB, Friedman A. Pathophysiol-
ogy of  the neurovascular unit: disease cause 
or consequence? J Cereb Blood Flow Metab. 
2012;32(7):1207–1221.

	 5.	Abrams MB, et al. Imatinib enhances functional 
outcome after spinal cord injury. PLoS One. 
2012;7(6):e38760.

	 6.	Adzemovic MZ, et al. Imatinib ameliorates neu-
roinflammation in a rat model of  multiple sclero-
sis by enhancing blood-brain barrier integrity and 
by modulating the peripheral immune response. 
PLoS One. 2013;8(2):e56586.

	 7.	Fredriksson L, et al. Identification of  a neuro-
vascular signaling pathway regulating seizures in 
mice. Ann Clin Transl Neurol. 2015;2(7):722–738.

	 8.	Lewandowski SA, et al. Presymptomatic activa-
tion of  the PDGF-CC pathway accelerates onset 
of  ALS neurodegeneration. Acta Neuropathol. 
2016;131(3):453–464.

	 9.	Su EJ, et al. Activation of  PDGF-CC by tissue 
plasminogen activator impairs blood-brain bar-
rier integrity during ischemic stroke. Nat Med. 
2008;14(7):731–737.

	10.	Su EJ, et al. Imatinib treatment reduces brain inju-
ry in a murine model of  traumatic brain injury. 
Front Cell Neurosci. 2015;9:385.

	11.	Zeitelhofer M, et al. Blocking PDGF-CC signal-
ing ameliorates multiple sclerosis-like neuroin-
flammation by inhibiting disruption of  the blood-
brain barrier. Sci Rep. 2020;10(1):22383.

	12.	Iqbal N, Iqbal N. Imatinib: a breakthrough of  
targeted therapy in cancer. Chemother Res Pract. 
2014;2014:357027.

	13.	Ma Q, et al. PDGFR-α inhibition preserves blood-
brain barrier after intracerebral hemorrhage. Ann 
Neurol. 2011;70(6):920–931.

	14.	Merali Z, et al. Longitudinal assessment of  ima-
tinib’s effect on the blood-brain barrier after isch-
emia/reperfusion injury with permeability MRI. 
Transl Stroke Res. 2015;6(1):39–49.

	15.	Wahlgren N, et al. Randomized assessment of  
imatinib in patients with acute ischaemic stroke 
treated with intravenous thrombolysis. J Intern 
Med. 2017;281(3):273–283.

	16.	Robel S, et al. The stem cell potential of  glia: 
lessons from reactive gliosis. Nat Rev Neurosci. 
2011;12(2):88–104.

	17.	Burda JE, Sofroniew MV. Reactive gliosis and 
the multicellular response to CNS damage and 
disease. Neuron. 2014;81(2):229–248.

	18.	Pekny M, et al. The dual role of  astrocyte 
activation and reactive gliosis. Neurosci Lett. 
2014;565:30–38.

	19.	Anderson MA, et al. Astrocyte scar formation 

aids central nervous system axon regeneration. 
Nature. 2016;532(7598):195–200.

	20.	Shechter R, Schwartz M. CNS sterile injury: 
just another wound healing? Trends Mol Med. 
2013;19(3):135–143.

	21.	Hinz B. Formation and function of  the myofi-
broblast during tissue repair. J Invest Dermatol. 
2007;127(3):526–537.

	22.	Contreras O, et al. Cross-talk between TGF-β and 
PDGFRα signaling pathways regulates the fate 
of  stromal fibro-adipogenic progenitors. J Cell Sci. 
2019;132(19):jcs232157.

	23.	Yao L, et al. Temporal control of  PDGFRα regu-
lates the fibroblast-to-myofibroblast transition in 
wound healing. Cell Rep. 2022;40(7):111192.

	24.	Protzmann J, et al. Analysis of  ischemic 
stroke-mediated effects on blood-brain barrier 
properties along the arteriovenous axis assessed 
by intravital two-photon imaging. Fluids Barriers 
CNS. 2024;21(1):35.

	25.	Li H, et al. Development of  monoclonal anti-
PDGF-CC antibodies as tools for investigating 
human tissue expression and for blocking PDGF-
CC induced PDGFRα signalling in vivo. PLoS 
One. 2018;13(7):e0201089.

	26.	Zeitelhofer M, et al. Preclinical toxicological 
assessment of  a novel monoclonal antibody tar-
geting human platelet-derived growth factor CC 
(PDGF-CC) in PDGF-CChum mice. PLoS One. 
2018;13(7):e0200649.

	27.	Yang Y, Rosenberg GA. Blood-brain barrier 
breakdown in acute and chronic cerebrovascular 
disease. Stroke. 2011;42(11):3323–3328.

	28.	Knowland D, et al. Stepwise recruitment of  
transcellular and paracellular pathways underlies 
blood-brain barrier breakdown in stroke. Neuron. 
2014;82(3):603–617.

	29.	Krueger M, et al. Blood-brain barrier breakdown 
after embolic stroke in rats occurs without ultra-
structural evidence for disrupting tight junctions. 
PLoS One. 2013;8(2):e56419.

	30.	Goncalves A, et al. Thrombolytic tPA-induced 
hemorrhagic transformation of  ischemic stroke is 
mediated by PKCβ phosphorylation of  occludin. 
Blood. 2022;140(4):388–400.

	31.	Rouillard AD, et al. The harmonizome: a collec-
tion of  processed datasets gathered to serve and 
mine knowledge about genes and proteins. Data-
base (oxford). 2016;2016:baw100.

	32.	Domingues S. Expression data from human brain 
samples. https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE24265. 2010. Accessed 
January 6, 2025.

	33.	Chen Y, et al. Perihematomal edema after intra-
cerebral hemorrhage: an update on pathogenesis, 
risk factors, and therapeutic advances. Front 
Immunol. 2021;12:740632.

	34.	Xu J, et al. TGF-beta-induced epithelial to mesen-
chymal transition. Cell Res. 2009;19(2):156–172.

	 35.	Sofroniew MV. Astrocyte barriers to neurotoxic 
inflammation. Nat Rev Neurosci. 2015;16(5):249–263.

	36.	Su EJ, et al. Microglial-mediated PDGF-CC 
activation increases cerebrovascular permea-

bility during ischemic stroke. Acta Neuropathol. 
2017;134(4):585–604.

	37.	Yeo HG, et al. Increased CD68/TGFβ co-express-
ing microglia/ macrophages after transient mid-
dle cerebral artery occlusion in rhesus monkeys. 
Exp Neurobiol. 2019;28(4):458–473.

	38.	Dias DO, Goritz C. Fibrotic scarring following 
lesions to the central nervous system. Matrix Biol. 
2018;68-69:561–570.

	39.	Dias DO, et al. Pericyte-derived fibrotic scarring is 
conserved across diverse central nervous system 
lesions. Nat Commun. 2021;12(1):5501.

	40.	Di Carlo SE, Peduto L. The perivascular ori-
gin of  pathological fibroblasts. J Clin Invest. 
2018;128(1):54–63.

	41.	Rupp E, et al. A unique autophosphorylation site 
in the platelet-derived growth factor alpha recep-
tor from a heterodimeric receptor complex. Eur J 
Biochem. 1994;225(1):29–41.

	42.	Dowd E, et al. The Corridor Task: a simple test of  
lateralised response selection sensitive to unilat-
eral dopamine deafferentation and graft-derived 
dopamine replacement in the striatum. Brain Res 
Bull. 2005;68(1–2):24–30.

	43.	Grealish S, et al. Characterisation of  behavioural 
and neurodegenerative changes induced by 
intranigral 6-hydroxydopamine lesions in a mouse 
model of  Parkinson’s disease. Eur J Neurosci. 
2010;31(12):2266–2278.

	44.	Profaci CP, et al. The blood-brain barrier in health 
and disease: Important unanswered questions.  
J Exp Med. 2020;217(4):e20190062.

	45.	Dias DO, et al. Reducing pericyte-derived scarring 
promotes recovery after spinal cord injury. Cell. 
2018;173(1):153–165.

	46.	Dorrier CE, et al. CNS fibroblasts form a fibrotic 
scar in response to immune cell infiltration. Nat 
Neurosci. 2021;24(2):234–244.

	47.	Eitner F, et al. PDGF-C is a proinflammatory 
cytokine that mediates renal interstitial fibrosis.  
J Am Soc Nephrol. 2008;19(2):281–289.

	48.	Grun K, et al. Elevated expression of  PDGF-C in 
coxsackievirus B3-induced chronic myocarditis. 
Eur Heart J. 2005;26(7):728–739.

	49.	Kikuchi A, et al. Hepatic stellate cell-specific plate-
let-derived growth factor receptor-α loss reduces 
fibrosis and promotes repair after hepatocellular 
injury. Am J Pathol. 2020;190(10):2080–2094.

	50.	Zhuo Y, et al. Modulation of  PDGF-C and 
PDGF-D expression during bleomycin-induced 
lung fibrosis. Am J Physiol Lung Cell Mol Physiol. 
2004;286(1):L182–L188.

	51.	Varone F, et al. Nintedanib for the treatment of  
idiopathic pulmonary fibrosis. Expert Opin Phar-
macother. 2018;19(2):167–175.

	52.	Kuhn TB, et al. Laminin and fibronectin guide-
posts signal sustained but opposite effects to pass-
ing growth cones. Neuron. 1995;14(2):275–285.

	53.	Stoffels JM, et al. Fibronectin aggregation in 
multiple sclerosis lesions impairs remyelination. 
Brain. 2013;136(pt 1):116–131.

	54.	Mitsuhashi A, et al. Identification of  fibrocyte 
cluster in tumors reveals the role in antitu-

https://doi.org/10.1172/JCI171077
https://doi.org/10.1001/jama.2015.3058
https://doi.org/10.1001/jama.2015.3058
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1038/jcbfm.2012.25
https://doi.org/10.1038/jcbfm.2012.25
https://doi.org/10.1038/jcbfm.2012.25
https://doi.org/10.1038/jcbfm.2012.25
https://doi.org/10.1371/journal.pone.0038760
https://doi.org/10.1371/journal.pone.0038760
https://doi.org/10.1371/journal.pone.0038760
https://doi.org/10.1371/journal.pone.0056586
https://doi.org/10.1371/journal.pone.0056586
https://doi.org/10.1371/journal.pone.0056586
https://doi.org/10.1371/journal.pone.0056586
https://doi.org/10.1371/journal.pone.0056586
https://doi.org/10.1002/acn3.209
https://doi.org/10.1002/acn3.209
https://doi.org/10.1002/acn3.209
https://doi.org/10.1007/s00401-015-1520-2
https://doi.org/10.1007/s00401-015-1520-2
https://doi.org/10.1007/s00401-015-1520-2
https://doi.org/10.1007/s00401-015-1520-2
https://doi.org/10.1038/nm1787
https://doi.org/10.1038/nm1787
https://doi.org/10.1038/nm1787
https://doi.org/10.1038/nm1787
https://doi.org/10.3389/fncel.2015.00385
https://doi.org/10.3389/fncel.2015.00385
https://doi.org/10.3389/fncel.2015.00385
https://doi.org/10.1038/s41598-020-79598-z
https://doi.org/10.1038/s41598-020-79598-z
https://doi.org/10.1038/s41598-020-79598-z
https://doi.org/10.1038/s41598-020-79598-z
https://doi.org/10.1002/ana.22549
https://doi.org/10.1002/ana.22549
https://doi.org/10.1002/ana.22549
https://doi.org/10.1007/s12975-014-0358-6
https://doi.org/10.1007/s12975-014-0358-6
https://doi.org/10.1007/s12975-014-0358-6
https://doi.org/10.1007/s12975-014-0358-6
https://doi.org/10.1111/joim.12576
https://doi.org/10.1111/joim.12576
https://doi.org/10.1111/joim.12576
https://doi.org/10.1111/joim.12576
https://doi.org/10.1038/nrn2978
https://doi.org/10.1038/nrn2978
https://doi.org/10.1038/nrn2978
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neuron.2013.12.034
https://doi.org/10.1016/j.neulet.2013.12.071
https://doi.org/10.1016/j.neulet.2013.12.071
https://doi.org/10.1016/j.neulet.2013.12.071
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1016/j.molmed.2012.11.007
https://doi.org/10.1016/j.molmed.2012.11.007
https://doi.org/10.1016/j.molmed.2012.11.007
https://doi.org/10.1038/sj.jid.5700613
https://doi.org/10.1038/sj.jid.5700613
https://doi.org/10.1038/sj.jid.5700613
https://doi.org/10.1242/jcs.232157
https://doi.org/10.1242/jcs.232157
https://doi.org/10.1242/jcs.232157
https://doi.org/10.1242/jcs.232157
https://doi.org/10.1016/j.celrep.2022.111192
https://doi.org/10.1016/j.celrep.2022.111192
https://doi.org/10.1016/j.celrep.2022.111192
https://doi.org/10.1186/s12987-024-00537-5
https://doi.org/10.1186/s12987-024-00537-5
https://doi.org/10.1186/s12987-024-00537-5
https://doi.org/10.1186/s12987-024-00537-5
https://doi.org/10.1186/s12987-024-00537-5
https://doi.org/10.1371/journal.pone.0201089
https://doi.org/10.1371/journal.pone.0201089
https://doi.org/10.1371/journal.pone.0201089
https://doi.org/10.1371/journal.pone.0201089
https://doi.org/10.1371/journal.pone.0201089
https://doi.org/10.1371/journal.pone.0200649
https://doi.org/10.1371/journal.pone.0200649
https://doi.org/10.1371/journal.pone.0200649
https://doi.org/10.1371/journal.pone.0200649
https://doi.org/10.1371/journal.pone.0200649
https://doi.org/10.1161/STROKEAHA.110.608257
https://doi.org/10.1161/STROKEAHA.110.608257
https://doi.org/10.1161/STROKEAHA.110.608257
https://doi.org/10.1016/j.neuron.2014.03.003
https://doi.org/10.1016/j.neuron.2014.03.003
https://doi.org/10.1016/j.neuron.2014.03.003
https://doi.org/10.1016/j.neuron.2014.03.003
https://doi.org/10.1371/journal.pone.0056419
https://doi.org/10.1371/journal.pone.0056419
https://doi.org/10.1371/journal.pone.0056419
https://doi.org/10.1371/journal.pone.0056419
https://doi.org/10.1093/database/baw100
https://doi.org/10.1093/database/baw100
https://doi.org/10.1093/database/baw100
https://doi.org/10.1093/database/baw100
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24265
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24265
https://doi.org/10.3389/fimmu.2021.740632
https://doi.org/10.3389/fimmu.2021.740632
https://doi.org/10.3389/fimmu.2021.740632
https://doi.org/10.3389/fimmu.2021.740632
https://doi.org/10.1038/cr.2009.5
https://doi.org/10.1038/cr.2009.5
https://doi.org/10.1038/nrn3898
https://doi.org/10.1038/nrn3898
https://doi.org/10.1007/s00401-017-1749-z
https://doi.org/10.1007/s00401-017-1749-z
https://doi.org/10.1007/s00401-017-1749-z
https://doi.org/10.1007/s00401-017-1749-z
https://doi.org/10.5607/en.2019.28.4.458
https://doi.org/10.5607/en.2019.28.4.458
https://doi.org/10.5607/en.2019.28.4.458
https://doi.org/10.5607/en.2019.28.4.458
https://doi.org/10.1016/j.matbio.2018.02.009
https://doi.org/10.1016/j.matbio.2018.02.009
https://doi.org/10.1016/j.matbio.2018.02.009
https://doi.org/10.1038/s41467-021-25585-5
https://doi.org/10.1038/s41467-021-25585-5
https://doi.org/10.1038/s41467-021-25585-5
https://doi.org/10.1172/JCI93558
https://doi.org/10.1172/JCI93558
https://doi.org/10.1172/JCI93558
https://doi.org/10.1111/j.1432-1033.1994.00029.x
https://doi.org/10.1111/j.1432-1033.1994.00029.x
https://doi.org/10.1111/j.1432-1033.1994.00029.x
https://doi.org/10.1111/j.1432-1033.1994.00029.x
https://doi.org/10.1016/j.brainresbull.2005.08.009
https://doi.org/10.1016/j.brainresbull.2005.08.009
https://doi.org/10.1016/j.brainresbull.2005.08.009
https://doi.org/10.1016/j.brainresbull.2005.08.009
https://doi.org/10.1016/j.brainresbull.2005.08.009
https://doi.org/10.1111/j.1460-9568.2010.07265.x
https://doi.org/10.1111/j.1460-9568.2010.07265.x
https://doi.org/10.1111/j.1460-9568.2010.07265.x
https://doi.org/10.1111/j.1460-9568.2010.07265.x
https://doi.org/10.1111/j.1460-9568.2010.07265.x
https://doi.org/10.1084/jem.20190062
https://doi.org/10.1084/jem.20190062
https://doi.org/10.1084/jem.20190062
https://doi.org/10.1016/j.cell.2018.02.004
https://doi.org/10.1016/j.cell.2018.02.004
https://doi.org/10.1016/j.cell.2018.02.004
https://doi.org/10.1038/s41593-020-00770-9
https://doi.org/10.1038/s41593-020-00770-9
https://doi.org/10.1038/s41593-020-00770-9
https://doi.org/10.1681/ASN.2007030290
https://doi.org/10.1681/ASN.2007030290
https://doi.org/10.1681/ASN.2007030290
https://doi.org/10.1093/eurheartj/ehi168
https://doi.org/10.1093/eurheartj/ehi168
https://doi.org/10.1093/eurheartj/ehi168
https://doi.org/10.1016/j.ajpath.2020.06.006
https://doi.org/10.1016/j.ajpath.2020.06.006
https://doi.org/10.1016/j.ajpath.2020.06.006
https://doi.org/10.1016/j.ajpath.2020.06.006
https://doi.org/10.1152/ajplung.00083.2003
https://doi.org/10.1152/ajplung.00083.2003
https://doi.org/10.1152/ajplung.00083.2003
https://doi.org/10.1152/ajplung.00083.2003
https://doi.org/10.1080/14656566.2018.1425681
https://doi.org/10.1080/14656566.2018.1425681
https://doi.org/10.1080/14656566.2018.1425681
https://doi.org/10.1016/0896-6273(95)90285-6
https://doi.org/10.1016/0896-6273(95)90285-6
https://doi.org/10.1016/0896-6273(95)90285-6
https://doi.org/10.1093/brain/aws313
https://doi.org/10.1093/brain/aws313
https://doi.org/10.1093/brain/aws313
https://doi.org/10.1016/j.celrep.2023.112162
https://doi.org/10.1016/j.celrep.2023.112162


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(5):e171077  https://doi.org/10.1172/JCI1710771 6

mor immunity by PD-L1 blockade. Cell Rep. 
2023;42(3):112162.

	55.	Aldrich A, Kielian T. Central nervous system 
fibrosis is associated with fibrocyte-like infiltrates. 
Am J Pathol. 2011;179(6):2952–2962.

	56.	Pietila R, et al. Molecular anatomy of  
adult mouse leptomeninges. Neuron. 
2023;111(23):3745–3764.

	57.	Goritz C, et al. A pericyte origin of  spinal cord 
scar tissue. Science. 2011;333(6039):238–242.

	58.	Holl D, et al. Distinct origin and region-dependent 
contribution of  stromal fibroblasts to fibrosis 
following traumatic injury in mice. Nat Neurosci. 
2024;27(7):1285–1298.

	59.	Sinha S, et al. Fibroblast inflammatory priming 
determines regenerative versus fibrotic skin repair 
in reindeer. Cell. 2022;185(25):4717–4736.

	60.	Vanlandewijck M, et al. A molecular atlas of  
cell types and zonation in the brain vasculature. 
Nature. 2018;554(7693):475–480.

	61.	Kelly KK, et al. Col1a1+ perivascular cells in 
the brain are a source of  retinoic acid following 
stroke. BMC Neurosci. 2016;17(1):49.

	62.	Deczkowska A, et al. Disease-associated microg-
lia: a universal immune sensor of  neurodegenera-
tion. Cell. 2018;173(5):1073–1081.

	63.	Shook BA, et al. Myofibroblast prolifera-
tion and heterogeneity are supported by 
macrophages during skin repair. Science. 
2018;362(6417):eaar2971.

	64.	Ewing-Crystal NA, et al. Dynamic fibro-
blast-immune interactions shape wound heal-
ing after brain injury [preprint]. https://doi.
org/10.1101/2024.03.13.584873. Posted on 
bioRxiv March 15, 2024.

	65.	Glim JE, et al. Platelet derived growth fac-
tor-CC secreted by M2 macrophages induces 
alpha-smooth muscle actin expression by der-
mal and gingival fibroblasts. Immunobiology. 
2013;218(6):924–929.

	66.	Wang Y, et al. Characterization of  multi-cellular 
dynamics of  angiogenesis and vascular remodel-
ling by intravital imaging of  the wounded mouse 
cornea. Sci Rep. 2018;8(1):10672.

	67.	Garcia AD, et al. GFAP-expressing progenitors 
are the principal source of  constitutive neuro-
genesis in adult mouse forebrain. Nat Neurosci. 
2004;7(11):1233–1241.

	68.	Tallquist MD, Soriano P. Cell autonomous 
requirement for PDGFRalpha in populations of  
cranial and cardiac neural crest cells. Development. 
2003;130(3):507–518.

	69.	Yepes M, et al. Tissue-type plasminogen activator 
induces opening of  the blood-brain barrier via 
the LDL receptor-related protein. J Clin Invest. 
2003;112(10):1533–1540.

	70.	Bondjers C, et al. Microarray analysis of  blood 
microvessels from PDGF-B and PDGF-Rbeta 
mutant mice identifies novel markers for brain 
pericytes. FASEB J. 2006;20(10):1703–1705.

https://doi.org/10.1172/JCI171077
https://doi.org/10.1016/j.celrep.2023.112162
https://doi.org/10.1016/j.celrep.2023.112162
https://doi.org/10.1016/j.ajpath.2011.08.036
https://doi.org/10.1016/j.ajpath.2011.08.036
https://doi.org/10.1016/j.ajpath.2011.08.036
https://doi.org/10.1016/j.neuron.2023.09.002
https://doi.org/10.1016/j.neuron.2023.09.002
https://doi.org/10.1016/j.neuron.2023.09.002
https://doi.org/10.1126/science.1203165
https://doi.org/10.1126/science.1203165
https://doi.org/10.1038/s41593-024-01678-4
https://doi.org/10.1038/s41593-024-01678-4
https://doi.org/10.1038/s41593-024-01678-4
https://doi.org/10.1038/s41593-024-01678-4
https://doi.org/10.1016/j.cell.2022.11.004
https://doi.org/10.1016/j.cell.2022.11.004
https://doi.org/10.1016/j.cell.2022.11.004
https://doi.org/10.1038/nature25739
https://doi.org/10.1038/nature25739
https://doi.org/10.1038/nature25739
https://doi.org/10.1186/s12868-016-0284-5
https://doi.org/10.1186/s12868-016-0284-5
https://doi.org/10.1186/s12868-016-0284-5
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1126/science.aar2971
https://doi.org/10.1126/science.aar2971
https://doi.org/10.1126/science.aar2971
https://doi.org/10.1126/science.aar2971
https://doi.org/10.1101/2024.03.13.584873
https://doi.org/10.1101/2024.03.13.584873
https://doi.org/10.1016/j.imbio.2012.10.004
https://doi.org/10.1016/j.imbio.2012.10.004
https://doi.org/10.1016/j.imbio.2012.10.004
https://doi.org/10.1016/j.imbio.2012.10.004
https://doi.org/10.1016/j.imbio.2012.10.004
https://doi.org/10.1038/s41598-018-28770-7
https://doi.org/10.1038/s41598-018-28770-7
https://doi.org/10.1038/s41598-018-28770-7
https://doi.org/10.1038/s41598-018-28770-7
https://doi.org/10.1038/nn1340
https://doi.org/10.1038/nn1340
https://doi.org/10.1038/nn1340
https://doi.org/10.1038/nn1340
https://doi.org/10.1242/dev.00241
https://doi.org/10.1242/dev.00241
https://doi.org/10.1242/dev.00241
https://doi.org/10.1242/dev.00241
https://doi.org/10.1172/JCI200319212
https://doi.org/10.1172/JCI200319212
https://doi.org/10.1172/JCI200319212
https://doi.org/10.1172/JCI200319212
https://doi.org/10.1096/fj.05-4944fje
https://doi.org/10.1096/fj.05-4944fje
https://doi.org/10.1096/fj.05-4944fje
https://doi.org/10.1096/fj.05-4944fje

