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BACKGROUND: In the myocardium, pericytes are often confused with other interstitial cell types, such as fibroblasts. The lack
of well-characterized and specific tools for identification, lineage tracing, and conditional targeting of myocardial pericytes has
hampered studies on their role in heart disease. In the current study, we characterize and validate specific and reliable strate-
gies for labeling and targeting of cardiac pericytes.

METHODS AND RESULTS: Using the neuron-glial antigen 2 (NG2)PsRed reporter line, we identified a large population of NG2+
periendothelial cells in mouse atria, ventricles, and valves. To examine possible overlap of NG2+ mural cells with fibroblasts, we
generated NG2PsRed: platelet-derived growth factor receptor (PDGFR) af°™" pericyte/fibroblast dual reporter mice. Myocardial
NG2+ pericytes and PDGFRa+ fibroblasts were identified as nonoverlapping cellular populations with distinct transcriptional
signatures. PDGFRa+ fibroblasts expressed high levels of fibrillar collagens, matrix metalloproteinases, tissue inhibitor of
metalloproteinases, and genes encoding matricellular proteins, whereas NG2+ pericytes expressed high levels of Pdgfrb,
Adamts1, and Vin. To validate the specificity of pericyte Cre drivers, we crossed these lines with PDGFRa®e™ fibroblast re-
porter mice. The constitutive NG2°' driver did not specifically track mural cells, labeling many cardiomyocytes. However, the
inducible NG2°ER driver specifically traced vascular mural cells in the ventricle and in the aorta, without significant labeling of
PDGFRa+ fibroblasts. In contrast, the inducible PDGFRBCER line labeled not only mural cells but also the majority of cardiac
and aortic fibroblasts.

CONCLUSIONS: Fibroblasts and pericytes are topographically and transcriptomically distinct populations of cardiac interstitial
cells. The inducible NG2°*ER driver optimally targets cardiac pericytes; in contrast, the inducible PDGFRBC™ER line lacks
specificity.
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types: an inner layer of endothelial cells and mural

cells that coat the endothelial cell tube. Mural cells
can be further subdivided into vascular smooth muscle
cells (VSMCs) and pericytes. VSMCs are associated
with larger conduit vessels (such as arteries and veins),
whereas pericytes enwrap the small caliber capillaries
and are embedded within the endothelial basement
membrane.'-3 Pericytes are ubiquitously present in mi-
crovessels of all tissues, represent a critical interface

Blood vessels are composed of 2 distinct cell

between the circulating blood and the interstitium,3#
and have been implicated in both physiologic func-
tions and pathophysiologic responses. Contractile
pericytes contribute to the regulation of blood flow in
the brain® and the kidney,® regulating basal blood flow
resistance,”® and have been implicated in blood pres-
sure control.? Cerebral pericytes play a central role in
the development and preservation of the blood-brain-
barrier'®'" and regulate vascular immune homeostasis
in the central nervous system.'? Pericytes may also be
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CLINICAL PERSPECTIVE
What Is New?

We characterized mouse cardiac pericytes and
demonstrated that myocardial neuron-glial an-
tigen 2 (NG2)+ pericytes and platelet-derived
growth factor receptor (PDGFR)a+ fibroblasts
are nonoverlapping interstitial cell populations
with distinct transcriptomic profiles.

e We documented that the inducible NG2CeER
mouse line optimally targets cardiac pericytes;
in contrast, the germline NG2-Cre mice and the
inducible PDGFRB-Cre driver lack specificity.

What Are the Clinical Implications?

e Qur characterization and validation of genetic
tools for labeling, tracing and targeting cardiac
pericytes will greatly facilitate experimental in-
vestigations exploring the role of this understud-
ied cell type in heart disease.

Nonstandard Abbreviations and Acronyms

a-SMA a smooth muscle actin

CreER™ tamoxifen-inducible Cre recombinase

Dsred Discosoma species red

EGFP enhanced green fluorescent protein

NG2 neuron-glial antigen 2

PCR polymerase chain reaction

PDGFR platelet-derived growth factor
receptor

tdTomato tandem dimer Tomato

VSMC vascular smooth muscle cell

implicated in a wide range of pathologic responses, in-
cluding inflammation,' fibrosis,'*'® and neoplasia.'”'®
In the adult mammalian heart, maintenance of nor-
mal function and preservation of chamber geometry are
not only dependent on contractile cardiomyocytes but
also require the contribution of several other cell types,
including macrophages, fibroblasts, and vascular cells.
The myocardium contains a rich network of vessels nec-
essary to provide perfusion in order to meet the high
metabolic needs of cardiomyocytes. Considering the
abundance of cardiac microvessels, it is not surprising
that adult mammalian hearts contain a large population
of pericytes.'®?* Through their interactions with vascular
endothelial cells, myocardial pericytes can regulate per-
fusion and vascular permeability. Moreover, in myocar-
dial diseases, pericytes may contribute to the regulation
of inflammatory, fibrogenic, and angiogenic responses.
Despite their abundance and the diverse range of their
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functional properties, myocardial pericytes remain poorly
understood. Most of the evidence implicating pericytes
in cardiac pathophysiology is based on associative data.
Studies in cells harvested from patients with heart fail-
ure have demonstrated that pericytes from cardiomyo-
pathic hearts exhibit impaired mechanotransduction.?®
Moreover, animal model studies have suggested that
pericytes may play a role in early postischemic micro-
vascular injury,® may be involved in “no-reflow” follow-
ing ischemia and reperfusion,?”?® and may contribute to
the pathogenesis of the cardiomyopathy associated with
receptor tyrosine kinase inhibitor treatment.?® However,
investigations documenting the involvement of pericytes
in myocardial diseases using genetic approaches are
lacking. Understanding the role of pericytes in heart dis-
ease is hampered by the absence of well-characterized,
specific, and reliable approaches for labeling and cell-
specific targeting of pericytes in vivo. A major source of
confusion is the abundance of cardiac fibroblasts,®° cells
of mesenchymal origin that can be located in close prox-
imity to vessels and may exhibit profiles that overlap with
those of pericytes. Thus, study of the role of pericytes in
myocardial disease requires validation and characteriza-
tion of reporter lines and Cre drivers with specificity for
pericytes and with no significant overlap with fibroblasts.

Published evidence on the molecular tools used
for pericyte-specific targeting generates confusion.
Although the platelet-derived growth factor recep-
tor (PDGFR)B3 was found to be exclusively expressed
in pericytes in the brain,®! its specificity as a pericyte
marker in other organs is controversial. Inducible
PDGFR[-Cre lines were used for pericyte-specific tar-
geting in some studies®3 and for fibroblast-specific
targeting in other investigations.343% The proteoglycan
neuron-glial antigen 2 (NG2) is a commonly used peri-
cyte marker®®; however, the specificity and reliability of
constitutive and inducible NG2-Cre lines in targeting
myocardial pericytes have not been studied. In the cur-
rent investigation, we validated and characterized ge-
netic tools for pericyte-specific labeling and targeting.
Using dual reporter mice, we identified phenotypically
and transcriptomically distinct pericyte and fibroblast
populations in the adult mouse heart. To study the
reliability of pericyte-specific Cre drivers, we used a
fibroblast reporter system. Our findings suggest that
inducible NG2-Cre lines specifically target cardiac
mural cells. In contrast, inducible PDGFR[B-Cre drivers
lack specificity, exhibiting recombination in both mural
cells and the majority of interstitial fibroblasts.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.
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Mice

All animal experiments were performed according to
the animal experimental guidelines issued by the Animal
Care and Use Committee at Albert Einstein College of
Medicine and conform to the Guide for the Care and
Use of Laboratory Animals published by the National
Institutes of Health. NG2PsRed+ | constitutively active NG2-
Cre (NG2°), tamoxifen-inducible NG2 Cre recombi-
nase (NG2°¢), tamoxifen-inducible PDGFRB-CreERT™
(PDGFRB®™®), reverse orientation splice accep-
tor (ROSA) D@tdTomato-/~ (R26thomato), ROSA26EYFP-~
(R265YP), PDGFRaF“™* mice were purchased from
Jackson Laboratories (Table). NG2PsRed: PDGFRa G
double reporter mice were generated by breeding
NG2PsRed+ mice with PDGFRaFe™™*, Both male and
female 2- to 3-month-old mice were euthanized for
histological end points and fluorescence-activated
cell sorting studies. NG2°** mice were crossed
with R26FY"P mice to develop NG2°¢+;R265""F mice.
NG2* or PDGFRB°®* mice bred into R2g'dTomato
background were further crossed with PDGFRaFCF?
fibroblast reporter mice to enable the simultane-
ous identification of mural cell-derived progeny, as
well as fibroblasts. For lineage tracing studies, 10- to
12-week-old  NG2¢e+;R2gTemato P(DGFRaF™  and
PDGFRBCre+R2gtdTomato: P DGFRafC ™+ mice received
intraperitoneal injections of tamoxifen (Sigma-T5648,
CAS#10540-29-1) at a dosage of 100 mg/kg adminis-
tered over a course of 5 consecutive days once every
24 hours. Mice were euthanized for histology 2 days
after the last injection of tamoxifen.

Immunohistochemistry

For histopathological analysis, mice were euthanized and
hearts were fixed in Z-fix (Anatech) and embedded in par-
affin. Sequential 5-um sections were cut frombase to apex
at 250-um intervals. Following citrate buffer-mediated an-
tigen retrieval, sections were allowed to cool for close to
an hour and then blocked with Tris-buffered saline+0.1%

Table. Mouse Lines Used in the Study
Jackson strain number
NG2DsRed/+ 008241
NG2Cre+ 008533
NG2Cre/+ 008538
PDGFRBC 030201
ROSA26dTomato-/~ 007914
ROSA26FYFP-~ 006148
PDGFRQECFPA+ 007669

EGFP indicates enhanced green fluorescent protein; EYFP, enhanced
yellow fluorescent protein; NG2, neuron-glial antigen 2; PDGFR, platelet-
derived growth factor receptor; ROSA, reverse orientation splice acceptor;
and tdTomato, tandem dimer Tomato.
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Triton X containing 10% donkey serum. The following an-
tibodies were used: mouse anti-a-smooth muscle actin
antibody (dilution 1:100, Sigma F3777), rat anti-Mac-2 an-
tibody (dilution 1:100, Cedarlane Laboratories), goat anti-
tdTomato antibody (dilution 1:300, Biorbyt orb334992),
rabbit anti-GFP antibody (dilution 1:100, D5.1-2956, Cell
Signaling Technology), rabbit anti-CD31 (dilution 1:100,
Cell Signaling Technology 89C2, 3528), and rabbit anti-
PDGFR3 antibody (1:50, ab32570). Primary antibody in-
cubations were all performed at 4 °C overnight. Following
washes in Tris-buffered saline, secondary antibodies
raised in donkey were used for 1 hour at room temper-
ature. Sections were washed and then incubated with
Trueblack (Biotium 23007) for 20 seconds to quench au-
tofluorescence and then sealed with Fluoro-Gel Il mount-
ing medium containing 4',6-diamidino-2-phenylindole
(EMS #17985-50). Slides were then scanned using Zen
3.0 Pro software and a Zeiss Imager M2 microscope
(Carl Zeiss Microscopy). Appropriate negative controls
using isotype-matched IgG were performed and con-
firmed the specificity of the immunofluorescence experi-
ments (Figures S1 and S2).

Quantitative Analysis of Cell Density

Using default algorithms of the Intellesis Trainable
Segmentation module of Zen 3.0 Pro software, an arti-
ficial intelligence—based model was trained on images
representing atria, ventricles, valves, and the ascend-
ing aorta (in total, at least 4 images up to 8 images
depending on the specific staining used) to identify
and count mural cell profiles. Using the Image Analysis
module, specific settings were incorporated in the
trained model to count the segmented objects. For
quantitative analysis, 5 to 10 fields were scanned from
2 to 3 different sections from each chamber under a
magnification of 200x. Quantification of cell density was
performed separately for the atria, ventricles, valves,
and ascending aorta. The data were presented as the
number of positive profiles per millimeters squared.

To assess the percentage of arteriolar and aortic
medial a smooth muscle actin (a-SMA)+ VSMCs ex-
pressing NG2, the number of double positive cells was
counted in 4 to 7 fields (400x magnification) from a
single level for each mouse using the count tool from
Adobe Photoshop. To assess the extent of fibroblast
labeling with the PDGFRB tamoxifen-inducible Cre
recombinase (CreER™) driver, we quantitatively as-
sessed the percentage of PDGFRa+ fibroblasts that
were labeled with the inducible PDGFR[B-Cre in the
ventricular myocardium as well as in the adventitia of
the ascending aorta. A total of 8 to 12 fields were ana-
lyzed from the ventricular myocardium of each mouse,
and 4 to 6 fields were analyzed from the ascending
aorta of each mouse (400x magnification). Cells were
counted using the count tool from Adobe Photoshop.
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Fluorescence-Activated Cell Sorting of
Cardiac Pericytes and Fibroblasts
Single-cell suspension for flow cytometry was prepared
using a modified version of a previously described pro-
tocol.'” Briefly, atria were removed from the myocardial
tissue, and the ventricles were finely minced and sus-
pended in digestion buffer cocktail of collagenase IV
(2 mg/mL, Worthington Biochem) and dispase Il (1.2 U/
mL, Stemcell Technologies) in Dulbecco phosphate-
buffered saline. Tissue fragments were then incubated
at 37 °C for 15 minutes with gentle rocking. After incu-
bation, a tissue digestion buffer with tissue clusters was
triturated by pipetting 10 times using a 10-mL serological
pipette. Tissue fragments were again incubated at 37 °C
and triturated twice more (45 minutes of total digestion
time). The final trituration was conducted by pipetting
30x with a p1000 pipette. Cell suspension was filtered
through a 40-pum cell strainer into 50-mL tubes con-
taining 40 mL of Dulbecco phosphate-buffered saline
and centrifuged for 20 minutes at 200g with centrifuge
brakes deactivated to remove cell debris. Cells were
then resuspended in 1x Red Blood Cell Lysis Buffer
(eBioscience) and incubated for 5 minutes at room tem-
perature. Cell suspension was then centrifuged at 500g
for 5 minutes at room temperature and resuspended in
Hanks Balanced Salt Solution containing 2% fetal bovine
serum. Cells in single-cell suspensions were blocked
with anti-mouse CD16/CD32 (1:250, BD Biosciences)
for 30 minutes at 4 °C. To identify hematopoietic and
endothelial cells, the cell suspension was incubated for
1 hour at 4 °C with anti-CD31-BV605 (1:100, BioLegend)
and anti-CD45-APC-Cy7 (2.5:100, BioL.egend). Cell sus-
pension was washed and labeled with calcein violet 450
(1.25 pmol/L, eBioscience, Invitrogen) to identify meta-
bolically active cells and 7-aminoactinomycin D (1:500,
Invitrogen) to identify cells with compromised cell mem-
branes. Nonhematopoietic/nonendothelial cells (CD45—/
CD31-) were gated to identify NG2FFP+ pericytes and
PDGFRaF® P+ fibroblasts, which were sorted with a
FACSAria Sorter (BD Biosciences). FlowdJo software (BD)
was used for data analysis. The gating strategy and con-
trols for each marker using NG2PsRed and PDGFRafe™
single reporter mice are shown in Figure S3.

RNA Isolation and Polymerase Chain
Reaction Array

RNA isolation of sorted cells was performed using
Dynabeads mRNA Direct Kit (61012, Invitrogen).
Following isolation, RNA was converted to cDNA using
a Qiagen RT2 First Strand Kit (330404). Quantitative
polymerase chain reaction (PCR) was performed
using the mouse RT2 Profiler extracellular matrix
PCR array according to manufacturer's protocol
(PAMM-013Z, Qiagen). Separately, quantitative PCR
was also performed for the mural cell genes Pdgfrb
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(forward: 5 CACCTTCTCCAGTGTGCTGA 3, reverse:
5 GGAGTCCATAGGGAGGAAGC 3’) and Acta2 (for-
ward: 5 GAGTAATGGTTGGAATGG 3, reverse: 5’
ATGATGCCGTGTTCTATC 3’). Primers were synthe-
sized by Integrated DNA Technologies. The same ther-
mal profile conditions were used for all primer sets: 95
°C for 10 minutes, 40 cycles at 95 °C for 15 seconds,
and 60 °C for 1 minute on the CFX384™ Real-Time
PCR Detection System (Bio-Rad). The data obtained
were analyzed using the ACt method.

Statistical Analysis

For comparisons of 2 groups, an unpaired 2-tailed
Student t test using (when appropriate) Welch cor-
rection for unequal variances was performed. Mann-
Whitney test was used for comparisons between 2
groups that did not show Gaussian distribution. For
comparisons of multiple groups, 1-way ANOVA was
performed followed by Sidak multiple comparison test
for normal distributions or the Kruskal-Wallis test for
non-Gaussian distributions. Data are expressed as
mean+SE. Statistical significance was set at 0.05.

RESULTS

Adult Mouse Heart Contains a Large
Population of Periendothelial NG2+ Cells
To identify pericytes in the adult mouse myocardium,
we used the NG2PsRed+ rgporter line. Dual immunoflu-
orescence for NG2F™P and the endothelial cell marker
CD31 identified a large population of myocardial
NG2+ cells, located in close proximity to endothelial
cells (Figure 1A). Quantitative analysis showed that the
ventricles contained more NG2+ cells than the atria
(Figure 1B). Significant numbers of NG2+ cells were
also noted in the valve leaflets (Figure 1C). The aortic
valve had a higher density of NG2+ cells than the mitral
and tricuspid valves (Figure 1D).

NG2 Labels a Subset of Arteriolar and
Aortic VSMCs

Next, we examined the sensitivity of NG2 in the labe-
ling of VSMCs, using dual fluorescence for NG2 and
a-SMA (Figure 2). In the myocardium, a-SMA labeled
only arteriolar VSMCs without staining NG2+ micro-
vascular pericytes (Figure 2A and 2B). Two distinct
populations of cardiac arteriolar VSMCs were identi-
fied on the basis of NG2 fluorescence intensity. The
majority of arteriolar VSMCs (91.49%=+3.02%, n=8)
had high levels of NG2 expression, whereas a much
smaller subpopulation (8.51%+3.02%, n=8) exhib-
ited low NG2 expression levels (Figure 2A and 2B).
In the mouse myocardium, NG2+/a-SMA- cells (rep-
resenting microvascular pericytes) were much more
abundant than arteriolar NG2+/a-SMA+ VSMCs
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Figure 1. The neuron-glial antigen 2 (NG2)PsRed reporter model identifies a large population of
pericytes in the mouse myocardium.

A, Dual immunofluorescence for red fluorescent protein (RFP) and CD31 identifies NG2+ pericytes in atria
and ventricles (arrows), associated with CD31+ endothelial cells (A). B, Quantitative analysis shows that
the density of pericytes is higher in the right ventricle (RV) than in the right atrium (RA). Moreover, there is
a trend (P=0.08) toward a higher pericyte density in the left ventricle (LV), in comparison to the left atrium
(LA). C, Dual immunofluorescence identifies NG2+ cells (arrows) in the valves. The arrowheads indicate
the CD31+ valvular endothelial cells. D, The aortic valve (AV) has a higher density of pericytes than the
mitral valve (MV) and tricuspid valve (TV) (*P<0.05, **P<0.01; n=5-8 per group). Scalebar=80 pm. Data are
expressed as mean+SE. Statistical comparison was performed by ANOVA, followed by the Sidak post
hoc test (B), or the nonparametric Kruskal-Wallis test (D). DAPI indicates 4’,6’-diamidino-2-phenylindole;
and Dsred, Discosoma species red.

(Figure 2C). In the ascending aorta, only 46.2%+8.0%  Myocardial NG2+ Cells Express the
(n=6) of the a-SMA+ VSMCs in the media were posi-  Mural Cell Marker PDGFR[ But Not

tive for NG2 (Figure 2D through 2F). In the aortic ad- the Fibroblast Marker PDGFRa and the
ventitia, NG2 staining identified a significant number Macrophage Marker Mac2

of a-SMA- cells that may represent microvascu-
lar pericytes coating the vasa vasorum (Figure 2G We next investigated the specificity of NG2 labe-
through 2I). ling as a mural cell marker. Dual fluorescence for
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Figure 2. Neuron-glial antigen 2 (NG2) labels a subset of vascular smooth muscle cells (VSMCs) in the myocardial arterioles
and the ascending aorta.

A and B, Dual fluorescence for red fluorescent protein (RFP) and a-smooth muscle actin (a-SMA) in the NG2PsRed model, identifies a
subset of arteriolar a-SMA+ VSMCs that express NG2 (short arrows). However, the majority of NG2+ profiles are a-SMA-microvascular
pericytes (long arrows). C, Quantitative analysis shows that the density of NG2+/a-SMA- profiles (microvascular pericytes) is much
higher than the density of NG2+/a-SMA+ cells (arteriolar VSMCs) (**P<0.01; n=4 per group). D through F, In the ascending aorta,
dual fluorescence for RFP and a-SMA shows ~40% of aortic VSMCs in the media (m) are NG2+ (long arrows). G and H, In the aortic
adventitia (a), NG2+/a-SMA- profiles (red arrows) represent the pericytes of the aortic vasa vasorum. I, The density of NG2+ cells in the
aortic media is much higher than the number of adventitial NG2+ cells (*P<0.05; n=6 per group). Scalebar=100 um. Data are expressed
as mean+SE. Statistical comparison was performed using Welch t test. Adv indicates adventitia; DAPI, 4’,6’-diamidino-2-phenylindole;
Dsred, Discosoma species red; and Med, media.

NG2 and the mural cell marker PDGFR[( showed
that the majority of NG2+ cells were also PDGFRB+
(Figure 3A through 3C). However, a large fraction of
cardiac interstitial cells also exhibited PDGFR[ im-
munoreactivity in the absence of NG2 expression
(Figure 3A through 3D). To examine whether a subset
of the NG2+ cells were fibroblasts, we generated per-
icyte/fibroblast (NG2PsRed:PDGFRaFC) dual reporter
mice. Dual fluorescence showed that NG2 does not
label any PDGFRa+ fibroblasts in the mouse heart
(Figure 3E through 3G). To examine whether NG2
may label a subset of macrophages, we performed
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dual fluorescence for NG2 and the macrophage
marker Mac2. The Mac2+ population in the mouse
heart was distinct from the NG2-expressing cells
(Figure 3H through 3J).

NG2+ Pericytes and PDGFRa+ Fibroblasts
Have Distinct Transcriptomic Profiles

To compare the transcriptional signatures of myocar-
dial pericytes and fibroblasts, we extracted RNA from
sorted NG2+ and PDGFRa+ cells from adult mouse
hearts. There was no significant overlap between these
2 populations (Figure 4A). A PCR array showed that
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Figure 3. Mpyocardial neuron-glial antigen 2 (NG2)+ pericytes are platelet-derived growth factor receptor (PDGFR)B+ but do
not express the fibroblast marker PDGFRa and the macrophage marker Mac2.

A through C, Dual immunofluorescence of NG2Ps*d mouse cardiac sections shows that NG2+ pericytes coexpress PDGFRf (short
arrows). A large population of NG2—- PDGFRpB+ interstitial cells is also identified (long arrows). D, Quantitative analysis (n=7 per group)
shows that, although the majority of PDGFRB+ profiles are also labeled for NG2, there is a large number of PDGFRB+/NG2- cells. E
through G, To examine potential overlap between NG2+ pericytes and PDGFRa+ fibroblasts, we generated NG2PsRed;PDGFRaFCP
dual reporter mice. Dual immunofluorescence shows no overlap of NG2+ pericytes (short arrows) and PDGFRa+ fibroblasts (long
arrows). H through J, Staining of NG2PsRed mouse cardiac sections with the macrophage marker Mac2 was performed to examine
whether NG2 labels macrophages. NG2+ pericytes do not express Mac2. A relatively small number of Mac2+ macrophages is noted
in the mouse myocardium (arrows). Images are representative of 6 different experiments. Scale bar=60 pm. Data are expressed as
mean+SE. Dsred indicates Discosoma species red; and EGFP enhanced green fluorescent protein.

PDGFRa+ and NG2+ cells had distinct transcriptomic
profiles (Figure 4B through 4R, Figure S4). PDGFRa+
cells expressed much higher levels of fibrillar colla-
gens (collal, col3al, colbal, and col6al; Figure 4C
through 4F), matrix metalloproteinases, tissue inhibi-
tor of metalloproteinases (Mmp1a, Mmp2, Timp2, and
Timp3; Figure 4G through 4J), and genes encoding
matricellular proteins (Sparc, Thbs2, Thbs3, and Ccn2;
Figure 4K through 4N). In contrast, NG2+ cells had
higher levels of Adamts? and Vtn. Quantitative PCR
also showed that NG2+ cells had much higher levels
of expression of the mural cell gene Pdgfrb and a trend
towards higher expression of Acta2 (Figure 40 through
4R), Thus, the transcriptomic data suggest that NG2+
cells and PDGFRa+ cells represent 2 distinct cell types

J Am Heart Assoc. 2022;11:e023171. DOI: 10.1161/JAHA.121.023171

with characteristics of myocardial mural cells and fibro-
blasts, respectively.

Tracing of NG2+ Cells Using a Germline
NG2-Cre Driver Labels Cardiomyocytes
We first used a germline NG2-Cre line to label mural
cells in mouse hearts. NG2°*+ animals were bred with
R265YFP mice. NG2°+;R265YFP mice were euthanized
at 2 to 3 months of age and the hearts were har-
vested for histological studies. Dual fluorescence for
enhanced yellow fluorescent protein and the endothe-
lial cell marker CD31 showed that vascular mural cells
could not be specifically identified. In contrast, there
was intense cardiomyocyte labeling with individual var-
iations between cells (Figure S5).
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Figure 4. Myocardial neuron-glial antigen 2 (NG2)+ pericytes and platelet-derived growth factor receptor (PDGFR)a+
fibroblasts have distinct transcriptomic profiles.

A, Single-cell suspension was prepared from dual reporter NG2PsRed;PDGFRaFCP hearts using a collagenase/dispase-based
enzymatic procedure. Viable (7-aminoactinomycin D/7-AAD) and metabolically active (calcein+) cells were gated and based on
the expression of CD31 and CD45, the nonendothelial and nonhematopoietic cell population was identified and subgated. NG2+
and PDGFRa+ populations were sorted by fluorescence-assisted cell sorter into cell lysis buffer to isolate RNA. B, The volcano
plot summarizes the extracellular matrix array quantitative polymerase chain reaction (PCR) data. C through P, PDGFRa+ cells
have higher levels of matrix-related genes, such as Col/7a1(C), Col3a1 (D), Col5a1 (E), Col6al (F), Mmpi1a (G), Mmp2 (H), Timp2
(), Timp3 (), and genes encoding matricellular proteins, including Sparc (K), Thbs2 (L), Thbs3 (M), and Ccn2 (N). On the other
hand, NG2+ cells expressed higher levels of Adamts? (O) and Vitn (P) (*P=0.05; n=4). Q and R, Quantitative PCR showed that
NG2+ pericytes had higher levels of Pdgfrb (Q) and a trend toward higher expression of Acta2 (P=0.1; R) (n=3; *P<0.05). Data
are expressed as mean=SE. Statistical comparisons were performed using unpaired t test for normal distributions and Mann-
Whitney test for non-Gaussian distributions. Dsred indicates Discosoma species red; and EGFP enhanced green fluorescent
protein.
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Inducible NG2CreER™ Line Specifically
Labels Mural Cells in the Myocardium and
in the Aorta

Because labeling of cardiomyocytes precluded identifi-
cation of pericyte-derived cells in the constitutive NG2Cre
mice, we tested whether the inducible NG2CreER™
line can be used to trace pericytes in the myocardium.
NG2CreER™ mice were crossed with R26'9oma gnj-
mals (Figure 5A). NG2/¢+R26Tomalo mice were injected
with tamoxifen at 3 months of age. Heart and ascending
aorta were harvested 2 days after the last injection and

Cardiac Pericytes

used for histological analysis. In both atria and ventricles,
a large population of periendothelial mural cells was la-
beled, without staining of cardiomyocytes (Figure 5B).
Although there was a trend towards increased density of
NG2-traced cells in the ventricles, in comparison to the
atria, the differences did not reach statistical significance
(Figure 5C). Lineage tracing using the NG2CreER™
line also labeled a significant population of valvular
cells, which were more abundant in the aortic valve
(Figure S6A and S6B). In the aorta, 60.7%+5.2% of aor-
tic medial a-SMA+VSMCs were labeled with the induc-
ible NG2-Cre driver (Figure S6C through S6H).
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Figure 5. The inducible neuron-glial antigen 2 (NG2) tamoxifen-inducible Cre recombinase
(CreER™) line specifically labels myocardial pericytes.

A, The schematic cartoon shows the breeding scheme used to develop NG2/°¢*; Rosa26'9™omato mjce.
NG2CreER™ mice were crossed with Rosa26'“™mat gnimals and the resultant NG2/¢re+;R261Tomate mjce
were injected with tamoxifen at 3 months of age. B and C, NG2+ pericytes identified using the lineage
tracing approach are closely associated with CD31+ endothelial cells. Quantitative analysis (n=6) shows
the density of NG2-derived cells in all cardiac chambers (C). Scalebar=80 pm. Data are expressed as
mean+SE. Statistical comparison was performed using nonparametric ANOVA (Kruskal-Wallis, P=not

significant). LA indicates left atrium; LV, left ventricle;

RA, right atrium; Rosa, reverse orientation splice

acceptor; RV, right ventricle; and tdTom, tandem dimer Tomato.
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Inducible PDGFRBCreER™ Driver Labels
Abundant Myocardial Interstitial Cells,
Including Mural Cells and a Significant
Fraction of Cardiac Fibroblasts

Next, we used the inducible PDGFRBCreER™ line to
trace mural cells in the myocardium and the aorta.
PDGFRBCreER™ mice were bred with R269™ma gnj-
mals. PDGFRBC®R26'9ma myjce (Figure 6A) were in-
jected with tamoxifen and euthanized within a week. The
heart and the ascending aorta were used for histologi-
cal analysis. Dual immunofluorescence for tdTomato and
CD31 showed that abundant myocardial interstitial cells
were labeled for PDGFR[3, with both periendothelial and
interstitial localizations. In comparison to the inducible
NG2-Cre driver, the inducible PDGFR{3-Cre line labeled
many more myocardial cells, the majority of which had
interstitial nonperiendothelial localization (Figure 6B). In
contrast to the NG2 reporter, no significant differences
between the density of atrial and ventricular cells were
noted, reflecting the abundance of atrial interstitial cells la-
beled with the inducible PDGFR3-Cre driver (Figure 6C).

In a similar manner, the PDGFRB-Cre driver la-
beled several times more valvular cells than the in-
ducible NG2-Cre driver (Figure S7A and S7B). In the
ascending aorta, in addition to labeling a large fraction
(69.6%+10.87%) of aortic medial VSMCs, the PDGFR[3-
Cre driver also stained a large number of adventitial a-
SMA- cells (Figure S7C through S7H).

Because of the interstitial nonperiendothelial lo-
calization of many myocardial cells labeled with the
PDGFR[B-Cre driver, we postulated that this driver
may also label cardiac fibroblasts. To test this hy-
pothesis, we crossed the NG2/Cre+:R26tToma0 gng the
PDGFRpBICe+;R26Temate mice with fibroblast reporter
PDGFRaFf®™ mice (Figure 7A and 7B). Significant
populations of perivascular and interstitial cells la-
beled with the inducible PDGFR[3-Cre driver also ex-
pressed PDGFRa and were identified as fibroblasts
(Figure 7C and 7D). In contrast, very few NG2-derived
cells exhibited PDGFRa staining in the ventricles or
atria (Figure 7E). Quantitative analysis showed that the
number of PDGFRa+ fibroblasts labeled with the in-
ducible PDGFR[3-Cre driver were much higher than the
fioroblasts labeled with the inducible NG2-Cre driver

Cardiac Pericytes

PDGFRa+ fibroblasts were labeled for PDGFR3; in con-
trast, only 2.3%+0.3% (n=6) of fibroblasts were traced
with the inducible NG2-Cre driver (Figure 7G). These
findings demonstrated that PDGFR[3 is a suboptimal
marker to trace pericytes, as it also identifies a signifi-
cant subset of resident cardiac fibroblasts at baseline.
In a similar manner, in the ascending aorta, many of
the adventitial cells traced with the inducible PDGFR[3-
Cre driver were identified as fibroblasts, on the basis of
PDGFRa staining (Figure 8A through 8C). Quantitative
analysis showed that 56.4%+6.8% of PDGFRao+ ad-
ventitial fibroblasts were also labeled for PDGFR[3
(Figure 8D) In contrast, the inducible NG2-driver did
not label any adventitial fibroblasts (Figure 8E). Taken
together, the findings demonstrate that the inducible
PDGFR[-Cre driver is not specific for mural cells, but
also tracks the majority of cardiac and aortic adventitial
fibroblasts.

DISCUSSION

We report the first systematic characterization of ge-
netic tools for identification, labeling, and tracing of
mouse cardiac pericytes. Using NG2PsRed: PDGFRq P
dual reporter mice, we identified morphologically and
transcriptomically distinct myocardial populations of
fibroblasts (PDGFRa+/NG2-) and mural cells (NG2+/
PDGFRa-). To evaluate the specificity of pericyte Cre
drivers, we crossed 3 different mouse lines that have
been extensively used to trace and target pericytes
with the well-documented and specific PDGFRaF¢™
fibroblast reporter.3"38 We found that only the inducible
NG2-CreER line is specific for mural cells. In contrast,
the germline NG2-Cre line is of limited value, as it also
labels cardiomyocytes, whereas use of the inducible
PDGFRBCreER™ results in Cre-mediated recombi-
nation not only in mural cells, but also in the majority
of cardiac fibroblasts. Our findings establish optimal
strategies for identification and targeting of cardiac
pericytes in mice.

Cardiac Pericytes: Abundant Yet
Enigmatic
Early ultrastructural studies have identified a large pop-

(Figure 7F). Also, 58.2%+3.42% (n=8) of ventricular  ulation of pericytes in mammalian hearts. Myocardial

Figure 6. The inducible platelet-derived growth factor receptor (PDGFR)BCreERT™ driver labels not only periendothelial cells
but also a large population of myocardial interstitial cells, which are not associated with vessels.

A, Breeding strategy shows the development of PDGFRBCe’+;R26!¢Tmate model. B, Abundant PDGFRB+ cells are identified in all cardiac
chambers using the lineage tracing approach. Please note that the density of the PDGFRB+ cells is much higher than the numbers
of neuron-glial antigen 2 (NG2)+ cells (shown in Figure 5). Dual fluorescence with CD31 shows that a significant proportion of these
cells is not associated with endothelial cells. C, Quantitative analysis (n=8) of the density of PDGFRB+ cells in atria and ventricles.
Scalebar=100 pm. Data are expressed as mean+SE. Statistical comparison was performed using nonparametric ANOVA (Kruskal-
Wallis, P=not significant). LA indicates left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; and tdTom, tandem dimer
Tomato.
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pericytes were described as extensively branched cells with their proposed role in regulation of microvas-
that form an incomplete layer around the endothelium?3® cular blood flow. Data on the relative abundance of
and express contractile proteins,*° findings consistent pericytes in mammalian hearts are conflicting and are
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dependent on the species studied, and on the method-
ology used for their identification. A highly systematic
study that isolated myocardial pericytes from several
different species reported that pericytes may be more
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abundant than cardiomyocytes, thus representing the
second most frequent myocardial cell type in the rat
heart, outnumbered only by endothelial cells.?* In con-
trast, other investigations using single markers for flow
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Figure 7. The neuron-glial antigen 2 (NG2) tamoxifen-inducible Cre recombinase (CreER™) driver specifically labels mural
cells, whereas the inducible platelet-derived growth factor receptor (PDGFR)BCreER™ line lacks specificity, also labeling a
significant fraction of PDGFRa+ cardiac fibroblasts.

A and B, To test the specificity of the inducible PDGFRB and NG2-Cre drivers for myocardial pericytes, we bred PDGRCe/+;R26!dTomato
mice (A), and NG2¢re/+;R26tTemate gnimals (B) with fibroblast reporter PDGFRa®®"P mice. Schematic cartoons show the breeding
scheme. C, Dual immunofluorescence of left ventricular sections shows that the inducible PDGFRB-Cre driver lacks specificity, labeling
alarge fraction of perivascular fibroblasts (C, top row) and interstitial fibroblasts (C, lower row) in the myocardium. PDGFRB+/PDGFRa+
fibroblasts are indicated with arrows. D, Quantitative analysis (n=8) shows the density of PDGFRa+ fibroblasts and PDGFRa+/
PDGFRp+ fibroblasts in the myocardium. E, In NG2i¢¢+;R26!dTemato: PDGFRaESFP mice, staining for tandem dimer Tomato (tdTom) and
green fluorescent protein shows that cardiac fibroblasts are not labeled for NG2, supporting the specificity of the inducible NG2-Cre
line. F, Quantitative analysis shows that the number of PDGFRB+ cells identified as fibroblasts is markedly higher than the number of
NG2+ cells that exhibit PDGFRa expression (****P<0.0001; n=6-8). G, Approximately 60% of PDGFRa+ fibroblasts are also labeled for
PDGFRp, whereas the percentage of fibroblasts labeled for NG2 is low (****P<0.0001; n=6-8). Scalebar=100 pum. Data are expressed
as mean+SE. Statistical comparisons were performed using unpaired t test. DAPI indicates 4’,6’-diamidino-2-phenylindole; and EGFP,

enhanced green fluorescent protein.

cytometric cell identification suggested that in adult
mouse hearts, pericytes are vastly outnumbered by
fibroblasts.'® Data from human hearts are scarce. An
ultrastructural study suggested that mural cells (both
pericytes and VSMCs) in the left ventricle may be more
abundant than fibroblasts, representing ~22% to 28%
of interstitial cells.*! A recent single-cell transcriptomic
study of myocardial samples harvested from deceased
organ donors also suggested an abundant popula-
tion of myocardial pericytes and smooth muscle cells,
identifying ~21% of ventricular cells and =17% of atrial
cells as mural cells.?°

Pericytes and Fibroblasts

It should be emphasized that a large fraction of the
fibroblast-like interstitial cells in the myocardium exhibit
a perivascular location.* These cells may share certain
common characteristics with pericytes; in fact, in some
studies, pericytes have been referred to as “fibroblast-
like cells.™3 The most rigorous and accepted defini-
tion of a mature pericyte requires demonstration of the
localization of the cell within the microvascular base-
ment membrane, a feature that can only be assessed
using electron microscopy. Single-cell omics have
revealed the remarkable heterogeneity of myocar-
dial interstitial populations in health and disease.*44®
Despite the unquestionable value of high-resolution
definition of the diversity of interstitial cell populations
at the single-cell level, identification and classification
of cells into traditionally defined types remain critical
for understanding the cell biclogy of myocardial dis-
ease. In the current study, we demonstrate that use
of the NG2PsRed: PDGFRaF™P dual reporter mouse line
allows identification of mural cells and fibroblasts in
the mouse heart. No significant overlap between the 2
populations was noted (Figure 3, Figure 4A). Moreover,
PDGFRa+/NG2- cells exhibited a transcriptomic profile
typical of matrix-synthetic fibroblasts, expressing high
levels of fibrillar collagens, matrix metalloproteinases,
tissue inhibitor of metalloproteinases, and matricellu-
lar genes (Figure 4C through 4N). In contrast, NG2+/

J Am Heart Assoc. 2022;11:e023171. DOI: 10.1161/JAHA.121.023171

PDGFRa- cells expressed low levels of matrix genes
but exhibited much higher levels of Adamts1, Vtn, and
Pdgfrb expression (Figure 40 through 4Q). High levels
of vitronectin expression were previously reported in
brain pericytes.*” In contrast, Adamts1 has not been
previously found to be expressed in normal kidney per-
icytes but has been reported to be highly upregulated
upon injury.4®

Contractile Filament Proteins Lack
Specificity for Pericyte Identification
Several “pericyte-specific” markers have been used in
attempts to identify pericytes and distinguish them from
other interstitial cell types.*®®° Some of these markers
are clearly unreliable, lacking specificity and sensitivity.
CD146, also known as melanoma cell adhesion mol-
ecule, has been used to identify pericytes®! but is also
highly expressed in endothelial cells.>?-%* On the other
hand, vimentin, a-SMA, and desmin are expressed in
contractile filaments and have been used to label peri-
cytes in some studies. Vimentin is highly expressed in
all mesenchymally derived cells, including fibroblasts
and all mural cells.®® Desmin expression has been vari-
ably reported in subsets of fibroblasts and pericytes
in several different tissues but is not expressed by
myocardial pericytes.®’ a-SMA also has low specificity
and sensitivity as a pericyte marker. In comparison to
VSMCs, pericytes have low levels of a-SMA expres-
sion®® but upregulate a-SMA synthesis in response to
stimulation with growth factors, such as transforming
growth factor 3.5 However, the specificity of a-SMA as
a marker for activated pericytes is limited by its marked
induction in injury-site myofibroblasts.5859

NG2 and PDGFR as Pericyte Markers

The proteoglycan NG2 and the growth factor receptor
PDGFRp are the most commonly used markers for peri-
cytes in mouse studies.®® Anti-NG2 antibodies, NG2PsRed
fluorescent reporter mice, and constitutive and inducible
NG2-Cre drivers have been extensively used to identify,
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Figure 8. In the ascending aorta, the neuron-glial antigen 2 (NG2) tamoxifen-inducible Cre recombinase (CreER™) driver
is specific for mural cells, whereas the inducible platelet-derived growth factor receptor (PDGFR)3CreER™ driver lacks
specificity, also labeling PDGFRa+ aortic adventital fibroblasts.

A through D, To test the specificity of the inducible PDGFRB-Cre driver for aortic mural cells, we bred PDGRBC"¢*+;R26'4Tomalo mice
with fibroblast reporter PDGFRa&¢" P mice. Dual immunofluorescence of aortic sections shows that the inducible PDGFRB-Cre driver
lacks specificity, labeling a large fraction of PDGFRa+ adventitial fibroblasts (A, C: arrows). Quantitative analysis shows (n=6) the
density of adventitial PDGFRa+ fibroblasts and the density of fibroblasts labeled for PDGFR in the ascending aorta (C). D, More than
50% of adventitial fibroblasts (PDGFRa+ cells) were labeled for PDGFR (n=6). E, To test the specificity of the inducible NG2-Cre
driver, NG2/¢¢+;R26!Tomato were bred into the PDGFRaF™ reporter mouse line. Sections from the ascending aorta were stained for
tandem dimer Tomato (tdTomato) and green fluorescent protein. Dual fluorescence shows that aortic adventitial fibroblasts (arrows)
are not labeled for NG2, supporting the specificity of the inducible NG2-Cre line. Images are representative of 6 different experiments.
Scalebar=120 pm. Data are expressed as mean+SE. a indicates adventitia; DAPI, 4’,6’-diamidino-2-phenylindole; EGFP, enhanced

green fluorescent protein; and m, media.

trace, and target pericytes in vivo.%°-6 PDGFR[ stain-
ing has also been used to specifically label pericytes
in mouse tissues,®" and inducible PDGFRB-Cre drivers
have been considered in some studies optimal genetic
tools for pericyte-specific targeting.3>3® However, the
frequent use of the same inducible PDGFR[3-Cre driv-
ers to target fioroblast-like interstitial cells®*3® in other
studies generates confusion regarding the specific-
ity of these tools. To evaluate the specificity of NG2
and PDGFR(B-Cre drivers, we crossed these lines with
fioroblast-specific PDGFRa reporter mice. Our find-
ings demonstrate that only the inducible NG2-CReER™
line induces recombination specifically in mural cells
(Figure 5), showing no significant overlap with myocardial
interstitial PDGFRa+ fibroblasts (Figure 7E through 7G).
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In contrast, the inducible PDGFR{3-Cre driver labeled,
in addition to mural cells, ~60% of PDGFRa+ myocar-
dial perivascular and interstitial fibroblasts (Figure 7G).
Similar observations were noted in the aorta. The induc-
ible PDGFR[-Cre driver targeted not only mural cells in
the media and the adventitia but also a large fraction
of aortic adventitial fibroblasts (Figure 8A through 8D).
In contrast, the inducible NG2-Cre driver specifically la-
beled mural cells (Figure 8E).

Is There an Optimal Tool for Labeling and
Targeting Cardiac Pericytes in Mice?

Single-cell transcriptomic studies indicate that no
single transcript qualifies as a specific pan-pericyte
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marker.5* The differences in pericyte populations re-
siding in various tissues and the distinct patterns of
diversity of fibroblasts and other interstitial cell types
in different organs suggest the need for organ-specific
approaches for tracing and targeting pericytes. Our
study shows that myocardial mural cells are optimally
labeled and targeted by using an inducible NG2-Cre
driver. In contrast, the inducible PDGFR3-Cre driver
lacks specificity and may be useful only for manipula-
tion of a broader population of interstitial cells, includ-
ing a large fraction of fibroblasts.

CONCLUSIONS

Unfortunately, the field of myocardial biology has ne-
glected the pericyte, a cell type of high potential signifi-
cance in cardiac homeostasis and disease. Associative
evidence suggests that pericytes may be involved in
early myocardial ischemic injury,?®® may respond to
myocardial mechanical stress?® and neurohumoral
stimulation,® and may be implicated in fibrosis of the
remodeling heart.56% Moreover, some studies have
suggested that subpopulations of pericytes may have
reparative, angiogenic, and even regenerative potential
in models of myocardial injury.f”®® Thus, experimen-
tal studies investigating the role of pericytes in mouse
models of heart disease, using well-characterized and
validated tools, are critical for understanding cardiac
pathophysiology.
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SUPPLEMENTAL MATERIAL



Figure S1. Isotype-matched controls demonstrate the specificity of fibroblast and pericyte
labeling in dual reporter and lineage tracing systems.

A NG2/ DAPI B IgG(Gt)/ DAPI

C NG2CreERtdT/ DAPI D DAPI

Ig(Gt)/

A-B: In myocardial sections from dual reporter NG2°*;PDGFRaF®™ mice, NG2 labels mural
cells (red), whereas PDGFRa stains the nuclei of fibroblasts (green). Isotype-matched controls in
a serial section (B) show no staining, demonstrating the specificity of the strategy. Scalebar=80um.
C-D: In a similar manner, isotype-matched controls show the specificity of the lineage tracing
approach in PDGRB°"®/*;R26'Toma°, pPDGFR o mice. NG2-traced cells appear red, whereas the
nuclei of PDGFRa.+ fibroblasts are green. An isotype matched control-stained serial section shows
no staining. Scalebar=70um; v, vessel.



Figure S2. Isotype matched controls show the specificity of NG2(Dsred)/PDGFRf dual
immunofluorescence.

NG2/DAPI 5FR(B/DAPI
NG2/ FR[3/DAPI D 1gG(gt)/Ig ))/DAPI

NG2+ positive profiles (red, A) and PDGFRp-expressing cells (green, B) are identified in the
myocardium of NG2P"*d reporter animals. Panel C shows the merged image. D. A section staining
with isotype-matched control IgG shows no staining. Scalebar=50um



Figure S3. Outline of the experimental procedure used to obtain a single cell suspension from
dual reporter NG2PsRed: PDGFRaFCFP adult mouse heart.

A

Suspension filtered through 40um strainer Centrifuge at RT/
brakes off/200g

Incubate cell suspension with
=Y RBC lysis buffer/RT/5 min

\/

W
Block suspension with CD16/CD32 Ab for 30 min/4'C
Suspension labelled with
CD31-BV605

CDA45-APC/Cy7

|2\

Collagenase type 4/Dispase

-mediated digestion 7AAD--PerCP
45 min/37'C/shaking Calcein-Pacific blue
5 1
107 9

5 NG2 RFP+PDGFRa GFP-

a
SR g
= >
] 2
& £
) <
< 0% o =
< o
N~ o
' ©
1034 | calcein+, 784D- PDGFRa GFP+NG2 RFP.
T T T T T ) | T T T ™ ¥ T U T J T
~|D:i 103 N'l4 - ~|03 0 103 |D4 |05
Calcein Pacific Blue PDGFRa GFP
e 1t 10% = NG2 RFP+PDGFRaGFP-
©
g 1 E
o &
E « NG2 RFP
=R O 4 Ctrl
[=] El E
o
o3
E ) REAC o
104 | co3t-cp4s- = " PDGFRa GFP+NG2 RFP-
S GARARARY: » RARIIILE TTTTY T T T Y Ty
>|03 0 103 |U4 105 |D:i 0 "J3 |D4 105
D CD45 APC/Cy7 PDGFRa GFP
105"
c 10
[
>
o
E PDGFRa GFP
10’ o Ctrl
o0
[=) |
o
L |
0?3 | coscoss PDGFRa GFP+NG2 RFP-
__| i
UARARARS \ » Lagaiiat Ty T LLAMARAR) | LAY | Y T
.103 0 103 |U4 |U§ -|IJ3 0 |03 104 |05

CDA45 APC/Cy7 PDGFRa GFP



Viable (7AAD-) and metabolically active (calcein+) cells were gated and based on the expression
of CD31 and CD45, the non-endothelial and non-hematopoietic cell population was identified.
NG2+ and PDGFRo+ populations, subgated from the CD31-CD45- fraction, were FACS-sorted
into cell lysis buffer to isolate RNA. C & D. NG2PR®d and PDGFRaC are genetic tags and are
identified without the use of antibodies. C represents absence of NG2PsRed population when
prepared from PDGFRoECF single reporter mouse and D represents the absence of PDGFRo ¢
population when prepared from NG2°R¢d mouse model.



Figure S4. NG2+ pericytes and PDGFRa+ fibroblasts exhibit distinct transcriptomic
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Heat map summarizes the qPCR array data, illustrating differential gene expression of NG2+
pericytes and PDGFRo+ fibroblasts sorted from adult mouse myocardium at baseline and the
corresponding p value for each gene (n=4). The sample highlighted in yellow had a very high
normalized gene expression value (1.17), that was outside the set range. Statistical comparison
was performed using unpaired t-test (for normal distributions), or the Mann-Whitney test for non-
Gaussian distributions.
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Figure S5. The germline NG2-Cre driver does not specifically label myocardial mural cells.

NG2Cre/CD31

NG2°*:R265YF mice were generated to trace NG2-derived cells. Dual fluorescence in
myocardial sections for EYFP and the endothelial cell marker CD31 (arrrowheads) showed that
vascular mural cells could not be specifically identified due to the intense fluorescence in
cardiomyocytes (arrows). Images are representative of 6 different experiments. Scalebar=20um



Figure S6. Labeling of valvular and aortic cells using the inducible NG2CreER™ driver.

Aortic valve Tricuspid valve Mitral valve 00 *

files/mm2

N
(=3
[=3
o

L

-
«

ive prof

1000

o
I

@ positi

A NG2CreERtdTom /DAPI

NG2CreERtdTom/DAPI NG2CreERtdTom /DAPI

A-B, TdTomato staining of myocardial sections in the NG2CreER™ model labeled a significant
population of valvular cells, which were more abundant in the aortic valve (AV). C-H, Dual
fluorescence for a-SMA and tdTomato shows labeling of mural cells in sections from the
ascending aorta. ~60% of aortic medial a-SMA+ vascular smooth muscle cells were labeled with
the inducible NG2 Cre driver (long arrows). Occasional a-SMA-negative NG2-labeled adventitial
cells may represent pericytes of the adventitial vasa vasorum (short arrows). Images are
representative of 6 different experiments. Scalebar=100um. Data are presented as mean + SE.
Statistical comparison was performed using non-parametric ANOVA (Kruskall-Wallis).



Figure S7. The inducible PDGFRBCreERT? driver labels abundant valvular cells and a large
population of aortic adventitial cells.
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A-B, tdTomato staining in PDGFRBCre®R™ model labeled a much larger population of valvular
interstitial cells when compared to the NG2CreER™ model (shown in Suppl Fig VI). C-H,
Staining of aortic sections showed that ~70% of aortic aSMA+ vascular smooth muscle cells were
labeled using the PDGFRBCrefR™ line (long arrows). Moreover, the inducible PDGFRP Cre
driver also labeled a large population of adventitial aortic cells that were negative for a-SMA (short
arrows). These cells had morphological characteristics of fibroblasts. Images are representative of
6 different experiments. Scalebar=100um. Data are presented as mean + SE. Statistical comparison
was performed using non-parametric ANOVA (Kruskall-Wallis).



