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a b s t r a c t 

Fibroblasts are typically described as cells that produce extracellular matrix, contribute to the formation of con- 

nective tissue, and maintain the structural framework of tissues. Fibroblasts are the first cell type to be transdif- 

ferentiated into inducible pluripotent stem cells (iPSCs), demonstrating their versatility and reprogrammability. 

Currently, there is relatively extensive characterization of the anatomical, molecular, and functional diversity 

of fibroblasts in different peripheral organs and tissues. With recent advances in single cell RNA sequencing, 

heterogeneity and diversity of fibroblasts in the central nervous system (CNS) have also begun to emerge. Based 

on their distinct anatomical locations in the meninges, perivascular space, and choroid plexus, as well as their 

molecular diversity, important roles for fibroblasts in the CNS have been proposed. Here, we draw inspirations 

from what is known about fibroblasts in peripheral tissues, in combination with their currently identified CNS 

locations and molecular characterizations, to propose potential functions of CNS fibroblasts in health and disease. 

Future studies, using a combination of technologies, will be needed to determine the bona fide in vivo functions 

of fibroblasts in the CNS. 

1

 

t  

p  

s  

l  

t  

t  

a  

c  

c

 

d  

i  

fi  

g  

u  

s  

t  

t  

s  

[

2

 

fi  

V  

o  

w  

e  

a  

m  

p  

h  

w  

a  

c  

p  

[  

l  

h

2

B

. Introduction 

Fibroblasts were first described as a distinct cell type in 1858 by

he German pathologist Rudolf Virchow. The term “fibroblast ” was first

roposed by Ernst Ziegler and echoed by Santiago Ramon y Cajal, to de-

cribe cells that produced new connective tissue upon healing. Fibrob-

asts were first defined by their spindle-shaped morphology and ability

o adhere to plastic. They provide structural frameworks to different

issues by producing diverse extracellular matrix (ECM) components,

nd provide positional information for neighboring cells by secreting

hemokines, cytokines, small molecules, and growth factors [1 , 2] . They

an also serve as progenitors for many cell types [1] . 

As one of the most widely distributed cell types, fibroblasts from

ifferent tissues/organs in the periphery have been extensively stud-

ed in the past 160 years. They showed distinct transcriptional pro-

les, chromatin accessibility, and epigenome profiles [3 , 4] . The hetero-

eneity of fibroblasts within and across organs has been characterized

sing single cell RNA sequencing (scRNA-seq) [2 , 5-7] . Despite exten-

ive studies, a pan fibroblast marker is still lacking [1 , 2] . In contrast

o extensive research in peripheral tissues and organs, characteriza-

ion of the heterogeneity/diversity of fibroblasts in the central nervous
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ystem (CNS), as well as their potential functions, only began recently

8 , 9] . 

. Characteristics of CNS fibroblasts 

The CNS is highly protected by barrier systems. In the CNS,

broblasts are mostly distributed in the meninges, perivascular

irchow-Robin space, and choroid plexus [8] ( Fig. 1 a). Due to the lack

f specific molecular markers, fibroblasts are sometimes confounded

ith pericytes, smooth muscle cells (SMCs), or other mesenchymal cells,

specially in the perivascular space. Fibroblasts, pericytes, and SMCs

ll express PDGFR 𝛽; fibroblasts are in addition PDGFR 𝛼 positive, a

arker that they share with oligodendrocyte precursor cells. Fibroblasts

roduce collagen, and transgenetic mice ( Col1a2CreERT and Col1a1GFP )

ave been used to label fibroblasts. Pericytes and SMCs express NG2,

hile SMCs express Acta2 ( 𝛼SMA). Myofibroblasts differentiating from

ctivated fibroblasts or other mesenchymal cells during pathological

onditions share the marker Acta2 with SMCs. In zebrafish, a subset of

erivascular fibroblasts has been shown to differentiate into pericytes

10] . However, another study in mice found that Col1a1+ perivascu-

ar fibroblasts appeared postnatally, in contrast to pericytes, which
. Yu) . 
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Fig. 1. The distribution of fibroblasts in the CNS. (a) Fibroblasts are localized in the meninges, choroid plexus, and perivascular spaces. (b) Schematic of cellular 

composition, zonation, and distribution of cell types in the meninges and perivascular space. 
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ppeared during prenatal neurovascular development, suggesting that

hey have different lineages [11] . In the perivascular Virchow-Robin

pace, combining positional and morphological information can help to

istinguish fibroblasts from pericytes and SMCs. Pericytes wrap around

apillaries; along penetrating arterioles, SMCs display ring shapes sur-

ounding blood vessels, while perivascular fibroblasts, which localize

o cortical penetrating arterioles and the larger ascending venules, have

attened cell body and thin ruffled processes [8 , 12] ( Fig. 1 b). Strong

imilarities between fibroblasts and mesenchymal stem/stromal cells

MSCs) have also been suggested, including marker expression and dif-

erentiation capacities [13] . However, the definition of MSCs is variable

etween laboratories. Furthermore, most experiments demonstrating

heir differentiation capabilities have been carried out in vitro , under

ifferent culturing conditions. The presence of MSCs in vivo has yet to

e demonstrated conclusively [2] . 

. CNS fibroblast diversity 

Recent scRNA-seq studies have analyzed the transcriptome of CNS fi-

roblasts in mice and humans [14–19] . Fibroblasts from three different

ayers of meninges (dura, arachnoid, and pia) showed distinct gene ex-

ression profiles [20] . Differences between perivascular and meningeal

broblasts have also been described, based on transcriptome analysis.

CM genes are enriched in perivascular fibroblasts, while solute trans-

orter genes are enriched in meningeal fibroblasts, suggesting a poten-

ial role of these cells in regulating solute exchange in and out of the

rain [17] . The lineage relationship between meningeal and perivas-

ular fibroblasts is currently unknown. Choroid plexus fibroblasts from

ifferent ventricles display different gene expression profiles; whether

hese different expression patterns reflect different functions is currently

nknown [21] . 

. The function of CNS fibroblasts in health 

.1. Meningeal fibroblasts 

The importance of meningeal fibroblasts to CNS development was

rst uncovered by the Foxc1 mutant. The lack of functional meningeal

ells in this mutant led to severe CNS developmental deficits [22] .
263
ontact of meningeal cells and astrocytes have been shown to pro-

ote the formation of glia limitans between the meninges and the

rain parenchyma [23] . Meningeal fibroblasts are the major source

f basement membrane. Radial glia sends out processes and attach to

he pial basement membrane; these processes play a structural role in

euronal migration. Meningeal fibroblasts are also the main produc-

rs of retinoic acid, which can regulate cortical neuronal migration and

lood vessel development [20] . Group 2 innate lymphoid cells (ILC2s)

ave been found to colocalize with meningeal fibroblasts which ex-

ress high-level IL33, and likely work together to regulate type 2 im-

unity, similar to in the lung [24] . Recent studies have also shown

hat the meninges can serve as a niche for B cell maturation, and that

eningeal fibroblasts provide key trophic factors for B cell development

25–27] . 

.2. Perivascular and choroid plexus fibroblasts 

The function of perivascular and choroid plexus fibroblasts in CNS

evelopment is largely unknown. In the spleen and other niches, stro-

al cells provide structural anchor and survival factors to macrophages.

ould CNS fibroblasts have similar roles? Dural and perivascular

acrophages have been proposed to directly interact with fibroblasts in

he dural and perivascular space [28] . Notably, perivascular fibroblasts

xpress IL34 and CSF1, ligands of CSF1R, which are essential for the

rowth and differentiation of macrophages. Both fibroblasts and astro-

ytes express Connexin 30 ( Cx30/Gjb6 ). Whether functional gap junc-

ions form between these two cell types is unknown. If these connections

xit, they may provide a highway for signal transduction from the vascu-

ature to the brain parenchyma. Single cell transcriptome of the mouse

rain choroid plexus suggests that fibroblasts in the fourth ventricle may

e involved in hindbrain development, by expressing high levels of Hhip,

tch1, Rbp4 , and Wisp1 [21] . 

. The function of CNS fibroblasts in diseases 

.1. Acute systemic infection 

The location of CNS fibroblasts at the interface between the external

ilieu and brain parenchyma suggests that they may function as gate-
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Box 1 

The functions of CNS fibroblasts in health and disease. 

Health Disease 

• Structural support/ECM 

• Molecular cues for cell (immune 

cells and neurons) migration 

and positioning 

• Regulation of neurogenesis 

• Providing trophic factors 

• Fibrotic scar/fibrosis in spinal cord injury, 

traumatic brain injury, experimental 

autoimmune encephalomyelitis, and stroke 

• Neuroinflammation 

• Tertiary lymphoid organ formation 
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eepers to protect the CNS from external challenges [19 , 29] . In previ-

us work, we found that within 2 h of systemic infection, CNS fibrob-

asts ( Col1a1 expressing cells) are rapidly activated and express many

ytokines at high levels. Some of these cytokines have been shown to

ffect synaptic transmission and microglia activation, while the function

f others is unknown. 

In various immune responses in the periphery, fibroblastic reticu-

ar cells (FRC) in secondary lymphoid organs become activated, un-

ergo remodeling, and attract lymphocytes to secondary lymphoid or-

ans, to mount immune responses. Similarly, following acute infec-

ion in the brain, meningeal and perivascular fibroblasts become ac-

ivated and undergo remodeling. These activated fibroblasts express

CL19 and CCL21, which are critical for recruiting CD8+ T cells to

he CNS and for subsequent pathogen clearance [29 , 30] . While CNS

broblasts are clearly activated following acute systemic infection,

any questions remain unanswered, including: 1) How do CNS fi-

roblasts sense pathogens? 2) To what extent do CNS fibroblasts con-

ribute to glial activation following acute peripheral infection? 3) How

o CNS fibroblasts interact with endothelial cells in vivo to regu-

ate CNS entrance of lymphocytes? In answering these questions, it

s important to understand cellular communication among endothe-

ial cells, perivascular fibroblasts, perivascular macrophages, astro-

ytes, and microglia, especially during the acute phase of systemic

nfection. 

.2. Chronic inflammation 

Over the course of chronic inflammation, tertiary lymphoid organs

TLOs) are formed by lymphoid neogenesis. B cells and T cells are re-

ruited to these sites by follicular dendritic cells (FDC)-like CXCL13 pro-

ucing fibroblasts and T-zone reticular cells (TRC)-like CCL19, CCL21

roducing fibroblasts. TLOs are also found in the meninges, but not

he perivascular space, of multiple sclerosis patients. In the experi-

ental autoimmune encephalomyelitis (EAE) model, a mouse model

f multiple sclerosis, IL-17 and IL-22 secreted by T helper 17 (Th17)

ells are necessary for fibroblast remodeling. Lymphotoxin signaling

n fibroblasts is important for lymph node organogenesis and is re-

uired for TLO maturation. Blocking lymphotoxin signaling ablated

eningeal B cell accumulation and attenuated TLO maturation [29] .

he location preference of TLOs suggests that perivascular fibrob-

asts may have different immunostimulatory potentials from meningeal

broblasts. 

.3. Aging and neurodegenerative diseases 

During aging, lymphocytes such as age-associated B cells, plasma

ells, and T cells have been found to accumulate in the CNS [18 , 25 , 31] .

he exact mechanism driving this accumulation is unclear, although fi-

roblasts likely play an important role. Reducing CXCL12 level in stro-

al cells using Pdgfr 𝛽CreERT2 decreased the number of dural CD4 T cells

18] . CXCL12 also contributes to the migration of B cells, plasma cells,

nd other cells. Our preliminary results suggest that the expression of

XCL12 is elevated in the CNS of aged mice. 

It is important to examine whether other chemokines, including

CL19, CCL21, and CXCL13, with demonstrated roles in T cell and B

ell migration in the periphery, also contribute to aging-induced lym-

hocyte inflation in the CNS. These chemokines are mostly expressed by

broblasts. In the spleen, the expression of CCL19, CCL21, and CXCL13

re age-dependent [32] ; whether their expression in the brain is also

ge-dependent is unknown. 

Fibroblasts are also involved in neurodegenerative diseases. In the

re-symptomatic stages of ALS, increased activity of perivascular fibrob-

asts in the enlarged perivascular spaces is observed. Increased levels of

he perivascular fibroblast marker SPP1 in the plasma predicted shorter

urvival time in ALS patients [33] . These results suggest that perivas-

ular fibroblasts may contribute to disease progression. In the brain of
264
lzheimer’s disease (AD) patients, there is extensive loss of fibroblasts

17] . Retinoid acid synthesis enzymes are strongly down-regulated in

he fibroblasts of AD patients. In Lewy body dementia, high levels of

XCL12 in the cerebrospinal fluid, typically released by the fibroblasts

nd other stromal cells, is associated with entry of CD4+ T cells into the

rain parenchyma, and neuronal damage [34] . 

.4. CNS injury and regeneration 

A major issue following CNS injury is the formation of scar tissue,

hich interferes with axon regeneration. Scar tissues include inner fi-

rotic components and outer glial components. Glast+ type A pericytes

ave been suggested to form fibrotic scar following spinal cord injury

SCI) [35] . Reducing the fibrotic scar through inhibition of Glast+ type A

ericyte proliferation facilitated axon regeneration [36] . Another study

ound that fibrotic scar is generated by Col1a1+ NG2− fibroblasts [37] .

s fibroblasts and pericytes both express Glast , these studies may refer to

he same population by different names. Fibrotic scar formation also oc-

urs in the EAE model, with scars mostly containing Col1a1+ fibroblasts

8] , and also following traumatic brain injury (TBI). Meningeal fibrob-

asts also contribute to astroglial scar formation through direct interac-

ion with astrocytes [38 , 39] . Remodeling of collagen fibers in the ECM

an recruit macrophage through mechanical cue [40] . Macrophages and

icroglia are the major sources of profibrotic cytokine transforming

rowth factor- 𝛽1 (TGF- 𝛽1), which promotes myofibroblasts differenti-

tion. Dissection of the intercellular communication network between

broblasts and microglia/macrophages may provide new insights into

CI treatment. 

Several studies suggested that cell transplantation may be a feasi-

le method for repairing SCI and/or TBI. As fibroblasts are highly plas-

ic, similar to mesenchymal stem cells, would it be possible to repro-

ram scar-forming fibroblasts into neurons, oligodendrocytes, and/or

ther cell types, to reduce scaring and repair the injury at the same

ime? An analogous strategy has been successfully used in skin, liver,

nd heart repair [41–44] . Over-expression of Ascl1, Brn2, and Myth1l

ave transformed fibroblasts into functional neurons [45] . Although

revious studies were carried out using cultured cells, it may be pos-

ible to transform scar-forming fibroblasts into neurons in vivo fol-

owing CNS injury, via overexpression of specific sets of transcription

actors. 

. Conclusion and future directions 

Taking advantage of scRNA-seq, remarkable progress in understand-

ng CNS fibroblasts has been made in the past several years. Dif-

erent fibroblast subsets and states have been found in different re-

ions of the CNS in health and disease states ( Box 1 ). The unexpected

iversity of fibroblasts in the CNS supports the notion that fibrob-

asts are not only structural cells, but play active roles in CNS de-

elopment, neuroinflammation, aging, neurodegenerative diseases, and

njury. 

Many important opportunities/questions are outstanding ( Box 2 ).

ould systematic comparison of CNS fibroblasts and those from other

issues help to identify the unique features of CNS fibroblasts? Within

he CNS, would single cell level spatial RNA-seq identify region-specific
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Box 2 

Open questions and future opportunities in CNS fibroblast research. 

Development 

• How are CNS fibroblasts different from fibroblasts in other tissues? 

• Do CNS fibroblast subtypes have a single common lineage? 

• What are the key regulators of CNS fibroblast differentiation? 

• Are there specific markers of CNS fibroblasts? 

Physiological function 

• How do fibroblasts transduce information between the external milieu and the 

brain parenchyma? 

• Do different CNS fibroblasts subtypes have different functions? 

• How is the “fibroblast-immune cell niche ” organized in the meninges, 

perivascular space, and choroid plexus? 

• Do fibroblasts contribute to CSF waste clearance? 

• Through what signaling mechanisms do fibroblasts communicate with astrocytes, 

microglia, and neurons following CNS injury or infection? 

• Can scar-forming fibroblasts be transformed into functional cells to repair CNS 

injury? 

• Do fibroblasts play a role in glioblastoma? 

• How does fibroblast signaling affect the progression of neurodegenerative 

diseases? 
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broblasts, and could lineage tracing clearly dissect the origin of dif-

erent subsets of CNS fibroblasts? Can scar-forming fibroblasts be trans-

ormed into functional cells to repair CNS injury? Combining GWAS

esults with the transcriptome of CNS fibroblasts, several human neu-

ological disease-related genes are found to be enriched in CNS fibrob-

asts. Could dysregulation of gene expression in CNS fibroblasts induce

iseases? If so, would targeting fibroblasts provide new strategies for

reating neurological diseases? 

Interactions between fibroblast and immune cell interactions in

ealth and disease are likely critical for maintaining CNS homeosta-

is. By raising more questions than providing answers, we hope to

raw attention to the emerging role of CNS fibroblasts in health and

isease, and encourage investigations into their in vivo physiological

unctions. 
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