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Abstract

Background: Cardiac fibroblasts are the main non-myocyte population responsible for
extracellular matrix (ECM) production. During perinatal development, fibroblast expansion
coincides with the transition from hyperplastic to hypertrophic myocardial growth. Therefore,
we investigated the consequences of fibroblast loss at the time of cardiomyocyte maturation by
depleting fibroblasts in the perinatal mouse.

Methods and results: We evaluated the microenvironment of the perinatal heart in the
absence of fibroblasts and the potential functional impact of fibroblast loss in regulation of
cardiomyocyte cell cycle arrest and binucleation. Cre-mediated expression of diphtheria toxin
A in PDGFRa expressing cells immediately after birth eliminated 70-80% of the cardiac
fibroblasts. At postnatal day 5, hearts lacking fibroblasts appeared similar to controls with
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normal morphology and comparable numbers of endothelial and smooth muscle cells, despite a
pronounced reduction in fibrillar collagen. Immunoblotting and proteomic analysis of control and
fibroblast-deficient hearts identified differential abundance of several ECM proteins. In addition,
fibroblast loss decreased tissue stiffness and resulted in increased cardiomyocyte mitotic index,
DNA synthesis, and cytokinesis. Moreover, decellularized matrix from fibroblast-deficient hearts
promoted cardiomyocyte DNA replication. While cardiac architecture was not overtly affected by
fibroblast reduction, few pups survived past postnatal day 11, suggesting an overall requirement
for PDGFRa expressing fibroblasts.

Conclusions: These studies demonstrate the key role of fibroblasts in matrix production and
cardiomyocyte cross-talk during mouse perinatal heart maturation and revealed that fibroblast-
derived ECM may modulate cardiomyocyte maturation /77 vivo. Neonatal depletion of fibroblasts
demonstrated that although hearts can tolerate reduced ECM composition, fibroblast loss
eventually leads to perinatal death as the approach simultaneously reduced fibroblast populations
in other organs.
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Introduction

Although fibroblasts are present throughout the body and are considered the predominant
producers of extracellular matrix (ECM), especially collagen, their contributions to organ
maturation are poorly understood. In cardiac tissue, fibroblasts begin to produce and
modify the ECM scaffolding shortly after their appearance [1], and ECM production
continues after birth [2]. Although fibroblasts are likely to play a significant role in shaping
heart organization and function, our knowledge of their essential roles in governing the
extracellular environment during the dynamic process of heart growth is limited.

Rodent hearts undergo dynamic changes within the first several weeks after birth,
including increased aerobic respiration, increased cardiac workload, and transition to

a fatty acid metabolism [3]. Immediately after birth, cardiac growth is driven by
proliferation. After postnatal day (P)4, fibroblast and cardiomyocyte proliferation subsides
[4,5], and cardiomyocyte hypertrophy follows. As the heart transitions from hyperplastic
to hypertrophic growth phases, the cardiac environment undergoes increased mechanical
stiffness and ECM compositional changes [6,7].

One of the characteristics of this early adaptive time period is the ability of the heart to
regenerate by increased cardiomyocyte proliferation [8]. As ECM compositional changes are
concurrent with the decreased proliferation rate of both fibroblasts and cardiomyocytes,
there is a potential role for fibroblasts and fibroblast-secreted ECM in regulation of
cardiomyocyte proliferation. In support of this idea, /n vitro experiments have identified

that fibroblasts and fibroblast-derived ECM components including: fibronectin, collagen,
periostin, heparin-binding epidermal growth factor [9], agrin [10] and nephronectin [11]

can induce cardiomyocyte proliferation/cytokinesis [12,13]. The role of fibroblasts in
modulating myocyte proliferation may not be a general fibroblast attribute as recent studies
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have suggested that a specific subtype of cardiac fibroblasts promotes cardiomyocyte
maturation [2,14].

To investigate the contribution of fibroblasts to perinatal heart maturation /n vivo, we
generated mice with fewer fibroblasts by driving diphtheria toxin A (DTA) expression in
PDGFRa expressing cells; PDGFRa being a common fibroblast protein [15-18]. Our data
demonstrate that neonatal fibroblast ablation led to disrupted ECM composition, reduced
collagen deposition, and decreased tissue stiffness in the heart. We also observed decreased
cardiomyocyte binucleation at P5. Interestingly, neonatal cardiomyocytes exhibited
decreased binucleation on ECM derived from fibroblast ablated hearts, demonstrating that
the ECM produced by fibroblasts can contribute to the process of cardiomyocyte maturation.
Our findings reveal an essential role for fibroblasts during perinatal heart development.

2. Methods
2.1. Mice

All animal protocols and experiments were approved by the University of Hawaii at Manoa
Institutional Animal Care and Use Committee. Mice on a mixed C57BI/6 background were
used for these studies. R26R™7 [19] (Jackson labs, 007914) and R26RP™A [20] (Jackson
labs, 010527) mice were purchased from Jackson Laboratory. Collal-GFPtransgenic mice
express cytoplasmic GFP under the control of a Co/Za1 promoter/enhancer and were
generated by Dr. David Brenner [21]. PDGFRa-CreERT?* mice were kindly provided by
Dr. Brigid Hogan (Duke University Medical Center) [22]. DTA expression was induced
between P1-P5 using a single intragastric injection of tamoxifen at 62.5 pg/g of body weight
(AdipoGen, CDX-T0200). The fibroblast ablated genotype was PDGFRa-CreERTZ*
R26RIYT/DTA_ Al control mice used in these experiments were tamoxifen induced and

age matched. Control genotypes were PDGFRa-CreERT2* - R26RYT* or PDGFRa**
R26RWT/DTA (littermate controls). Littermate (Cre™) and non-littermate (Cre*) controls were
used in all experiments, and no significant phenotypes were observed in these mice.

2.2. Screening for PDGFRa deletion

Deletion efficiency was tested by multiple approaches (Supplemental Table 1). For
determining PDGFRa deletion, kidneys were collected, stored in RNAlater Stabilization
Solution (Invitrogen, AM7021) and processed for RNA extraction as described below. Mice
with greater than 50% of control PDGFRa expression were excluded from studies, as this
indicated insufficient fibroblast ablation.

2.3. Western blot

Atria and valves were discarded from isolated hearts. Whole ventricle tissue was
homogenized in RIPA buffer with protease inhibitor cocktail (Bimake, B14001) using a
Dounce homogenizer. Samples were centrifuged at 16,000 xg for 20 min at 4 °C, and
supernatant collected. Blots were probed with primary antibody overnight at 4 °C, and
then incubated with the corresponding Li-Cor IRDye secondary antibody for 1 h at room
temperature. Primary antibodies used for western blot are listed in Supplemental Table 2.
GAPDH or a-tubulin was used as a loading control. An Odyssey CLXx imaging system was
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used for detection and images were analyzed using Image Studio version 5.2.5 software
(Li-Cor Biosciences).

2.4. Mass spectrometry

Whole ventricle tissue from P5 pups and adult hearts was minced and washed in distilled
H,0 with protease inhibitor cocktail (Bimake, B14001) for 30 min at room temperature
with light agitation. P5 tissue was placed in 0.05% SDS in DPBS with protease inhibitor at
room temperature with light agitation, and adult tissue in 1% SDS in DPBS with protease
inhibitor until tissue was clear. Decellularized cardiac tissue was washed in distilled H,O
with protease inhibitor 3 times for 5 min at room temperature with light agitation, and then
washed overnight to completely remove detergent. Decellularized tissue was processed with
Protein Extraction Reagent Type 4 (Sigma, C0356) with protease inhibitor and sonicated (20
kHz) 3-4 times for 5 s for P5 tissue and 10 times for 10 s for adult tissue.

Lysates were reduced, alkylated, and trypsin-digested into peptides. The peptides were
cleaned using Sep-Pak Vac C18 cartridge (Waters Corporation) and label-free analysis

was done by liquid chromatography-tandem mass spectrometry using a Q Exactive mass
spectrometer (ThermoFisher). A 15 cm A ~ 75 pm C18 column (5 um particles with 100 A
pore size) was used and the nano-UPLC ran at 300 nL/min with a 150 min linear acetonitrile
gradient (from 5 to 35% B over 150 min; A = 0.2% formic acid in water; B = 0.2% formic
acid in 90% acetonitrile). Tandem mass spectrometry (MS/MS) was set with an exclusion
of 25 s, and the samples were run with high-energy collisional dissociation fragmentation
at normalized collision energy of 30% and an isolation width of 2 m/z The resolution
setting was 70,000 for target values of the MS at 1e6 ions and in MS2 at resolution setting
of 17,500 for 1e5 ions. Mass spectrometry experiments were performed at the University
of Mississippi Medical Center. Mass spectrometry analysis was performed blinded to the
identity of the samples.

RAW files were analyzed using Proteome Discoverer 2.2 (Thermo Fisher). Precursor mass
tolerance was set at 10 ppm and fragment mass tolerance was set at 0.6 Da. Dynamic
modification was set to oxidation (+15.995 Da (M)) and static modification was set to
carbamidomethyl (+57.021 Da (C)). Samples were searched against the reviewed mouse
database downloaded from Uniprot (November 2018, with 16,977 sequences). A strict false
discovery rate (FDR) of 1% was applied. Label-free quantification was done based on
precursor ion intensity and normalization was done using the total peptide amount (from
all peptides identified). Proteins were included only if they were identified by at least

two high-confidence peptides. Identification of secreted proteins was based on annotation
in UniProt (www.uniprot.org), 7.e., presence of a signal peptide. The mass spectrometry
proteomics data have been deposited to the Proteome Xchange Consortium viathe PRIDE
partner repository with the dataset identifier PXD021741.

Immunostaining and microscopy

Cardiac tissue was excised and fixed with freshly prepared 4% paraformaldehyde (PFA) in
DPBS for 90 min at room temperature or 10% neutral buffered formalin (NBF) for 24 h at
4 °C. Immunostaining was performed as previously described [16]. Primary antibodies used
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for immunostaining are listed in Supplemental Table 2. A Zeiss Axiovert 200 microscope
equipped with an Olympus DP71 camera or Leica SP8 DLS microscope was used for
imaging. Figures were created in Adobe Photoshop CC (version 19).

5-ethynyl-2”-deoxyuridine (EdU; Lumiprobe, 20,540) was administered by intraperitoneal
(IP) injection (50 mg/kg body weight) 1 h before isolation. Hearts were paraffin embedded
and stained using a Click-iT EdU Alexa Fluor Imaging Kit (Invitrogen, C10337). For
identification of cells undergoing cytokinesis, EdU labelling was performed as above and
stained for Aurora B kinase and cardiac troponin T. Heat-induced epitope retrieval was
performed on 5 um tissue sections by heating slides to 98 °C in 10 mM sodium citrate
buffer (pH 6.0) with 0.05% Tween-20 for 20 min. Aurora B kinase* cardiomyocytes were
classified as midline or asymmetric (Supplemental Fig. 8). A minimum of 200 Aurora B
kinase*/EdU™ cardiomyocytes were counted per biological replicate.

2.6. gRT-PCR

RNA isolation was performed on whole ventricles using IBI Isolate DNA/RNA reagent (1Bl
Scientific, IB47602) and PureLink RNA mini kit (Thermo Fisher, 12,183,025) according

to the manufacturer’s instructions. RNA quality and concentration were determined by
spectrophotometry using a NanoDrop 2000 instrument (Thermo Fisher). cDNA was
synthesized using M-MLV Reverse Transcriptase (Sigma, M1302) and random hexamer
primer (Thermo Fisher, SO142). qPCR analysis was performed using PowerUp SYBR
Green Master Mix (Thermo Fisher, A25742) and a LightCycler 480 instrument (Roche).
Samples were run in triplicate and normalized to 285 expression. The 272ACt method was
used for determining relative gene expression levels. Primer sequences used for gRT-PCR
are listed in Supplemental Table 3.

2.7. Hydroxyproline assay

Hydroxyproline assay (Cell Biolabs, STA-675) was performed on whole ventricle tissue
isolated from P5 pups. Samples were homogenized in distilled H,O and hydrolyzed in 6 N
HCI for 20 h at 95 °C. Hydrolyzed contents were processed according to manufacturer’s
instructions. Absorbance of the supernatant was read using Molecular Devices SpectraMax
M3 microplate reader at 540 nm wavelength.

2.8. Second harmonic generation

Cardiac tissue was isolated from P4 pups and fresh frozen embedded in OCT. Second
harmonic generation (SHG) was performed on 6 um coronal sections. SHG signals

were acquired using Zeiss 780 laser-scanning confocal/multiphoton-excitation fluorescence
microscope with a 34-channel GaAsP QUASAR detection unit and non-descanned detectors
for two-photon fluorescence (Zeiss). The imaging settings were initially defined empirically
to maximize the signal-to-noise ratio and to avoid saturation; and they were kept constant
for all measurements for comparative imaging and results. Two-photon Chameleon laser
tuned to 800 nm was used for excitation, and emission signals corresponding to the
autofluorescence and SHG signals were detected simultaneously through non-de-scanned
detectors. A total of 20 images were taken per heart and at least 4 hearts were analyzed
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per group. Matlab was used to analyze the percentage of collagen. SHG experiments were
performed blinded to the identity of the samples.

2.9. Picrosirius red staining

Following deparaffinization and hydration of FFPE sections, Weigert’s hematoxylin was
applied to sections for 8 min. After washing in running water for 10 min, sections were
incubated in 1 g of Direct Red 80 (Sigma-Aldrich, 365548) in 100 mL saturated picric acid
solution (Sigma-Aldrich, P6744) for 1 h at room temperature. The slides were rinsed in
0.5% acetic acid 2 times. After dehydration, the sections were mounted in Epredia Mounting
Medium (Thermo Fisher, 22-11-610). Bright field and polarized images were acquired
using a Leica Thunder Live Cell 3D microscope under the same exposure settings.

2.10. Gelatin zymography

Whole ventricle tissue isolated from P5 pups was homogenized in Triton X-100 lysis buffer
(125 mM NacCl, 25 mM Tris-HCI, 1% Triton X-100, pH 8.5) with protease inhibitor cocktail
(Bimake, B14001) using a Dounce homogenizer. Samples were centrifuged at 16,000 xg
for 20 min at 4 °C, and the supernatant was collected. 5 ug of protein were loaded/lane.
Novex 10% Zymogram Plus Gels (Thermo Fisher, ZY00105BOX) were used and gelatin
zymography was performed according to the manufacturer’s instructions.

2.11. Atomic force microscopy

Cardiac tissue was isolated from P4 pups and fresh frozen embedded in OCT. Atomic

force microscopy (AFM) was performed on 6 um coronal sections. The nanomechanical
and topographical properties of frozen, non-fixed coronal sections placed on glass slides
were characterized using a NanoWizard® 4a (JPK Instruments). Briefly, the samples were
immersed in PBS for 15 min to remove OCT and allowed to thaw. The sections were

then covered with 1x protease inhibitor (Thermo Fisher, 78,443) and tissue stiffness was
determined using a qp-BioAC-1 (NanoandMore) cantilever with a force constant in the
range of 0.15 to 0.55 N/m. The cantilever was calibrated using the thermal oscillation
method before each experiment. Tissue mapping was performed in quantitative imaging
(QITM) mode. Coronal sections were scanned in a 400 pm? area using a set point of 5 nN, a
Z-length of 2 mm, and a pixel time of 50 ms with a resolution of 256 x 256 pixels. At least
four scans were performed on the left ventricular (LV) free wall of each section, and from

at least 3 different animals. The Hertz model was used to determine the tissue mechanical
properties using the JPK software. AFM experiments were performed blinded to the identity
of the samples.

2.12. Cardiomyocyte isolation

For EdU chase experiments EdU was administered 48 h before cell isolation.
Cardiomyocytes from P5 and P9 hearts were isolated using a modified collagenase digestion
protocol [23]. Myocyte cell suspensions were fixed with freshly made 4% PFA/DPBS

for 15 min at room temperature. Fixed myocytes were washed twice with HBSS by
centrifugation (50 xg for 10 min). Cells were spun onto glass slides using a cytospin
(Shandon Cytospin 4) at 1000 rpm for 3 min. EdU detection, primary antibody, and
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secondary antibody incubations were performed as described above. Nuclei were stained
with DAPI. Microscope slides were mounted and imaged using a Zeiss Axiovert 200. 400-
500 cardiomyocytes were counted per biological replicate.

2.13. Decellularization of tissue sections for culture

Hearts were isolated from P4 pups and fresh frozen embedded in OCT. 25 um transverse
sections from control and ablated hearts were adhered to an 8-well chamber slide (ibidi,
80,826). Sections were treated with 10 mM Tris and 1% wt/vol EDTA for 30 min and
decellularized with 0.05% SDS in DPBS for 30 min at room temperature. Timing of
decellularization was determined by DNA quantification using DAPI staining to confirm
lack of cells in control and ablated tissue. After decellularization, sections were treated with
50 U/mL DNase and 1 U/mL RNase for 15 min at 37 °C. Decellularized sections were
washed with DPBS and used for cardiomyocyte cell culture experiments as described above.

2.14. Cardiomyocyte/matrix co-culture

Cardiomyocytes from whole ventricles were isolated from P2 pups using the Pierce Primary
Cardiomyocyte Isolation Kit (Thermo Fisher, 88,281). The cell suspension was filtered
through a 70 um nylon mesh strainer and pre-plated for 2 h to remove non-myocytes. Non-
adherent cardiomyocytes were removed and centrifuged at 50 xg for 5 min. Cardiomyocytes
were resuspended in medium 199 with 1x Pen/Strep, 5% horse serum, and 10 uM EdU,

and seeded at 5.0 x 104 cells per 1.0 cm? for 48 h on decellularized matrix or attachment
factor (Invitrogen, S006100). Cultures were fixed with 4% PFA/DPBS for 15 min at room
temperature, washed, permeabilized, and staining performed. >200 cardiomyocytes were
counted per biological replicate. Quantifications were performed blinded to the identity of
the culture substratum.

2.15. Statistical analyses

All statistical analyses were conducted using Prism 8 (Graphpad Software). To determine
whether to use a parametric £test, Shapiro-Wilk and Levene’s test was performed. If normal
distribution and homogeneous variance was not found, statistical analyses between two
groups were analyzed using Mann-Whitney U'test. Comparisons between multiple groups
were analyzed using two-way ANOVA with Tukey test. Statistical variability is expressed as
mean + SD; ns: not significant, #> 0.05; *P< 0.05; **P< 0.01; ***P<0.001; ****p<
0.0001. N values for experiments are indicated in figure legends.

3. Results

3.1. Postnatal cardiac ECM

Fibroblasts are first observed in the mouse heart around embryonic age (E)14.5 [24]

and their numbers dramatically increase after birth [4]. Although differences between

the embryonic/perinatal ECM and the adult ECM have been noted, the contribution of
cardiac fibroblasts to these ECM differences has not been evaluated [2,10-12,25]. We
compared ECM proteins from decellularized control P5 and adult ventricles using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based analysis (Fig. 1A). Levels
of some ECM proteins remained constant between perinatal and adult hearts (Supplemental
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Table 4). However, we found significant differences in several essential ECM components,
including fibrillins, nidogens, laminins, and collagens (Fig. 1A and Supplemental Table 5).

We then determined the levels of common cardiac fibroblast-associated proteins [26] in
total ventricle lysate by western blotting (Fig. 1B and Supplemental Fig. 1). To assess

the relative abundance of fibroblast proteins, we used the level of PDGFRa, a protein
expressed by resident cardiac fibroblasts as a surrogate [4,15,27]. Relative to P1 levels,
PDGFRa protein increases by P4 (Supplemental Fig. 1), following the predicted increase in
fibroblast numbers in the wild-type perinatal heart [4,5]. Examination of fibroblast-secreted
ECM proteins revealed a dynamic and diverse profile of protein accumulation. Periostin,
fibronectin, and LOXL2 protein levels demonstrated a similar profile with levels highest
immediately after birth that gradually decreased by P21 (Fig. 1B). Other ECM proteins,
such as active MMPS8, tenascin X, and collagen I increased over time (Supplemental Fig.

1), whereas vinculin, a cytoskeletal protein, remained unchanged (Fig. 1B). SPARC protein
content increased between P1 and P4. Our findings are consistent with previous observations
of the composition of immature ECM in the fetal heart compared to mature ECM in

the adult heart [2,12,28-30]. Results from both proteomics and western blot analyses
suggest that changes in fibroblast ECM production in the perinatal heart coincide with heart
maturation.

3.2. Perinatal fibroblast ablation

The perinatal heart experiences a dynamic change in ECM composition during maturation,
therefore we chose to explore the importance of ECM by generating animals which lack the
primary source of ECM, the cardiac fibroblast. We expressed diphtheria toxin A (DTA)

in PDGFRa expressing cells, resulting in a dramatic reduction of cardiac fibroblasts.

These animals are termed fibroblast “ablated.” Fibroblast proliferation peaks around 4 days
after birth [4], therefore we initially induced DTA expression at P3 before this peak and
examined hearts 7 days later (Fig. 2A). Using a tdTomato (tdT) Cre reporter to follow Cre
recombinase activity, a marked decrease in lineage-tagged cells was found in ablated hearts
when compared to controls (Fig. 2B, F). To determine if the observed decrease in PDGFRa
lineage cells was due to an overall loss of cardiac fibroblasts, we used an unbiased reporter,
collagenial-GFP (Collal-GFP) [21] for labeling cells with active collagen promoter
activity [1,15,27,31]. Ablated hearts also demonstrated a decrease in GFP* cells when
compared to control hearts (Fig. 2C, G), indicating an overall fibroblast loss up to 70-80%.
We examined additional fibroblast-generated proteins by immunostaining for vimentin and
periostin. Ablated hearts contained reduced levels of these fibroblast-derived proteins as
well (Fig. 2D, E). Western blot analysis of whole ventricle tissue verified a consistent

and significant decrease in PDGFRa protein in ablated hearts (Fig. 2H-I). Examination of
smooth muscle cell (SM22) and cardiomyocyte (sarcomeric a-actinin) protein levels showed
that ablated hearts contained similar levels of SM22 and increased levels of sarcomeric
a-actinin compared to controls (Fig. 2H-I). These data suggest that perinatal ablation of
PDGFRa expressing cells is an effective means for reducing cardiac fibroblast numbers by
70-80% in the heart and that reduced fibroblast numbers do not grossly alter cardiac cellular
composition.
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Embryonic fibroblasts may have deposited a significant amount of ECM by P3, resulting in
a milder ECM phenotype. Therefore, we induced fibroblast ablation at birth (P1). Pups with
fibroblast ablation at P1 live up to 11 days (Supplemental Fig. 2A), thus, we were unable

to extend our analyses of perinatal fibroblast ablation into adult stages. At P5, fibroblast
ablated pups were slightly smaller than controls, but heart weight to body weight ratios
were normal (Supplemental Fig. 2B—C). Lung histology revealed that ablated pups had
defects in septation suggesting that the cause of death was likely due to lung abnormalities,
although we can’t rule out other potential causes of demise (Supplemental Fig. 2D). Organ
weights were proportionate to the animal weights (Supplemental Fig. 2E-F). Ablated hearts
were indistinguishable from controls by hematoxylin staining of sections (Supplemental
Fig. 3A-B). However, collagen was less mature in the mitral valve of ablated pups as
indicated by picrosirius red staining (Supplemental Fig. 3C-D). Staining of sarcomeres

and intercalated discs showed no obvious differences in organization (Supplemental Fig.
3E). Further examination of the hearts detected no significant apoptosis, autophagy, or
increased residual fibroblast proliferation (Supplemental Fig. 4A-C, 6B). A metabolic panel
revealed that there were significant differences in values related to kidney function and
hematocrit (Supplemental Table 8). To determine how loss of fibroblasts affected postnatal
heart development, we focused on P4 and P5 when heart to body weight ratios were similar
(Fig. 3A, Supplemental Fig. 2B—C). Fibroblast ablation at P1 (Fig. 3A) resulted in decreased
tdTomato* and Co/1al-GFP™ cells by P5 (Fig. 3B-D). Substantial reduction in fibroblasts
was observed in both ventricles and the interventricular septum (Fig. 3B-C). PDGFRa
expression was examined by immunostaining, gPCR, and western blot analysis to verify
ablation of PDGFRa expressing cells in the heart. Reduction in PDGFRa transcript and
protein levels were observed 4 days after ablation (Fig. 3E, H, and Supplemental Fig. 5A—
B).

Despite the loss of fibroblasts, both small and large vessels appeared morphologically
normal (Fig. 3F-G). Flow cytometry confirmed the reduction in fibroblast numbers with
no change in endothelial and immune cell populations (Supplemental Fig. 6A). In ablated
hearts, several known fibroblast-related genes were trending towards being decreased, such
as Tcf21, Dcn, Postn, and Vim. Alternative cardiac fibroblast-specific genes identified

in recent single cell RNAseq studies, including Pdgfrl, Frzb, and Mdk [32,33], were

also trending towards reduced in ablated hearts, suggesting that another subpopulation

of fibroblasts does not compensate for the loss of PDGFRa expressing fibroblasts (Fig.
3H). Moreover, examination of fibroblast proliferation index in control and ablated hearts
indicated that no compensatory proliferation occurs in the remaining fibroblast population
(Supplemental Fig. 6B). We also examined gene expression of several collagens expressed
by fibroblasts, including Collal, Colla2, Col3al, and Col6al, all of which were decreased
in ablated hearts compared to controls (Fig. 3H). These data demonstrate that our model of
fibroblast depletion is precise regarding timing and that targeting fibroblast ablation at P1
results in a severe reduction in fibroblast numbers in the heart within only 4 days of deletion
time.
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3.3. Fibroblast loss results in aberrant ECM deposition

Cardiac fibroblasts are responsible for most type | collagen production in the heart [34,35].
Unsurprisingly, we observed reduced collagen I levels by immunostaining (Fig. 4A) and
reduced total collagen by hydroxyproline content in ablated hearts after P1 ablation (Fig.
4B). SHG microscopy and picrosirius red staining demonstrated a reduced concentration

of fibrillar collagen and type | collagen, respectively, surrounding blood vessels in ablated
hearts despite normal morphology (Fig. 4C—F). A collagen hybridizing peptide was used to
identify areas of non-triple helical collagen, and reduced staining was observed both around
blood vessels and in the interstitium of ablated hearts (Fig. 4G-H). While fibroblasts have
not been shown to specifically secrete basement membrane proteins, fibroblast loss resulted
in an irregular pattern of laminin surrounding cardiomyocytes (Fig. 41).

To identify potential ECM proteins secreted and/or maintained predominantly by fibroblasts,
we examined ventricular proteins by western blot and proteomics. Periostin, SPARC,
LOXL2, and type VI collagen protein levels were decreased on western blots in the absence
of fibroblasts (Fig. 5A-B). Moreover, active MMP8 protein levels and MMP2/9 activity
were reduced in ablated hearts (Fig. 5A—C). However, several proteins commonly associated
with fibroblasts remained unchanged, such as fibronectin, vinculin, and agrin. These

data suggest that PDGFRa. expressing fibroblasts are not the main cell type responsible

for secretion of these protein (Supplemental Fig. 5A-B). An unbiased comparison of
decellularized ventricles by mass spectrometry revealed not only a reduction of some ECM
proteins but also increases in some matrix-associated proteins (Fig. 5D and Supplemental
Table 7). These results indicate that neonatal fibroblast ablation alters ECM composition.

3.4. Fibroblast loss results in increasedd cardiac cell cycle activity

Substrate stiffness or compliance may be one of the factors that contribute to neonatal
cardiomyocyte proliferation [13,36]. Recent studies demonstrated that cardiomyocytes
cultured on a compliant matrix [13] or fetal heart-derived ECM [12] displayed an increase
in proliferative markers and were able to reenter the cell cycle. Therefore, we determined if
reduced collagen levels after fibroblast ablation resulted in cardiac tissue with a lower tensile
strength and the potential for retention of cardiomyocyte proliferation ability. We measured
the stiffness of the heart using AFM. As anticipated, ablated hearts were significantly less
stiff than littermate controls at P4 (Fig. 6A-B). However, when fibroblasts were ablated

at P5 and examined at P9, after the reported peak in myocyte proliferation [5], there

was no significant difference in stiffness between control and ablated hearts (Fig. 6A-B).
Interestingly, substrate stiffness was similar in control P1 and P9 hearts (Fig. 6B).

One feature of cardiomyocyte maturation is a switch from cytokinesis to binucleation v/a
endomitosis, which correlates with a loss of cardiomyocyte proliferation and regenerative
capacity [5]. Therefore, we compared the ratio of mono and binucleated cardiomyocytes
in control and ablated hearts. To determine if cardiomyocytes in ablated hearts retain the
ability to undergo cytokinesis, we injected control and ablated animals with EdU at P3

to label cells in S-phase. 48 h later at P5, we isolated primary neonatal cardiomyocytes
and determined the number of EdU* mono and binucleated cardiomyocytes (Fig. 6C—
D). Fibroblast loss was associated with an increased number of EdU* mononucleated
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cardiomyocytes compared to controls. To further investigate DNA synthesis in myocytes
after the reported peak of proliferation [5], we examined the number of EdU* mono- and
binucleated cardiomyocytes from P9 hearts induced with tamoxifen at P5 (Fig. 6E). 48

h of EdU labeling revealed more mononucleated EdU* cardiomyocytes in the absence

of fibroblasts even at this later developmental time point. However, the total percentage

of mono and binucleated cardiomyocytes remains the same between control and ablated
hearts, suggesting that the mononucleated cells progress to binucleated cells eventually
(Supplemental Fig. 7A). These data indicate that reduced fibroblast numbers may lead to a
higher rate of cardiomyocyte cytokinesis, at a time when cardiomyocytes typically switch

to binucleation. The /n vivo cardiomyocyte mitotic index was visualized by phospho-histone
H3 (PHH3) immunostaining in cardiomyocytes at P4 and P8 (Fig. 6F-G). We observed an
increased mitotic index at both time points in ablated hearts, supporting the idea that loss

of fibroblasts correlates with less mature cardiomyocytes that have an increased proliferative
capacity. As midbody positioning with Aurora B kinase staining indicates cardiomyocyte
cell division [37], we quantified the number of EdU* cells with midline Aurora B kinase and
found a significant difference between ablated and control hearts (Fig. 6H and Supplemental
Fig. 8). Cardiomyocyte area measured /7 vivo showed that cardiomyocytes were smaller in
ablated hearts (Supplemental Fig. 7B).

To determine if the observed increase in cardiomyocyte cell cycle activity was due to the
extracellular environment generated by fibroblasts, we examined the percentage of mono
and binucleated neonatal cardiomyocytes cultured on decellularized matrix from control and
ablated P4 hearts after 48 h. We observed an increase in mononucleated cardiomyocytes

on matrix derived from ablated hearts, as well as increased EdU incorporation in

these mononucleated myocytes (Fig. 61-J). These data suggest that the compaosition and
architecture of the ECM may be, in part, responsible for a switch to myocyte binucleation.
Taken together, these data demonstrate that changes in ECM composition due to fibroblast
loss result in persistence of mononucleated cardiomyocytes.

4. Discussion

Resident cardiac fibroblasts are believed to be the predominant source of ECM in the

heart. They are initially observed in the myocardium around E14.5 [24] and their numbers
continually increase in the first week after birth [4]. In this study, we depleted fibroblasts at
birth and investigated how a 70-80% reduction of fibroblasts affects the heart. Cardiac tissue
appeared histologically normal despite a significant reduction in ECM components. While
overall heart morphology was relatively normal, most pups did not survive past P11. A
limitation of these studies is that systemic effects promoting cardiomyocyte proliferation
cannot be discounted. Reduced lung septation may contribute to the cardiomyocyte
phenotype, as systemic hypoxia can induce myocyte proliferation as reviewed in Kimura
et al. [38]. An additional limitation is that we did not perform analyses that would permit a
functional assessment of the heart.

Because fibroblasts are thought to be the main source of certain ECM components,
especially type | collagen, we expected a reduction in these proteins with fibroblast loss.
Interestingly, many ECM components were reduced in ablated hearts but not completely
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absent. There may be several explanations for this observation. First, we are initiating
fibroblast loss after birth. Although fibroblasts are present in the embryonic heart prior to
ablation, it is thought that collagen production and crosslinking increase substantially after
birth [6]. Nonetheless, some fibroblast matrix production may occur in the late-gestational
embryonic heart, and this embryonic ECM may be sufficient to maintain cardiac architecture
in the first week of life even after removal of fibroblasts. Second, fibroblast depletion in the
hearts we examined was incomplete. The remaining 20-30% fibroblasts may be sufficient to
generate the required ECM, even though most fibroblast gene expression remains reduced.
These observations suggest that the remaining fibroblasts do not substantially upregulate
collagen gene expression. Third, recent single cell RNAseq studies have suggested that
endothelial cells and cardiomyocytes can express ECM proteins, illustrating that fibroblasts
are not the only cells that contribute ECM components such as type | collagen and
fibronectin [39-45]. Therefore, these other cell types may partially compensate for the
absence of fibroblasts. It would be interesting to examine ECM gene expression or
production at the single cell level to determine if there is an increase in ECM expression by
individual cells within any of the other cardiac cell populations.

Recent studies have indicated that fibroblasts within the heart exhibit heterogenous and
dynamic gene expression and suggest that PDGFRa may not be uniformly expressed among
fibroblasts [33], allowing the possibility that fibroblast removal may be incomplete in our
studies. One subpopulation that has been described expresses a number of genes involved

in the Wnt pathway (F-Wnt X) [32,33]. These unique fibroblasts have low PDGFRa
expression, but our data suggest that expression of fibroblast genes is not upregulated in

the absence of PDGFRa expressing cells. Instead, our data suggest that at this stage of
heart development, PDGFRa may be expressed in many of the collagen-expressing cells
including those derived from the endocardium and other subpopulations, as we see uniform
depletion of fibroblasts in all four chambers as well as the septum of the heart. Another
study identified heterogenous populations of fibroblasts that exist in the /7 vivo perinatal
heart and demonstrated that a subset of periostin* fibroblasts were highly proliferative

after birth [2]. Ablation of these cells reduced mitotic activity and hypertrophic growth in
cardiomyocytes. However, our results demonstrated that ablation of PDGFRa.* fibroblasts
increased cell cycle activity in cardiomyocytes. A potential explanation for these contrasting
outcomes could be that PDGFRa* fibroblasts encompass a larger population of fibroblasts
that possess the ability to alter collagen deposition, whereas periostin® fibroblasts constitute
a smaller subset of fibroblasts that do not overtly alter collagen deposition. Therefore,

these populations of fibroblasts may have differing effects on cardiomyocyte maturation and
binucleation.

A recent study demonstrated that cardiomyocytes cultured on matrix derived from P1 hearts
were more proliferative compared to those cultured on matrix from P7 hearts [10]. Similarly,
others have shown that fetal cardiac ECM promoted increased cardiomyocyte mitosis
compared to adult cardiac ECM [12]. Additionally, mechanical properties of the matrix,
such as stiffness, have been shown to regulate cardiomyocyte cell cycle arrest /n vitro[13].
Manipulation of ECM crosslinking /n vivo validated these results by showing that increased
matrix plasticity rescued the ability of P3 hearts to regenerate after apical resection [28]. Our
work supports the idea that fibroblasts contribute to heart maturation by dynamic secretion
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of ECM that potentially regulates cardiomyocyte binucleation rates. However, it is unlikely
that this phenomenon is exclusively due to fibroblast abundance. These results suggest that
the ECM secreted by fibroblasts is, in part, responsible for cardiomyocyte binucleation and
cell cycle arrest.

The heart progressively loses the ability to generate new cardiomyocytes shortly after

birth [8,46], and thus the mature heart has a limited capacity to repair itself after disease
and damage. Therefore, identifying therapeutics to stimulate proliferation in post-mitotic
cardiomyocytes is of great interest. While agrin supplementation can increase proliferation
of adult cardiomyocytes and improve heart function after myocardial infarction [10], we
found that agrin protein levels were relatively normal in fibroblast ablated hearts suggesting
that fibroblasts are not required for agrin expression. While multiple studies have utilized
injury models, such as apical resection and myocardial infarction in neonatal hearts to
demonstrate regenerative capacity, we observed extended cell cycle activity past the normal
proliferative window in the absence of injury, although the overall ratio of mononucleated
cells to binucleated cells did not differ between control and fibroblast ablated hearts.

It is likely that multiple ECM components contribute to heart maturation. Nephronectin and
SLIT2 were identified as two proteins preferentially expressed by embryonic fibroblasts
that could enhance cardiomyocyte cell division [11]. We identified additional ECM proteins
expressed by perinatal fibroblasts, including tenascin-X, fibrillin-1, and emilin-1. While

we determined that increased cardiomyocyte DNA synthesis was in part due to changes

in ECM generated by fibroblasts, other fibroblast activities, including paracrine signaling,
may also regulate cardiomyocyte proliferation. We found that when fibroblasts were ablated
after ECM maturation, tissue stiffness was not significantly reduced but increased DNA
synthesis in mononucleated cardiomyocytes was sustained, suggesting that changes in

ECM components and compliance are not solely responsible for increased cardiomyocyte
cell cycle activity by fibroblasts. Tissue compliance remained relatively constant during

the transition from hyperplastic to hypertrophic cardiomyocyte growth, further suggesting
that compliance may not be a major determinant in cardiomyocyte regenerative capacity.
Additionally, ECM and paracrine factors secreted by embryonic cardiac fibroblasts were
shown to induce proliferation of cardiomyocytes through B1 integrin signaling in co-culture,
highlighting the importance of fibroblast functions on cardiomyocyte biology [9]. Further
investigation of fibroblast-specific ECM components responsible for cardiomyocyte cell
arrest and binucleation will provide insight into the molecular mechanisms governing
cardiac regeneration.

5. Conclusions

In summary, we observed that fibroblast ablation changed the extracellular environment
and increased tissue compliance. Proteomic analysis of decellularized hearts revealed
changes in ECM proteins identifying some ECM proteins that may be fibroblast-dependent.
Modulation of ECM composition and complexity by fibroblasts resulted in an increased
number of cardiomyocytes undergoing DNA replication and presented a higher ratio of
cycling mononucleated to binucleated cells. Matrix from fibroblast ablated hearts sustained
cardiomyocyte DNA synthesis demonstrating that fibroblast generated ECM proteins may
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participate in regulating cardiomyocyte cell cycle activity in the perinatal mouse heart. Our
study highlights a role for PDGFRa. fibroblasts in ECM production in the heart.

Supplementary data to this article can be found online at https://doi.org/10.1016/
j.yjmcc.2022.05.003.
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Refer to Web version on PubMed Central for supplementary material.
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SHG second harmonic generation
Tcf2l transcription factor 21
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Fibroblast-related protein profiles in perinatal hearts. (A) Volcano plot with distribution
of quantified secreted proteins. Fold change comparison is decellularized control perinatal
day (P)5 relative to decellularized control adult (>3 months old) ventricle tissue using
shotgun proteomics. All points are FDR < 0.05. p-values are calculated from the data of
three biological replicates. (B) Western blots of proteins extracted from whole ventricle at
indicated postnatal ages. Representative of a minimum of 4 pups at each time point.
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Fig. 2.

Perinatal fibroblast ablation. (A) Experimental scheme. (B-E) Representative images of

left ventricular (LV) myocardium from PDGFRa-CreERT?* : R26R!T* (control) and
PDGFRa-CreERT2* - R26R!T/DTA (ablated) hearts shown with endogenous labeling: (B)
tdTomato and (C) Co/1a1-GFP and immunostaining: (D) vimentin and (E) periostin.
Representative from a minimum of 3 biological replicates for each staining. Quantification
of (F) tdTomato and (G) Co/Z1aZ-GFP from control and ablated hearts. 3 fields of view
(FOV) at 20x from 2 non-consecutive sections per biological replicate were quantified.
Control: n=4; ablated: n=5-6. (H-1) Western blot analysis of whole ventricle lysate. 7= 3
per group. Results are mean + SD. Statistical significance was determined by unpaired #test.
ns: not significant, 7> 0.05; *P< 0.05 **P< 0.01; ****P< 0.0001.
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Fig. 3.
Ablation of fibroblasts in the perinatal proliferative window. (A) Experimental scheme. (B-

C) 4 chamber view of (B) tdTomato and (C) Co/1aI-GFP expression in control and ablated
hearts. Ao: aorta, LA: left atria, RA: right atria, LV: left ventricle, RV: right ventricle,

IVS: interventricular septum. (D-G) Representative images of (D) tdTomato, (E) PDGFRa.,
(F) isolectin B4 (IB4), and (G) aSMA immunostaining in the LV myocardium. Asterisks
indicate blood vessels. Representative from a minimum of 3 biological replicates for each
staining. (H) qPCR analysis of selected fibroblast, ECM, and alternative fibroblast genes

in whole ventricle tissue from ablated hearts compared to controls. 78 swas used as a
housekeeping gene. Control: n = 3; ablated: 7= 6. Results are mean £ SD.
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Fig. 4.

Re?duced collagen deposition in fibroblast ablated hearts. Representative images of (A)
collagen I immunostaining and (B) hydroxyproline content from whole ventricular tissue.
Induction at P1 and isolation at P5. Control: n = 4; ablated: n= 3. (C-D) Quantification

and representative images of fibrillar collagen analyzed by second harmonic generation
(SHG). Induction at P1 and isolation at P4. 20 FOV per biological replicate were quantified.
Control: n = 3; ablated: n= 4. (E£-F) Picrosirius red staining and collagen area normalized
to vessel area. Induction at P1 and isolation at P5. Control: 28 vessels across 3 biological
replicates; ablated: 31 vessels across 4 biological replicates. (G-H) Representative images of
collagen hybridizing peptide distribution surrounding blood vessels and within the ventricle
wall, respectively, and (1) laminin immunostaining. Induction at P1 and isolation at P5.
Representative from a minimum of 3 biological replicates for each staining. Asterisks
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indicate large blood vessels. Arrows indicate area of fibrillar collagen. Results are mean *
SD. Statistical significance was determined by unpaired t-test. *~< 0.05; ****P< 0.0001.
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Fig. 5.

EgM changes observed with fibroblast loss. (A-B) Western blot analysis and quantification
of whole ventricle lysates. Loading controls are shown below each blot. Arrows indicate
protein band used for densitometry analysis. n = 3 per group. (C) Gelatin zymography

of whole ventricle tissues. n = 3 per group. (D) Volcano plot of quantified proteins from
decellularized control and ablated hearts. Fold change comparison is perinatal control
relative to perinatal ablated. All points are FDR < 0.05. p-values are calculated from the data
of three replicates. Induction at P1 and isolation at P5. Results are mean + SD. Statistical
significance was determined by unpaired t-test. ns: not significant, 7> 0.05; *£< 0.05; **P
<0.01.
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Fig. 6.

Cz?rdiomyocyte cell cycle activity with fibroblast ablation. (A-B) Representative images of
stiffness maps and the average Young’s modulus at indicated induction and isolation times.
4 scans of LV free wall per biological replicate were quantified. Control: n = 3-5; ablated:
n = 4. (C) Representative images of EdU staining in isolated P5 cardiomyocytes. (D, E)
Quantification of EdU* mono and binucleated cardiomyocytes in (D) P5 and (E) P9 hearts
induced at P1 and P5, respectively. Numbers within bar graphs represent biological replicate
n values. 400-500 cardiomyocytes per biological replicate. (F) Representative images of
immunostaining of cardiac troponin T (cTnT) and phosphohistone H3 (PHH3) in P4 heart.
Arrows indicate PHH3" cardiomyocytes. (G) Quantification of PHH3* cardiomyocytes.

n = 4 per group. 400-500 cardiomyocytes per biological replicate. (H) Quantification of
midline EdU*/Aurora B kinase™ cardiomyocytes in P5 hearts. 200 cardiomyocytes per
biological replicate. n = 4 per group. Quantification of (I) total mono and binucleated P2
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cardiomyocytes and (J) EJU* mononucleated P2 cardiomyocytes cultured on decellularized
matrix from control and ablated P4 hearts for 48 h. Numbers within bar graphs represent
biological replicate n values (control and ablated) or number of independent experiments
(gelatin). 200 cardiomyocytes per biological replicate. Results are mean + SD. Statistical
significance was determined by unpaired t-test or Mann-Whitney U'test (H). ns: not
significant, P> 0.05; *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
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