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Abstract

Extracellular matrix (ECM) gives structure, support, and is the niche for several cells found in skeletal muscle.
ECM is mainly produced by muscle connective tissue (CT) fibroblasts during development and regeneration.
Stromal fibroadipogenic progenitors (FAPs) are CT fibroblasts-like mesenchymal progenitors (MPs) with
important roles in regeneration and degeneration. Chronic damage restrains the normal regenerative behavior
of muscle fibroblasts/FAPs. Thus, the isolation and study of these mesenchymal progenitors are of crucial
importance for understanding their behavior and biology. We investigated whether adult muscle CT fibroblasts
(hereafter referred to as adherent fibroblasts [aFbs]) cultured via pre-plating strategy belong to a
heterogeneous population of FAPs. By combining microscopy, western blot analyses, flow cytometry, and
FACS we determined that aFbs isolated from skeletal muscle largely overlap with FAPs. In addition, we used
the PDGFRαEGFP mice in order to corroborate our results with EGFP+ FAPs. Moreover, our strategy allows
the isolation of activated EGFP+ FAPs from the murine DMD model PDGFRαEGFP; mdx and PDGFRαEGFP

denervated mice. Here we report that 1 h 30 min of pre-plating strategy allows the isolation and culture of a
highly enriched population of aFbs. These cells are phenotypically and biochemically a FAPs-like population
of adherent cells. In addition, aFbs respond in the same fashion as FAPs to Nilotinib, an inducer of FAPs
apoptosis. Moreover, flow cytometry characterization of these aFbs suggests that 85% of them express the
MPmarker PDGFRα, and isolation of aFbs from the PDGFRαEGFP mice suggests that 75% of them show high
EGFP expression. Furthermore, TGF-β1 induces aFbs proliferation, myofibroblast differentiation, and ECM
production. We were also able to isolate activated aFbs from skeletal muscle of the DMD mice and from the
PDGFRαEGFP mice 2-days after denervation. Our findings suggest that the in vitro pre-plating strategy allows
the isolation and culture of a relatively pure aFbs population, which resembles FAPs in vitro.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adult skeletal muscle is formed by multinucleated
myofibers and their surrounding connective tissue
(CT) that gives structure and joins the muscle fibers
together. The CT is composed of stromal fibroblasts
or mesenchymal progenitors (MPs) and extracellular
matrix (ECM) [1]. The muscle milieu is highly
uthor. Published by Elsevier B.V. This
g/licenses/by-nc-nd/4.0/).
complex in structure and different cell populations
co-exist participating in tissue homeostasis and
regeneration [2]. In order to understand the complex
mechanisms controlling CT development, establish-
ment, and muscle fibrosis it is important to consider
the stromal MPs that regulate these processes.
Muscle CT fibroblasts express the Wnt Tcf/Lef family
member Tcf7l2 (Tcf4) transcription factor (TF) [3]. In
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mouse and chick embryos, CT fibroblasts are
restricted to muscle CT and are organized along
with the ECM component collagen type I [3–5]. In
addition, the existence of human CT fibroblasts
(Tcf7l2-expressing cells) was demonstrated and
shown to expand after human muscle injury and
stimulate human myogenesis [6].
A similar population of CT MPs called fibroadipo-

genic progenitors (FAPs), has been described to
play an important role in mouse skeletal muscle
regeneration, and mouse and human fibro-fatty
degeneration [7–9]. Like CT fibroblasts, FAPs do
not arise from the myogenic lineage [3,7,8]. These
multipotent MPs can differentiate in vivo and in vitro
to potentially become myofibroblasts, adipocytes,
chondrogenic, and osteogenic cells [8,10,11].
CD140a (platelet-derived growth factor receptor α,
PDGFRα) is widely used as MPs and FAPs marker,
and CT fibroblasts also express this receptor
[4,5,12]. In addition, the Odd-Skipped genes Osr1
and Osr2 are expressed in CT fibroblasts [13]. Osr1
is expressed in an embryonic MP population of
stromal FAP-like cells found in limb muscles [12].
Additionally, Osr1 and Tcf7l2 (Tcf4) expression
identifies distinct but overlapping muscle CT fibro-
blast populations [12]. Furthermore, we demonstrat-
ed that the number of MPs (Tcf7l2+/PDGFRα+) is
increased in three different models of muscle
fibrosis: mdx mice, barium chloride-induced chronic
damage, and muscle denervation. These results
suggest a prominent role for these cells in skeletal
muscle fibrosis [4]. Moreover, Tcf7l2+/PDGFRα+

MPs are augmented in skeletal muscles of the
symptomatic hSOD1G93A mice (amyotrophic lateral
sclerosis (ALS) murine model), concomitantly with
increased fibrosis and TGF-β levels [14]. Indeed, as
these cells are necessary to fully resolve the
damaged tissue during normal skeletal muscle
regeneration is thought that their dysregulated
activity in chronic fibrotic diseases is the main
cause for fibro-fatty pathology and failed tissue
repair [4,10,15]. Transforming growth factor type-
beta (TGF-β) is a major cytokine regulating muscle
fibrogenesis [16,17] and its actively regulated by
ECM components [18,19]. Activated TGF-β signal-
ing correlates with reduced tissue regeneration,
angiogenesis and function, and increased fibrosis
[19–21]. TGF-β signaling induces FAP and mesen-
chymal progenitor proliferation, ECM production and
myofibroblastic differentiation [8,15,22]. Thus, un-
derstanding the role of TGF-β signaling in MPs and/
or fibroblasts, the effector cells of fibrosis, is
important for the development of new and effective
anti-fibrotic approaches.
Human PDGFRα MPs have been found to be

causative cells for fibro-fatty deposition in Duchenne
Muscular Dystrophy (DMD) patients [9]. Because the
starting volume of human tissue obtained from
muscle biopsy is limited the authors used a pre-
plating strategy. Thus, they enzymatically digested
human muscle and then cultured the dissociated
cells [9]. Pre-plating strategies have been exten-
sively used to isolate, culture, and study CT
fibroblasts, MPs and FAPs biology [5,9,23,24]. It is
an affordable procedure for the isolation of highly
pure MPs and for the rapid and selective growth of
adherent stromal MPs. Different methods have been
used to study MPs biology, which includes the use of
in vivo approaches [25,26] and in vitro culture
systems [27]. When in vivo approaches are used it
is difficult to identify cell type functions and mecha-
nisms. In vitro culture systems of MPs isolated from
the tissue is an experimental approach with con-
trolled in vitro conditions where different cytokines
and inhibitors, among other elements, can be used in
order to study their specific role or effects on these
cells. The best example of this in vitro strategy is the
monolayer study of myoblast precursors or myogen-
ic progenitors [28]. In addition, pre-plating strategies
for muscle MPs identification and isolation permits a
rapid, high yield of cells. Moreover, flow cytometry or
FACS are not required, which in turn avoids the
potential effects of shear stresses on the desired
cells, and finally, the relatively long time and cost
involved in these procedures.
Here, we describe the isolation and culture of adult

muscle CT fibroblasts, and we discuss how this
method could be useful to isolate aFbs, as these
cells mostly resemble FAPs in monolayer culture. By
using different methodologies and techniques, in-
cluding flow cytometry and FACS, we studied
whether aFbs recapitulate in vitro multiple behaviors
described for FAPs. The PDGFRαEGFP reporter
mouse strain [29], where PDGFRα-expressing cells
(FAPs) are identified by EGFP expression, was
useful to corroborate that a high proportion of the
adherent cells are EGFP+ cells at passages 1 and 2.
The aFbs in vitro population responds to Nilotinib in
the same fashion as FAPs do, inducing their
apoptosis. Western blot analyses of MPs markers
(PDGFRα and αSMA) can differentiate this popula-
tion of cells from muscle myogenic progenitors
(Pax7+). In addition, aFbs stimulated with TGF-β1
responds by proliferating and differentiating into
myofibroblasts along with increasing ECM produc-
tion and deposition. This pre-plating strategy de-
scribed here, also allowed us to isolate activated
aFbs from muscles of the mdx mice and 2-day
denervated muscles.
2. Methods

2.1. Mice and approval of the study

Mice protocols and experiments were conducted
in strict accordance and with formal approval from
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the Animal Ethics Committee of the Pontificia
Universidad Católica de Chile (ID protocol:
160512005). Mice were housed in standard cages
under 12-h light-dark cycles and fed ad libitum with a
standard chow diet. For wild type studies, 2- to 4-
month-old C57Bl/10ScSc mice (hereafter referred to
as wild type, WT) were used. In addition, 2 to 3-
month-old Pdgfra tm11(EGFP)Sor mice (JAX stock
#007669 B6.129S4-Pdgfra tm11(EGFP)Sor/J) were
used [29]. PDGFRαEGFP mice were genotyped
using the standard PCR protocol described by
Jackson (https://www.jax.org/strain/007669). For
aFbs isolation from mdx muscles, we crossed male
C57Bl/10ScSn-mdx mice with hemizygous female
B6.129S4-Pdgfra tm11(EGFP)Sor/J mice. The mice
used were the F1 males (2- to 3-month-old). All
surgeries were performed after the mice had been
anesthetized with 2.5% to 4% of isoflurane gas in
pure oxygen. The mice were euthanized with
cervical dislocation at the ages indicated in each
figure, and the tissues were immediately processed
for enzymatic digestion. In addition, muscles were
processed either by direct freezing in liquid nitrogen
for protein or in 2-methylbutane cooled with liquid
nitrogen for histological analysis as described below.

2.2. Muscle denervation

Sciatic nerve denervation was performed unilaterally
on 2- to 3-month-old PDGFRαeGFP mice. To constrain
the sciatic nerve regeneration a section of 1 mm was
removed [30]. Animals were euthanized 2-days after
denervation, and the gastrocnemius, soleus, extensor
digitorum longusm, and tibialis anterior muscles from
the contralateral and denervated hind limbs were
collected for enzymatic digestion and post-pre-plating
strategy [4]. Contralateral muscles of the non-dener-
vated limb were used as controls.

2.3. Reagents

Nilotinib (AMN-107) (CDS023093, Sigma-Aldrich,
St. Louis, MO, USA) was reconstituted in DMSO
(D2650, Sigma-Aldrich, USA), and cells were treated
at final concentrations indicated in the corresponding
figures. DMSO was used as a control. Cells were
treated with recombinant hTGF-β1 (#580702, Biole-
gend, USA) in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 1% (v/v) fetal bovine
serum and penicillin/streptomycin in a 5% CO2
atmosphere at the concentrations and times indicat-
ed in the corresponding figure legend.

2.4. Isolation of adult adherent muscle CT tissue
fibroblasts (aFbs)

aFbs were isolated from limb muscles from 2- to 5-
month-old mice, as previously described with some
modifications [5,24]. Briefly, isolated muscles were
washed oncewith PBS1× andDMEMon ice. Tendons
and adipose tissue were carefully discarded. Muscles
were then cut in small pieces with scissors and
smashed with blades (or scissors) on ice. Then, they
were digested with collagenase type 1 (Worthington
Biochemical, Lakewood, NJ) or Collagenase/Dispase
(#11097113001, Sigma-Aldrich, St. Louis,MO,USA) in
DMEM for 30–45 min in a thermo-regulated water bath
with constant rotation at 37 °C. Of note, several
collagenases were used showing similar results and
yields. At the end of the incubation time, the muscle
samplewas vortexed, andDMEM10%FBS (vol/vol) or
FACS buffer (supplemented PBS containing 2 mM
EDTA and 2% FBS) was added to stop the enzymatic
digestion. The samplewas then passed through 70-μm
and 40-μmnylonmesh filters (BectonDickinson, USA).
After centrifugation at 1000g for 10 min, the superna-
tant was discarded, and the pellet resuspended in
DMEM 10% FBS and then cultured for 1 h and 30 min
in polystyrene 100 mm or 60 mm TC-treated Culture
Dish (Corning, USA). Next, aFbs were maintained with
DMEM10%FBS and the supernatant discarded (other
cells, i.e., myoblasts). aFbs were kept at 37 °C, 5%
CO2, and 95% humidity. Isolated aFbs were used from
passages 0 to 3. In general, passaging aFbs is
associated with loss of multipotency. However, aFbs
can be passaged 1–2 times at 70% confluence.

2.5. Flow cytometry/FACS

For flow cytometry and FACS of the aFbs, cells
were washed two times with PBS 1× before the
addition of extraction buffer (0.5% BSA, 1 mM
EDTA, 1 mM EGTA, pH 7.4 (1 volume) + 0.05%
Trypsin-EDTA (1 volume) (#15400054, Gibco Fisher
Scientific, USA)). aFbs were incubated at 37 °C until
they detached from the plate and then collected by
pipetting, and centrifuged at 1000g for 8 min. After
pellet resuspension in FACS buffer; cell preparations
were passed through a 70-μm, and then 40-μm cell
strainer (Becton Dickenson, USA). Resulting single
cells were collected by centrifugation at 1000g for 5
min. Cell preparations were incubated with primary
antibodies for 30 min at 4 °C in FACS buffer at ~1 ×
107 cells per ml. We used the following monoclonal
primary antibodies: anti-CD31 (clones MEC13.3,
Becton Dickenson, and 390, Cedarlane Laborato-
ries), anti-CD45 (clone 30-F11, Becton Dickenson),
anti-Sca-1 (clone D7, eBiosciences) and anti-α7
integrin (clone R2F2) (AbLab). Typical antibody
dilutions used were: anti-CD31, 1:400–500; anti-
CD45, 1:400–500; anti-Sca-1, 1:2000–4000; anti-α7
integrin, 1:1400. For all antibodies, we performed
fluorescence minus one control by staining with
appropriate isotype antibodies. To assess viability,
cells were stained with SYTOX™ Blue Dead Cell
Stain, which detects dead cells, for flow cytometry
following the provider's instructions (#S34857, Ther-
mo Fisher Scientific, USA).

https://www.jax.org/strain/007669
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2.6. Crystal violet stain

For Fig. 1i and Fig. S1f, after Nilotinib treatment the
cells were washed twice in cold PBS 1× and then
fixed in 100% cold methanol (−20 °C) for 2 min. After
methanol removal, Crystal Violet Staining Solution
(0.5% w/v) (C3886, Sigma-Aldrich, St. Louis, MO,
USA) was added and immediately washed with
abundant distilled water. Stained cells were imaged
in a Nikon Eclipse N600 microscope. We measured
cell numbers in 5 randomly chosen fields from three
independent experiments. Quantifications were
done using ImageJ software with the cell counter
plugin (version 1.46r, NIH, USA).

2.7. Protein extraction and western blot analysis

Protein extracts from cells were obtained using
RIPA 1× lysis buffer (#9806, Cell Signaling, MA,
USA) plus protease/phosphatase inhibitors
(#P8340/#P0044, Sigma-Aldrich, USA), and 1 mM
phenylmethylsulfonyl fluoride (Sigma-Aldrich, USA).
Then, the cells were sonicated for 10 s and centri-
fuged at 9000g. Proteins were quantified with the
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Micro BCA assay kit, following the manufacturer's
instructions (Pierce, IL, USA). Extracts were subject-
ed to SDS-PAGE electrophoresis in 9% polyacryl-
amide gels, transferred to PVDF membranes
(Millipore, CA, USA), and probed with primary
antibodies: goat anti-PDGFRα (1:1000) (#AF1062,
R&D Systems, Minneapolis, MN, USA), mouse anti-
αSMA (1:1000) (Sigma-Aldrich, St. Louis, MO, USA),
rabbit anti-Integrin β1 (M-106) (1:1000) (sc-8978,
Santa Cruz, USA), rabbit anti-fibronectin (1:10,000)
(F3648, Sigma-Aldrich), mouse anti-Pax7-c (1:1000
from concentrate) (Developmental Studies Hybrid-
oma Bank), mouse ant i -GAPDH (1:5000)
(#MAB374, Millipore, CA, USA), mouse anti-α-
tubulin (1:5000) (#T5168, Sigma-Aldrich). Then,
primary antibodies were detected with a secondary
antibody (1:5000) conjugated to horseradish perox-
idase: mouse anti-goat IgG, #31400; goat anti-rabbit
IgG, #31460; and goat anti-mouse IgG, #31430
(Pierce, IL, USA). All immunoreactions were visual-
ized by enhanced chemiluminescence Super- Signal
West Dura (34075, Pierce, IL, USA) or Super Signal
West Femto (34096, Pierce, IL, USA) by a Chemi-
Doc-It HR 410 imaging system (UVP, CA, USA).

2.8. Indirect immunofluorescence

For immunofluorescence analyses, the cells were
seeded on 9.2 cm2 tissue culture dishes (TPP
#93040). At the end of experiments, cells were
washed three times with PBS 1×, fixed for 10 min in
cold 4% paraformaldehyde, and washed with PBS
again. Then, the cells were permeabilized with PBS,
0.1% Triton X-100 for 2 min, blocked for 30 min in
blocking buffer (PBS, 0.1% Triton X-100, 1% BSA,
1% fish gelatin) and incubated with the primary
antibody overnight: rabbit anti-Ki67 antibody (1:50)
(#15580, Abcam), mouse anti-alpha-smooth muscle
actin (αSMA) (1:200) (#A2547, Sigma-Aldrich), goat
anti-PDGFRα (1:75) (#AF1062, R&D Systems, Minne-
apolis,MN,USA), goat anti-myogenin (F5D) (1:50) (#sc-
12732, Santa Cruz), mouse anti- Pax7-c (1:50 from
concentrate) (DevelopmentalStudiesHybridomaBank),
Fig. 1. Adult adherent fibroblasts are likely fibro/adipog
describing the time-course of adherent fibroblasts following th
reporter mice were used to quantify the % of adherent EGFP+

(right graph). n = 3. The values correspond to the mean ± SEM
adherent fibroblasts (EGFP+) following the pre-plating strate
structure. Hoechst (blue) was used to identify nuclei. Scale ba
factor (green) and αSMA (red) at passage 0. Hoechst (blue
expressing Tcf7l2 (red) and EGFP (green) at passage 1. Sc
showing EGFP+ FAPs and Tcf7l2-expressing cells in the tib
nuclei. Scale bar: 50 μm. g. Bright field images comparing aFb
Blot analysis showing the relative protein levels of PDGFRα, Pa
1. Tubulin was used as a loading control. i. Representative c
Nilotinib treatment (5 μM) at passage 1. j. The graph shows th
Nilotinib treatment. n = 3; ***P b 0.001. The values correspond
rabbit anti-fibronectin (1:100; F3648; Sigma-Aldrich),
rabbit anti-perilipin A/B (1:250) (#P1873, Sigma-Aldrich,
USA), rabbit anti-Tcf7l2 (TCF4) (1:75) (#C48H11, Cell
Signaling, USA). Next, the samples were washed with
PBS and incubated for 1 h at room temperature with
Alexa Fluor secondary antibodies (1:500) (Invitrogen,
CA, USA). Next, Hoechst 33258 was added for 10 min
for nuclei staining. Cells were washed with PBS, and
DAKO fluorescent mounting medium (Dako North
America Inc., CA, USA) was added. To stain F-actin
Alexa Fluor 568 Phalloidin was added to the cells
according to the provider's instructions (#A12380,
Thermo- Fisher, MA, USA) for 10 min along with
Hoechst. Confocal images were imaged on a Nikon
Eclipse C2 si confocal spectral microscope using NIS-
Elements AR software 4.00.00 (build 764) LO, 64 bits.
TheobjectiveusedwasPlanApoVC60×OilDICN2NA
1.4. Figs. 1c, e, i, 2c, 3d, Fig. S1a, c, ewere imaged on a
Nikon Eclipse E600 epifluorescence microscope.

2.9. Immunofluorescence analyses of Ki67+

cells

The percentages of Ki67-positive cells were
determined using ImageJ software (version 1.46r,
NIH, USA) by analyzing particle function after image
type transformation to 8-bit or by counting the
positive cells individually per field using the cell
counter plugin. Hoechst staining was used to
determine total cell count. For each experimental
condition, counts of 8 to 10 randomly chosen fields
were averaged for three independent experiments.

2.10. RNA isolation, reverse transcription, and
quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA from cultured cells was isolated using
TRIzol (Invitrogen, CA, USA) according to the
manufacturer's instructions. RNA integrity was cor-
roborated as described before [31]. Two microgram
RNA was reverse transcribed into cDNA using
random primers and M-MLV reverse transcriptase
enic progenitors. a. Representative bright-field images
e pre-plating strategy. Scale bar: 50 μm. b. PDGFRαEGFP

cells (FAPs) in the culture at passages 1 (left graph) and 2
. c. Representative immunofluorescence images showing

gy at passage 2. F-actin (red) was used to label the cell
r: 50 μm. d. aFbs expressing the Tcf7l2 (Tcf4) transcription
) was used to identify nuclei. Scale bar: 50 μm. e. aFbs
ale bar: 50 μm. f. Confocal immunofluorescence images
ialis anterior muscle. Hoechst (blue) was used to identify
s with muscle progenitors (MPs) at passage 1. h. Western
x7, and αSMA in aFbs and muscle progenitors at passage
rystal violet staining images of aFbs survival after 72 h of
e quantification of aFbs cell number per field after 72 h of
to the mean ± SEM.



Fig. 2. Prospective FACS analyses of adherent fibroblasts. a. Sequential gating strategy used to distinguish FAPs from
aFbs via pre-plating at passage 2. Common gating using FSC (linear scale) andSSC (logarithmic scale) to discard debris and
identify the total cell population (all population). SSC vs Sytox blue was used to distinguish live cells. CD31/CD45/α7-integrin/
Sca-1 vs SCC gating allows to discriminate between endothelial (CD31+), hematopoietic (CD45+), (α7-integrin+) muscle
progenitors, and the Sca-1+ population (FAPs). Hence, aFbs are likely Sca-1+ FAPs (~85% of purity). b. PDGFRαEGFP

reportermicewere used for FACSanalysesof culture aFbs (EGFP+ cells) at passage2. ~75%of the aFbsareEGFP+ FAPs c.
Sorted EGFP+ cells from the pre-plating strategy express αSMA (red). eGFP− cells (lower panels) forming a single myocyte
with 2-nuclei. d. Bright field images showing the cellular morphology of EGFP+ FAPs vs GFP− cells 5 days after FACS. e.
Confocal images showingPDGFRα, MyoG, andPax7 labeling inEGFP-sorted cells. f. Bright field images showing the cellular
morphology of EGFP+ FAPs vs myogenic progenitor cells 3 days after FACS.
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(Invitrogen, CA, USA). RT-qPCR was performed in
triplicate with the Eco Real-Time PCR System
(Illumina, CA, USA), using primer sets for Ccn2/
Ctgf, αSMA (Acta2), and the housekeeping gene
18S (used as a reference gene). The ΔΔCt method
was used for quantification, and mRNA levels were
expressed relative to the mean level of the control
condition in each case. We analyzed and validated
each RT-PCR expected gene product using a 2%
agarose gel.



Gene Forward primer (5′-3′) Reverse primer (5′-3′)

Ccn2/Ctgf
αSMA (Acta2)
18S

CAGGCTGGAGAAGCAGAGTCGT
TCCCTGGAGAGGAGCTACGA
TGACGGAAGGGCACCACCAG

CTGGTGCAGCCAGAAAGCTCAA
CTTCTGCATCCTGTCAGCAA
CACCACCACCCACGGAATCG
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2.11. Statistical analysis

Mean and SEM values, as well as the number of
experiments performed, are indicated in each figure.
The two-tailed Student t-test was performed when
two conditions were compared. Differences were
considered significant with a P value b 0.05. Data
were collected in Microsoft Excel (Redmond, WA,
USA), and statistical analyses were performed using
Prism 5 software (GraphPad, CA, USA).
3. Results

3.1. Adult muscle adherent fibroblasts are likely
fibroadipogenic progenitors in vitro

We isolated, through a pre-plating strategy and
culture, aFbs from wild type skeletal muscle based
on previous descriptions [24,32]. These cells adhere
to the plastic plate after 1 h 30 min of culture and
they do look like MPs with fibroblast morphology
after 48 and 72 h of adhesion (Fig. 1a). Next, we took
advantage of the PDGFRαEGFP mice as EGFP+

FAPs are found in limb skeletal muscles (Fig. S1a, b)
[15]. Importantly, EGFP+ FAPs can be easily
distinguished in our total tissue preparation after
enzymatic digestion and before pre-plating because
of EGFP expression (Fig. S1c). Hence, we cultured
aFbs using the same pre-plating strategy described
above and quantified the percentage of EGFP+ cells
(hereafter referred to as FAPs) after passage 1 and 2
in the monolayer culture. Approximately, 80 to 85%
of the aFbs were EGFP+ at passage 1 and 2,
respectively (Fig. 1b, c). As previously suggested, a
majority of these cells express the CT fibroblast
marker Tcf7l2 (Tcf4) transcription factor [4,5,12], and
αSMA [7] at passage 0 and 1 (Fig. 1d, e). Tissue-
resident FAPs co-expressing EGFP and Tcf7l2 are
present in the tibialis anterior muscle (Fig. 1f). Then,
we simultaneously cultured aFbs and muscle pro-
genitors via pre-plating and analyzed the protein
levels of different markers for each cell type (Fig. 1g).
Fig. 1h shows that aFbs expressed high levels of the
mesenchymal progenitor markers PDGFRα and
αSMA, while muscle progenitors express the paired
box 7 protein (Pax7) at passage 1 [33]. Thus, our
results suggest that the majority of the aFbs cultured
via pre-plating are likely adult FAPs. In addition,
when we analyzed the adherent cells from the
PDGFRαEGFP reporter mice without applying the
pre-plating strategy, a large proportion of small and
rounded myoblast progenitors (EGFP−) can be
observed along with adherent FAPs (EGFP+),
which means that a mixed culture of different cell
populations results (Fig. S1e). Finally, in order to
corroborate that aFbs behave as FAPs in vitro, we
treated them with the tyrosine kinase inhibitor
Nilotinib. Nilotinib is known to induce FAPs apopto-
sis but does not have the same effect on myoblasts
[15,31]. Thus, we asked whether Nilotinib could also
be impairing aFbs survival in culture as it was
described for FAPs [15,38]. Nilotinib treatment for
72 h significantly reduces the number of aFbs (Fig.
1i), suggesting that aFbs are likely to respond to
Nilotinib as FAPs do. Nilotinib reduces aFbs number
by 90% (Fig. 1j), probably by inducing aFbs growth
arrest followed by its death (Fig. S1f) [15]. Overall,
these data suggest that adult aFbs via pre-plating
culture are FAPs-like cells in vitro.

3.2. Prospective FACS analyses of adherent
fibroblasts

FAPs can be distinguished in flow cytometry
experiments based on the expression of CD34,
stem cell antigen-1 (Sca1), PDGFRα, and on the
lack of expression of the blood lineage (CD31−/
CD45− (Lin−)) and the myoblast marker integrin-α7
(Intα7−) [2,7,8]. Thus, we performed flow cytometry
analyses of aFbs at passage 2 (Fig. 2a). Fig. 2a
shows that 85% of aFbs at passage 2 are FAPs-like
cells being Lin−, and Intα7−, but expressing Sca-1.
Next, we asked whether the PDGFRαEGFP mice
could be useful for flow cytometry analyses of
isolated and cultured EGFP+ aFbs. Fig. 2b shows
flow cytometry identification of PDGFRα+ cells,
based on EGFP expression, from aFbs population
at passage 2. The analysis shows that ~75% of aFbs
in culture expressed the fusion protein H2B-EGFP
(Fig. 2b). Then, we decided to sort and culture the
previously identified populations (EGFP+ vs EGFP−)
and evaluate how they look in culture after sorting
(Fig. 2c). We observed that almost all the EGFP+-
sorted aFbs express αSMA and have fibroblast/
myofibroblast features, such as prolonged cytoplas-
mic protrusions and large nuclei (some were binucle-
ated) after 4 days in culture (Fig. 2c, d). However,
none of the EGFP−-sorted cells have fibroblast/
myofibroblast characteristics and they look like
muscle progenitors/myocytes (Fig. 2c, d). EGFP+

sorted cells expressed PDGFRα, but not MyoG or



Fig. 3. In vitro fibroadipogenic potential of adherent fibroblasts. a. Quantification of FAPs (adherent EGFP+ cells) num er per field. TGF-β1 (5 ng/mL) treatment for
4 h increases FAPs number. b. Evaluation of proliferation as the percentage (%) of Ki67-positive adherent EGFP+ cells r field in control or TGF-β1-treated adherent
GFP+ cells. The values correspond to the mean ± SEM (n = 3). *P b 0.05; Control vs TGF-β1; with two-tailed Student's -test. c. qRT-PCR of Ctgf and αSMA (Acta2)
RNA levels in TGF-β1-treated aFbs. d. Immunofluorescent analyses of Fibronectin (red) in adherent EGFP+ cells unde TGF-β1 treatment for 24 h. Fibronectin was
sed to identify the ECM of FAPs. Scale bar: 50 μm. e. Western Blot analysis showing the relative protein levels of β1- tegrin and fibronectin in control or TGF-β1-
reated aFbs. Tubulin was used as a loading control. f. Representative Western Blot showing PDGFRα protein levels after erial passaging of aFbs (P0: Passage 0, P1:
assage 1, and P2: Passage 2). Tubulin was used as a loading control. g. Bright field images of aFbs following the pre- lating strategy 5 days after culture in growth
edia (GM) (left panel) or after 5 days in GM followed by 4 days in adipogenic media (Adip. M) (right panel). h. Immunofluo scence analyses of Perilipin (red) in EGFP+

ells after 7-day culture in GM. Hoechst (blue) was used to identify nuclei. Scale bar: 50 μm.
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Fig. 4. In vitro behavior of adherent fibroblasts isolated from mdx;PDGFRαEGFP and sciatic-denervated PDGFRαEGFP

mice. a. Quantification of two representative experiments, evaluating the number of EGFP+ cells (FAPs) from EGFP and
mdx;EGFP mice after the pre-plating strategy following 4 days in culture in growth media. b. Quantification of two
representative experiments, evaluating the number of EGFP+ cells from PDGFRαEGFP denervated mice after the pre-
plating strategy following sequential passaging in growth media. Cells were counted 24 h after passaging and their number
expressed per field or as a percentage (%). Contralateral limb muscles were used as controls. The values correspond to
the mean ± SEM.
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Pax7 labeling was detected (Fig. 2e). The simulta-
neous FACS isolation of EGFP+ FAPs and EGFP−

myoblast progenitors (Integrin-α7+), suggests that
most of the EGFP− cells were myogenic-like cells
(Fig. 2f). Altogether, our results suggest that aFbs can
be easily isolated and cultured via pre-plating,
representing an in vitro heterogenous population of
previously characterized muscle FAPs.

3.3. In vitro fibroadipogenic potential of adherent
fibroblasts

It has been demonstrated that FAPs respond to
TGF-β1, proliferating and differentiating into a
myofibroblast phenotype in vitro and in vivo [8,15].
Hence, we decided to evaluate whether aFbs
behave similarly to FAPs in response to TGF-β1.
Thus, we isolated aFbs via pre-plating technique
from the PDGFRαEGFP mice and treated them with
TGF-β1 for 24 h. Next, we evaluated the number of
EGFP+ cells, their proliferation rate (Ki67+), and the
expression of the matricellular protein CCN2/CTGF,
αSMA (myofibroblast marker), and the ECM-related
proteins β1-Integrin and fibronectin. Of note, all of
these are TGF-β-target genes. TGF-β1 induces
adherent fibroblasts (EGFP+) expansion and prolif-
eration, as evaluated by their total numbers and Ki67
labeling (Fig. 3a, b). TGF-β1 stimulation also
increases aFbs CCN2/CTGF expression and influ-
ences their differentiation towards a myofibroblast
phenotype as evaluated by αSMA, β1-Integrin, and
fibronectin expression after 24 h (Fig. 3c, d, e).
Increased fibronectin immunofluorescence signal
also demonstrates that TGF-β1 enhances ECM
deposition by aFbs (Fig. 3d). Hence, TGF-β1
promotes aFbs proliferation, myofibroblast differen-
tiation, and ECM deposition. Next, to discriminate
the effects of serial passaging in aFbs/FAPs fate, we
determined the protein levels of PDGFRα as an
indicator of aFbs/FAPs loss of multipotency.
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PDGFRα protein levels diminished after serial
passaging (Fig. 3f). Thus, we decided to use aFbs
no further than passage 2, because they began to
become activated, senescent, and more differenti-
ated towards a myofibroblast phenotype after
sequential passaging (Fig. S1d). Finally, we asked
whether aFbs are able to differentiate into adipo-
cytes in culture. After reaching confluence and
adding adipogenic media for 4 days to the aFbs
population, we observed some lipid-rich adipocytes
emerging in the monolayer culture at passage 0 (Fig.
3f). In addition, both myofibroblasts (αSMA+) and
adipocytes (perilipin+) were observed 10 days after
culturing aFbs (Fig. 3g). Thus, aFbs retain their
fibroadipogenic potential at passage 0 but loss their
multipotency at later passages.

3.4. Activated adherent fibroblasts are isolated
from the mdx; PDGFRαEGFP and PDGFRαEGFP

denervated mice

It is known that wild type and mdx muscle FAPs
behave differently and are in distinct functional
states [34–36]. Therefore, using the same strategy
described above we isolated and cultured mdx;
PDGFRαEGFP aFbs and compared their relative
numbers to their PDGFRαEGFP littermates aFbs. Fig.
4a shows that after 4 days in culture (passage 0) the
yield of aFbs isolated from the mdx;PDGFRαEGFP is
4- to 5-times more than the yield from PDGFRαEGFP

aFbs. Hence, the pre-plating strategy presented
here allows us to corroborate that mdx aFbs
(EGFP+) behave differently in culture since there
are more cells by day 4 post-culture when compared
to their non-mdx littermates. We previously de-
scribed that FAPs are activated as early as two
days after denervation [4]. Thus, the isolation of
aFbs from day 2 denervated limb from PDGFRαEGFP

mice could be informative for evaluating whether
these cells also behave differently in vitro. Initially,
we could not see a significant difference in aFbs
(EGFP+) at passage 0 (Fig. 4b). However, differ-
ences in aFbs numbers and proportion (%) are
observed after passage 1 where more EGFP+ cells
are found in the 2-day denervation culture, being the
difference more marked at passage 2 (Fig. 4b).
Therefore, denervated aFbs (FAPs) have a different
in vitro behavior, when compared with aFbs isolated
from to the contralateral limb; being this difference
more pronounced after passaging.
4. Discussion

After the exclusion of endothelial and hematopoi-
etic cells, FAPs can be identified and purified from
skeletal muscle based on the expression of cell
surface markers, such as: Sca-1 (not present in
humans), PDGFRα, and CD34. However, the
convergent population of cells such as Osr1+ CT
fibroblasts (also referred as FAPs) or Tcf7l2-(Tcf4)+

CT fibroblasts appears to make up a population of
stromal MPs with multiple fate potentials [12].
Furthermore, the overlapping but not an identical
expression of PDGFRα, Tcf7l2 (Tcf4), and Osr1 in
embryonic FAPs make difficult a unique definition of
these cells [12]. In addition, adult FAPs express Osr1
at low levels and frequency, but its expression is
activated upon acute muscle injury [37]. Here, we
support the idea that most adult muscle CT
fibroblasts express Tcf7l2 and PDGFRα, and there-
fore, muscle CT fibroblasts and FAPs are likely the
same populations. However, the possibility that
FAPs, stromal mesenchymal progenitors, and CT
fibroblast are a heterogeneous mixture of multipotent
progenitors with molecular heterogeneity and also
with overlapping but distinct roles during regenera-
tion and pathology undoubtedly exist [35]. However,
this hypothesis still needs to be further validated and
studied in vivo as well as in vitro. Moreover, further
lineage-tracing studies are also needed to clarify
whether adult FAPs, stromal mesenchymal progen-
itors, and CT fibroblasts are the same population of
cells expressing an overlapping array of markers.
Here, we showed that adult wild type adherent

fibroblasts, isolated via pre-plating, are likely a
heterogeneous population of mesenchymal adher-
ent FAPs. The use of the PDGFRαEGFP reporter
mice suggests that CT aFbs are likely an overlap-
ping population of previously uncharacterized in vitro
EGFP+ FAPs. Thus, a high proportion of adherent
cells retain EGFP expression after serial passaging
as observed in passage 1 and 2, which suggests that
EGFP is not lost after culture. Moreover, we
suggested that serial passaging reduces PDGFRα
expression and negatively affects aFbs/FAPs multi-
potency. In addition, Nilotinib treatment induces
aFbs death. It has been reported that Nilotinib also
promotes FAPs apoptosis [15,38]. Furthermore,
adult aFbs respond to TGF-β1 as wild type FAPs
do [8,15]. We demonstrated that TGF-β1 enhances
aFbs proliferation, myofibroblast differentiation, and
ECM expression. Altogether, these results suggest
that aFbs respond to TGF-β signaling in the same
fashion as FAPs in vitro. Thus, our results suggest
that the population of adherent fibroblasts isolated is
likely to be FAPs.
On the other hand, breeding the PDGFRαEGFP

colony with the mdx mice results in the easy
identification of EGFP+ cells in themdx background.
Moreover, the fact that after passaging denervated
EGFP+ aFbs behave differently from their contralat-
eral counterpart suggests that 2-day denervation
induces early activation of resident EGFP+ cells that
can be seen in vitro. Whether early denervation
promotes more in vitro survival of aFbs or better
attachment to the plastic plate was not fully
addressed here and needs to be further
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investigated. Although, our results suggest that
denervation improves aFbs survival. The same
argument applies to the isolated mdx aFbs. In a
recent work, signaling pathway analyses based on
RNA-seq from denervated-FAPs at day 15 revealed
different signatures compared to cardiotoxin induced
FAPs [39]. Interestingly, in C2C12 myotube co-
culture experiments, denervated-FAPs but not car-
diotoxin-FAPs cause C2C12 muscle atrophy. Thus,
we propose that further studies are needed in order
to understand the early (2 days or before) activation
of FAPs following muscle denervation.
Having a large number of cells is crucial for

western blot, flow cytometry, and biochemical
analyses. The advantage of serial passaging of
adherent cells is that it provides enough cells to
perform several experiments. However, further
studies need to be done in order to corroborate
whether FAPs retains their multipotent capabilities
after passaging. It is possible that sequential
passaging alters the multipotent properties of stro-
mal mesenchymal fibroblasts as it has been reported
for human skin fibroblasts, and also seen in our
hands [40]. Another advantage of pre-plating aFbs is
the fact that less time is involved in the procedure
when compared to FAPs flow cytometry and FACS.
Having less time between the enzymatic digestion
and culture may be critical to keep the normal
biological functions of the desired cells. In addition,
adhesion by pre-plating is a relatively low-cost
procedure when compared to common FAPs isola-
tion, which requires the use of a different set of
antibodies, dyes, cytometers, sorters, and people
involved in the equipment management.
Whereas muscle myogenic progenitors are es-

sential mediators for damaged muscle replacement,
regeneration also relies on the role of non-myogenic
progenitors that reside in the muscle stroma. The
aberrant regulation of the stromal compartment, CT
fibroblasts and/or FAPs, underlies the degenerative
progression of myopathies and aging [41]. Thus,
under chronic damage, these fibrotic cells become
activated producing exacerbated amounts of ECM,
which in turn impairs muscle function [20]. However,
their normal behavior during muscle regeneration is
of importance as these progenitors are also key
mediators of this process. Due to the lack of in vitro
characterization, genetic labeling, single markers,
and agreement in the definition of nomenclature
fibroblasts still remain as a population of elusive
mesenchymal progenitors with potential for further in
vivo and in vitro studies [42,43]. We hypothesized
that FAPs can actively regulate the expression of
their markers, therefore, making their identification
dynamic and not fully precise. Hence, understanding
how the cellular milieu maintains muscle homeosta-
sis and function, as well as how it participates in
disease progression is of great importance to
developing new ideas, methodologies, and knowl-
edge to comprehend skeletal muscle biology.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.mbplus.2019.04.
003.
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