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ABSTRACT

Scar formation after spinal cord injury (SCI) hampers axonal regeneration and functional recovery. Previ-
ous studies have shown that scar formation is attributable to both gliosis and fibrosis, the latter requiring 
fibroblast proliferation and extracellular matrix deposition. In this setting, there are essentially two cell 
types generating new fibroblasts: pericytes and tissue-resident fibroblasts. Here, we showed that Meflin, a 
glycosylphosphatidylinositol-anchored protein (a specific marker of fibroblasts across multiple organs) is 
expressed by fibroblasts in the normal mouse spinal cord. An in situ hybridization analysis showed that 
Meflin+ cells arose from the meninges and perivascular region of the spinal parenchyma after spinal cord 
compression injury. That finding was corroborated by single-cell transcriptomic data from normal and 
injured mouse spinal cords. Interestingly, Meflin+ cells are positive for the fibroblast markers collagen type 
I and platelet-derived growth factor receptor (PDGFR) α but not for pericyte markers such as PDGFRβ 
and chondroitin sulfate proteoglycan 4 in the normal spinal cord. Those findings are consistent with the 
recent view that tissue-resident fibroblasts play a central role in many other types of fibrotic disease. A 
lineage-tracing experiment using a knock-in mouse line that expressed inducible Cre recombinase under 
the control of the Meflin promoter showed that Meflin+ cells yield PDGFRβ+ myofibroblasts but not glial 
cells positive for glial fibrillary acidic protein. These findings suggest that the Meflin+ population contains 
the cells of origin of myofibroblasts that are involved in scar formation after SCI.
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INTRODUCTION

Spinal cord injury (SCI) is a complex pathologic condition resulting from various etiologies, 
including mechanical damage to the spinal cord resulting in profound neurologic consequences.1,2 
Contributing to the serious problems in SCI is the fact that the injured spinal cord has a limited 
ability to regenerate lost neurons. The failure of axon regeneration is due to blocking by extensive 
proliferation of reactive astrocytes, a process called gliosis or astrogliosis.3-7 The proliferation of 
astrocytes and glial scar formation are physiological efforts to repair the damaged spinal cord 
and restore structural integrity, but these processes can result in defects in functional recovery.3-7 
Accordingly, understanding the mechanisms of gliosis after SCI and development of therapeutics 
that could reverse gliosis have been the focus of extensive research.

Another prominent cause of scar formation after SCI is fibrosis.8-10 Fibrosis is defined as exces-
sive deposition of extracellular matrix (ECM) components, such as collagen and fibronectin that 
are produced by proliferating fibroblasts. Consequently, it is crucial to understand the mechanism 
underlying spinal cord fibrosis and to examine the characteristics of fibroblasts that are responsible 
for scar formation.8,9 A pioneering study demonstrated that a subset of pericytes that express the 
Glutamate/Aspartate Transporter 1 (Glast)-CreERT2 transgene (type A pericytes) give rise to scar-
forming stromal cells in the adult spinal cord.11 Inhibiting the proliferation of type A pericytes 
decreased fibrosis and enhanced regeneration of the raphespinal and corticospinal tracts after 
SCI in mice.12 These studies have proposed that type A pericytes initiate the fibrotic response in 
the damaged spinal cord as well as in other diverse central nervous lesions.13 However, another 
line of studies that used some other transgenic mice to analyze SCI-associated injuries showed 
that perivascular fibroblasts positive for collagen type I genes (collagen type I alpha 1 chain 
[Col1a1] and collagen type I alpha 2 chain [Col1a2]) and platelet-derived growth factor receptor 
α (Pdgfra) but not classical pericytes expressing chondroitin sulfate proteoglycan 4 (Cspg4; a.k.a 
Ng2) and Pdgfrb were responsible for the induction of spinal cord fibrosis.8,9,14,15 Thus, it is 
possible that perivascular fibroblasts substantially overlap with type A pericytes (expressing either 
collagen genes or the Glast-CreERT2 transgene) and that they constitute the primary fibroblastoid 
population that proliferates and forms a scar in the injured spinal cord. A more recent study 
showed that Col1a1-CreERT2 and Glast-CreERT2 mouse lines label perivascular fibroblasts and 
type A pericytes in the white and gray matter regions of the spinal cord, respectively.16 Those 
results suggest the presence of anatomically distinct populations of perivascular stromal cells 
within the perivascular niche.

We previously described Meflin, a glycosylphosphatidylinositol-anchored membrane protein 
that is encoded by the immunoglobulin superfamily containing leucine rich repeat (Islr) gene.17,18 
It is a marker of mesenchymal stem/stromal cells (MSCs) in the bone marrow.17,18 Given that 
MSCs share many phenotypic characteristics with fibroblasts and perivascular stromal cells,19 
it is not surprising that Meflin is a specific marker of tissue-resident fibroblasts across many 
organs and tissues.20-24 The roles of Meflin and Meflin+ fibroblasts have been investigated in 
Meflin-deficient mice and Meflin reporter mice in the context of numerous disease models. They 
include pancreatic, colon and lung cancers, pancreatitis, acute and chronic heart diseases and 
renal disease.20-39 The results of these studies have suggested context-dependent roles of Meflin 
in both cancer and fibrotic disease. Importantly, the fibroblasts that proliferate in tumor stroma 
(cancer-associated fibroblasts or CAFs) are functionally and transcriptionally heterogeneous.25,40 
Thus, fibroblasts highly positive for Meflin seem to be cancer restraining whereas those negative 
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or weakly positive for Meflin promote cancer progression.21,25,28

In the present study, we examined the expression of Meflin in normal and injured spinal 
cords using in situ hybridization (ISH). We found that in normal spinal cords, Meflin expression 
was very weak and almost undetectable at the mRNA level. However, expression increased in 
activated fibroblastic cells that arose around the perivascular area and meninges in response to 
SCI induced in a clip-compression model. A single-cell transcriptomic analysis using a publicly 
available data set showed that Meflin is a marker of fibroblasts or type A pericytes but not clas-
sical pericytes. A lineage-tracing experiment was also performed using a Meflin reporter mouse 
that we previously generated.21 The data showed that Meflin+ cells are a source of activated 
myofibroblasts involved in scar formation after SCI.

MATERIALS AND METHODS

Animals
All animal protocols were reviewed and approved by the Animal Care and Use Committee of 

Nagoya University Graduate School of Medicine (approval numbers M220014-001 and M230053-
001), and studies were conducted in compliance with institutional and national guidelines. 
Meflin-CreERT2 knock-in mice expressing tamoxifen (TAM)-inducible Cre recombinase under 
the Meflin promoter were previously generated in our laboratory.21 The Meflin-CreERT2 mice 
were crossed with Rosa26-loxP-stop-loxP (LSL)-tdTomato mice (7909, Jackson Laboratory, Bar 
Harbor, ME, USA) and used for lineage tracing and imaging of Meflin+ cells and their lineage 
cells. All mice were maintained on the C57BL/6J background (Charles River Laboratories Japan, 
Yokohama, Japan). Female mice (8–10 weeks old) were used in this study. All mice were kept 
in autoclaved cages and provided sterile drinking water and chow ad libitum.

Compression model of SCI
Spinal cord compression injury at the vertebral level T10 was performed as previously 

described.41-43 We used 8- to 10-week-old female C57BL/6J mice and Meflin-CreERT2; Rosa26-
LSL-tdTomato mice. Medetomidine (0.3 mg/kg), midazolam (4.0 mg/kg) and butorphanol (5.0 mg/
kg) were used for general anesthesia. After inducing anesthesia, the skin was incised, the muscles 
were dissected, and the laminae at vertebral level T10 were exposed and removed. The spinal 
cord was then exposed and compressed with a clip (KN-353 cat. no, AM-1; Natsume Seisakusho, 
Tokyo, Japan) for 30 seconds at a force of 60 g/mm2. The muscle layers and skin were closed 
with sutures. After SCI, their bladders were manually squeezed to enable daily urination.

Lineage tracing experiments
To visualize Meflin+ cells in the normal spinal cord and to perform lineage tracing after the 

induction of SCI, Meflin-CreERT2 mice were crossed with Rosa26-LSL-tdTomato mice. Female 
mice heterozygous for both Meflin-CreERT2 and Rosa26-LSL-tdTomato alleles (Meflin-CreERT2; 
LSL-tdTomato mice) were subjected to three alternate-day intraperitoneal (i.p.) administrations of 
TAM (T5648, Sigma-Aldrich, St. Louis, MO, USA) diluted in corn oil (C8267, Sigma-Aldrich) 
at 100 mg/kg body weight at 8–10 weeks of age (Day 0, Day 2, and Day 4), followed by 
subjecting the mice to SCI on Day 11. The mice were sacrificed 1, 7 and 14 days after the 
injury, followed by spinal cord isolation, tissue processing, and histological analyses.
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ISH
ISH analyses on formalin-fixed paraffin-embedded (FFPE) tissue samples using RNAscope 

technology (RNAscope 2.5 HD Detection Kit; Advanced Cell Diagnostics) and custom-designed 
probes were performed as described previously.20,21,22,44 Briefly, tissue sections were baked in 
a dry oven (HybEZ II Hybridization System; Advanced Cell Diagnostics) at 60 °C for one 
h, deparaffinized, and incubated with a H2O2 solution (Pretreat 1 buffer) for 10 min at room 
temperature (RT). The slides were boiled in a target retrieval solution (Pretreat 2 buffer) for 15 
min and incubated with a protease solution (Pretreat 3 buffer) for 30 min at 40 °C. Slides were 
then incubated with the mouse Islr probe (NM_012043.4, region 763–1690, cat. no. 450041; 
Advanced Cell Diagnostics) for two h at 40 °C and successively incubated with Amp1–6 reagents 
(Advanced Cell Diagnostics). Staining was visualized with 3,3-diaminobenzidine (DAB), followed 
by counterstaining with hematoxylin.

Analysis of publicly available single-cell RNA sequence datasets
Publicly available single-cell RNA sequencing (scRNA-seq) data from normal and injured 

mouse spinal cords were obtained from the Gene Expression Omnibus (GEO) under accession 
number GSE162610.45 The Seurat package (version 5.0.0) in R (version 4.3.1) was employed 
for data processing and analysis, adhering to the package’s guidelines.

Cell types within each cluster were identified by examining the expression levels of specific 
markers. Thus, Col1a1 and Pdgfra were used as fibroblast markers. In addition, Mcam, Cspg4 and 
Pdgfrb were used as pericyte markers while Pecam1 indicated the presence of endothelial cells. 
Similarly, Gfap, Sox9 and Slc1a3 were astrocyte markers, whereas Ly6g, S100a8, and S100a9 
were used as neutrophil markers. Moreover, Cd68, Msr1, and Mrc1 constituted macrophage 
markers, whereas Cd68 and Cx3cr1 indicated the presence of microglia. In addition, Mog and 
Sox10 were oligodendrocyte markers and Pdgfra, Olig2 and Cspg4 showed the presence of 
oligodendrocyte precursor cells (OPC). Finally, H2-Ab1, H2-Aa and H2-Eb1 acted as dendritic 
cell markers. Map2, Nefl and Nefm were neuron markers and Cd3e was a lymphocyte marker.

Data visualization was performed using Uniform Manifold Approximation and Projection 
(UMAP) plots generated by the “FeaturePlot” and “DimPlot” functions. To isolate fibroblast 
clusters, the “subset” function was applied. Subsequently, the harmony package (version 1.2.0) 
integrated and analyzed data across the different time points after SCI.

Immunohistochemistry and immunofluorescence
Immunohistochemical (IHC) analyses of FFPE tissue sections were performed following meth-

ods described previously.46,47 Briefly, the sections were deparaffinized and rehydrated, followed by 
antigen retrieval, as described above. After incubation with a blocking solution for 10 min at RT, 
the samples were incubated with rabbit anti-red fluorescent protein (RFP) antibody (polyclonal, 
dilution 1:1000, 600-401-379, Rockland Immunochemicals, Pottstown, PA, USA) overnight at 
4 °C. After washing, the slides were incubated with horseradish peroxidase (HRP)-polymer 
secondary antibody ImmPRESS reagent HRP goat anti-rabbit IgG (MP-7451, Vector Laboratories, 
Newark, CA, USA) for 30 min at RT. The sections were washed and incubated with Liquid DAB+ 
Substrate Chromogen System (K3468, Dako) for 5 min at RT, followed by counterstaining with 
hematoxylin. For immunofluorescence (IF) study, the sections were incubated with rabbit anti-RFP 
antibody (polyclonal, dilution 1:1000, 600-401-379, Rockland Immunochemicals, Pottstown, PA, 
USA), mouse anti-glial fibrillary acidic protein (GFAP) antibody (monoclonal, dilution 1:1000, 
13-0300, Invitrogen, Carlsbad, CA, USA), or mouse anti-PDGFRβ antibody (polyclonal, dilution 
1:1000, AF1042, R&D Systems, Minneapolis, MN, USA) overnight at 4 °C. After washing, the 
slides were incubated with Alexa fluor plus 647- or 555-conjugated secondary antibodies and 
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4′,6-diamidino-2-phenylin-dole (DAPI) for 30 min at RT. Finally, the slides were washed and 
mounted with aqueous mounting medium PermaFluor (TA-030-FM, Thermo Fisher Scientifi c). 
Fluorescent microscopic images were obtained using an all-in-one fl uorescence microscope BZX-
700 with optical sectioning (Keyence, Osaka, Japan).

RESULTS

Mefl in+ cells arise around the perivascular area and the meninges after SCI induction
We fi rst examined changes in Mefl in gene (Islr) expression in a mouse model of SCI using 

extradural clip compression.41-43 After laminectomy at the tenth thoracic vertebra (T10), the clip 
was closed at 60 g/mm2 around the spinal cord for 30 sec to produce an acute injury, followed 
by isolation of the spinal cord tissues and histological analyses 1, 5, 7 and 14 days post-injury 
(dpi) (Fig. 1A). ISH analysis showed almost no expression of Mefl in mRNA in any of the cells 
obtained from normal uninjured spinal cords (Fig. 1Ba). Mefl in mRNA+ cells appeared around 
the perivascular space and in the meninges at the epicenter of the injured spinal cord at 1 dpi, 

Fig. 1 Mefl in+ cells appear around the perivascular area and the meninges after induction of SCI
Fig. 1A: A diagram showing the experimental process for the induction of SCI by the extradural clip compression 

method. See Materials and Methods for details of the protocol.
Fig. 1B: Tissue sections prepared from uninjured spinal cord at the T10 level (left) and the epicenter of injured 

spinal cord at 1 (middle) and 7 (right) dpi were stained for Mefl in (Islr) mRNA by ISH. The boxed 
areas (a–f) are magnifi ed in lower panels. Arrows denote Mefl in+ cells. 

V: vessel
SCI: spinal cord injury
ISH: in situ hybridization
Islr: immunoglobulin superfamily containing leucine rich repeat
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and their number was increased at 7 dpi (Fig. 1Bb–f). Although not compared statistically, it 
seemed that Meflin mRNA+ cells were most often observed around the meninges (Fig. 1Bd). 
The data suggested that Meflin expression was activated in some types of cells in response to 
SCI, although the proliferative capacity of those cells was not examined in the present study.

Fibroblasts expressed Meflin in the normal mouse spinal cord
We next explored the expression of Meflin in normal spinal cords by examining a publicly 

available data set in which single-cell transcriptomic data were analyzed.45 The results showed 
that Meflin mRNA was indeed expressed in fibroblasts that were also positive for Col1a1 and 
Pdgfra but not in conventional pericytes that express Pdgfrb, Acta2 and Cspg4 (Fig. 2A, B). 
Given that type A pericytes positive for the Glast-CreERT2 transgene are a major source of 
proliferating stromal cells in spinal cord fibrosis,11,12,16 we examined the endogenous expression 

Fig. 2  Meflin expression in fibroblasts in the normal mouse spinal cord
Fig. 2A:	 A publicly available data set based upon a single-cell transcriptomic analysis of cells isolated from the 

normal mouse spinal cord (GSE162610) was analyzed, and the selected cell clusters were visualized by 
the UMAP algorithm.

Fig. 2B:	 The data were examined for the expression of Meflin (Islr) and marker genes of fibroblasts (Col1a1, 
Pdgfra), conventional pericytes (Pdgfrb, Acta2, Cspg4), type A pericytes (Slc1a3) and universal fibroblasts 
(Pi16). The fibroblast clusters positive for Meflin (Islr), Col1a1, Pdgfra and Pi16 and the pericyte clusters 
positive for Pdgfrb, Acta2 and Cspg4 are indicated by green and red arrows, respectively.

Islr: immunoglobulin superfamily containing leucine rich repeat
Col1a1: collagen type I alpha 1 chain
Pdgfra: platelet derived growth factor receptor alpha
Pdgfrb: platelet derived growth factor receptor beta
Acta2: actin alpha 2, smooth muscle

Cspg4: chondroitin sulfate proteoglycan 4
Slc1a3: solute carrier family 1 member 3
Pi16: peptidase inhibitor 16
UMAP: Uniform Manifold Approximation and Projection
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of the Slc1a3 gene that codes for Glast. Glast expression was most evident in macrophages 
and glial cells, including astrocytes, microglia and OPCs. Lower levels of expression were also 
detected in fibroblasts (Fig. 2B), consistent with the view that type A pericytes and fibroblasts 
share common features and may in fact be the same cells.14 Interestingly, peptidase inhibitor 
16 (Pi16), reportedly a universal marker of fibroblasts with the potential to give rise to various 
fibroblasts across many diseases and organs,48 was also specifically expressed by Meflin mRNA+ 
fibroblasts. Those data are consistent with the notion that Meflin is a potential indicator for 
the stemness of MSCs.17,49 In this analysis, a cell cluster that represents meningothelial cells or 
meningeal fibroblasts could not be identified due to the lack of a specific marker but may be 
included in the fibroblast cluster.

Persistent expression of Meflin in fibroblasts after SCI induction
The single-cell transcriptomic analysis of cells collected from the injured spinal cord at 7 

dpi showed that Meflin mRNA expression was still restricted in fibroblasts (Fig. 3A, B). In 

Fig. 3  Meflin expression in fibroblasts in the injured mouse spinal cord
Fig. 3A:	 The data set representing a single-cell transcriptomic analysis of cells isolated from the mouse spinal cord 

at 7 dpi (GSE162610). The selected cell clusters were visualized by the UMAP algorithm.
Fig. 3B:	 The data were examined for the expression of Meflin (Islr) and marker genes of fibroblasts (Col1a1, 

Pdgfra), myofibroblasts (Pdgfrb, Acta2), conventional pericytes (Cspg4), type A pericytes (Slc1a3) and 
universal fibroblasts (Pi16). Arrows indicate the fibroblast clusters.

Islr: immunoglobulin superfamily containing leucine rich repeat
Col1a1: collagen type I alpha 1 chain
Pdgfra: platelet derived growth factor receptor alpha
Pdgfrb: platelet derived growth factor receptor beta
Acta2: actin alpha 2, smooth muscle

Cspg4: chondroitin sulfate proteoglycan 4
Slc1a3: solute carrier family 1 member 3
Pi16: peptidase inhibitor 16
UMAP: Uniform Manifold Approximation and Projection
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contrast to a normal spinal cord, most of these Meflin mRNA+ fibroblasts were positive for 
Pdgfrb and Acta2, suggesting that these fibroblasts had been activated, becoming myofibroblasts 
that contributed to fibrosis. These fibroblasts/myofibroblasts expressed the type A pericyte marker 
Slc1a3 more robustly than did fibroblasts in the uninjured spinal cord, suggesting that Slc1a3 
expression was induced in activated fibroblasts during SCI (Fig. 3B).

Downregulation of Meflin expression in activated fibroblasts/myofibroblasts in injured spinal cords
The heterogeneous expression of Acta2 in individual fibroblasts in the injured spinal cords 

suggested differential activation or variable differentiation states (Fig. 3B). We used UMAP 
plotting to cluster all Col1a1+ fibroblasts from the four groups of cells (uninjured, 1 dpi, 3 
dpi and 7 dpi). The data showed that the fibroblasts could be divided into four distinct states, 
termed clusters 0, 1, 2 and 3 (Fig. 4). Meflin mRNA expression was observed in cluster 0, 

Fig. 4  Features of fibroblasts from both normal and injured spinal cords
Col1a1+ fibroblasts were collected from a data set of a single-cell transcriptomic analysis performed on all cells 
collected from a normal spinal cord and injured spinal cords after the induction of SCI (1, 3, and 7 dpi). The 
identified fibroblast clusters (clusters 0, 1, 2, and 3) were visualized with the UMAP algorithm, followed by an 
expression analysis of the indicated genes.
Islr: immunoglobulin superfamily containing leucine rich repeat
Pi16: peptidase inhibitor 16
Pdgfra: platelet derived growth factor receptor alpha
Acta2: actin alpha 2, smooth muscle
Pdgfrb: platelet derived growth factor receptor beta
UMAP: Uniform Manifold Approximation and Projection
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which comprises Pi16+ universal fi broblasts and is therefore considered to be the root of all 
fi broblasts.48 Mefl in mRNA expression in clusters 1 and 2 was variable. In cluster 3, which 
expressed the myofi broblast marker Acta2, Mefl in mRNA expression appeared downregulated. 
Although we could not determine the direction of differentiation by pseudotime analysis, this 
inverse correlation between Mefl in mRNA and Acta2 expression was consistent with our previous 
studies of other fi brotic diseases and cancer. In those settings, we showed that Mefl in mRNA+

fi broblasts differentiate into Acta2+ myofi broblasts that are themselves negative or weakly positive 
for Mefl in mRNA.20,21

Lineage tracing confi rmed the involvement of Mefl in+ fi broblasts following SCI-mediated fi brosis
Finally, to demonstrate the contribution of Mefl in+ fi broblasts to spinal cord fi brosis, we 

intraperitoneally injected TAM into Mefl in-CreERT2; LSL-tdTomato female mice to label some 
Mefl in+ fi broblasts with the RFP tdTomato. That step was followed by a one-week TAM wash-
out period and the induction of SCI (Fig. 5A). Consistent with ISH analysis, IHC for tdTomato 

Fig. 5 Analysis of Mefl in lineage cells after SCI induction in a Mefl in reporter mouse line
Fig. 5A: Female mice (8-10-week-old Mefl in-CreERT2; LSL-tdTomato) were administered TAM (2 mg) three 

times every other day, followed by a one-week washout period and the induction of SCI. 
Fig. 5B: Sagittal sections prepared from the spinal cords at 0 (normal spinal cord), 1, 7, and 14 dpi were stained 

for tdTomato by IHC to visualize Mefl in lineage cells. Boxed areas are magnifi ed in lower panels. 
Arrows denote tdTomato+ cells.
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detected no apparent tdTomato expression in the normal spinal cord, suggesting that there are 
only a few Meflin+ fibroblasts or that Meflin expression was very low under normal conditions 
(Fig. 5B). However, we observed many tdTomato+ cells (Meflin lineage cells) in spinal cord 
tissues prepared from the epicenter at 7 and 14 dpi (Fig. 5B). The fibroblasts located near the 
meninges were not labeled by tdTomato, which may be attributable to the low recombination 
efficiency of Meflin-CreERT2; LSL-tdTomato mice. IF analysis showed that these Meflin cells 
were negative for the glial cell marker GFAP (Fig. 6A) but positive for the myofibroblast marker 
PDGFRβ (Fig. 6B). Those data further support the view that after SCI, Meflin+ cells and their 
lineage are involved in the development of fibrosis but not gliosis.

DISCUSSION

Previously, we showed that Meflin was a marker of undifferentiated fibroblasts or MSCs.17,18 
Here, we showed that it was expressed in at least some subsets of fibroblasts that are most 

Fig. 6  Meflin lineage cells become myofibroblasts following spinal cord injury
Sagittal sections prepared from spinal cords at 14 dpi were stained by IF for tdTomato (red, arrows) and either 
GFAP (A) or PDGFRβ (B) (green). Boxed areas are magnified in lower panels. Arrows denote tdTomato+ cells.
dpi: days post-injury
GFAP: glial fibrillary acidic protein
PDGFRβ: platelet derived growth factor receptor beta
IF: Immunofluorescence
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likely equivalent to type A pericytes, in both normal and injured spinal cords (Fig. 7). Data 
from a single-cell transcriptomic analysis showed that Mefl in was expressed by fi broblasts but not 
conventional pericytes in normal uninjured spinal cords. We found that in injured spinal cords, 
Mefl in expression persisted in activated myofi broblasts, but not in pericytes or glial cells. The 
transition of Mefl in+ fi broblasts to myofi broblasts was proven by a lineage tracing experiment 
using Mefl in-CreERT2; LSL-tdTomato mice. Taken together, the data indicate that Mefl in is a 
marker of fi broblasts that are involved in the development of spinal cord fi brosis (Fig. 7).

Previous studies have explicitly shown the perivascular origin of fi brosis following SCI. Still, 
the cellular terminology has led to arguments and confusion about whether the fi brotic scar 
consists of fi broblasts derived from type A pericytes or perivascular fi broblasts that generally 
reside in the perivascular space.9 The term “type A pericytes” was initially defi ned as cells that 
were recombined in Glast-CreERT2 transgenic mice and invariably located abluminal to type B 
pericytes. It is plausible that type A pericytes and perivascular fi broblasts are in fact the same 
cells.9,11 This issue could be addressed by breeding several reporter mice expressing CreERT2 
under the promoters of the type A pericyte/fi broblast marker genes.9 However, differences in 
recombination effi ciencies between different alleles may hamper conclusions. Mefl in may be an 
excellent marker of type A pericytes/perivascular fi broblasts in this setting, given its expression 
profi le specifi city (Fig. 7).

Fig. 7 Schematic illustration of heterogeneous features of stromal cells in normal and injured spinal cords
The data presented here suggest that Mefl in is preferentially expressed by Col1a1+Pdgfra+ fi broblasts, which 
substantially overlap with type A pericytes, but not Cspg4+Pdgfrb+ classic pericytes in the normal spinal cord. 
The single-cell transcriptomic analysis and clustering showed fi broblast activation retaining Mefl in expression in 
the injured spinal cord, where an inverse correlation between Mefl in and Acta2 was observed. The activation 
of fi broblasts, but not classic pericytes, by spinal cord injury was proven by the lineage tracing experiment 
performed in the present study.
Cspg4: chondroitin sulfate proteoglycan 4
Pdgfrb: platelet derived growth factor receptor beta
Islr: immunoglobulin superfamily containing leucine rich repeat
Col1a1: collagen type I alpha 1 chain
Pdgfra: platelet derived growth factor receptor alpha
Glast: Glutamate/Aspartate Transporter 1
Slc1a3: solute carrier family 1 member 3
Pi16: peptidase inhibitor 16
Acta2: actin alpha 2, smooth muscle
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The present study showed that Meflin+ cells arose around the meninges in injured spinal cords. 
The data imply that some meningothelial cells or meningeal fibroblasts may be very weakly 
positive for Meflin, and its expression in those cells could be activated after SCI. Consistent with 
this, in normal spinal cords, single-cell transcriptomic analysis showed very weak expression of 
Meflin in at least some subset(s) of fibroblasts or fibroblast-like cells. Our previous studies of 
other tissues showed perivascular localization of Meflin+ fibroblasts, with most of them being 
located abluminal to endothelial cells of capillaries and the adventitia of mid- and large-sized 
vessels.17,24,32 Thus, we speculate that Meflin is weakly expressed in perivascular fibroblasts both 
in the parenchyma and meninges of normal spinal cords.

The presence of fibroblasts in the central nervous system (CNS) and their roles in disease have 
attracted considerable interest in the neurosciences.8,9,14-16,50,51 The analysis of a publicly available 
database suggested that Meflin is expressed in fibroblasts of the adult mouse brain,52 implying that 
Meflin+ fibroblasts may be involved in the pathogenesis of CNS diseases such as brain tumors, 
strokes and chronic inflammatory diseases. Our previous studies showed that Meflin+ fibroblasts 
include CAFs in many types of cancer, and that Meflin+ CAFs may have a role in suppressing 
cancer progression or augmenting tumor responses to chemotherapeutics and immune checkpoint 
inhibitors.21,23,28,29,33 Interestingly, recent studies have revealed the presence of Meflin+ CAFs in 
gliomas.53 Importantly, those CAFs promote an immune-evasive cancer stem cell-like phenotype 
in glioblastoma. Thus, it will be important to determine how Meflin+ CAFs are involved in the 
progression of brain tumors in future studies.

We recently showed that the oral administration of Am80, a synthetic retinoid, upregulated 
Meflin expression in CAFs in mouse models of cancer. This treatment significantly improved tu-
mor responsiveness to anti-cancer therapeutics.29,33,54 The possible mechanisms for Am80-mediated 
anti-cancer effects include a decrease in tumor stiffness and increases in tumor vascularity and 
drug delivery.29,33 Interestingly, previous studies reported beneficial effects of Am80 administration 
on the recovery of motor function in a mouse model of SCI.55 Given these findings, it will be of 
interest to investigate whether Meflin expression in fibroblasts is induced by Am80 administration 
in a SCI mouse model and how Am80-mediated induction of Meflin+ expression in fibroblasts 
is involved in the amelioration of SCI-induced motor dysfunction.
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