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Abstract

Cardiac fibrosis, denoted by the deposition of extracellular matrix, manifests with a variety of 

diseases such as hypertension, diabetes, and myocardial infarction. Underlying this pathological 

extracellular matrix secretion is an expansion of fibroblasts. The mouse is now a common 

experimental model system for the study of cardiovascular remodeling and elucidation of 

fibroblast responses to cardiac growth and stress is vital for understanding disease processes. Here, 

using diverse but fibroblast specific markers, we report murine fibroblast distribution and 

proliferation in early postnatal, adult, and injured hearts. We find that perinatal fibroblasts and 

endothelial cells proliferate at similar rates. Furthermore, regardless of the injury model, fibroblast 

proliferation peaks within the first week after injury, a time window similar to the period of the 

inflammatory phase. In addition, fibroblast densities remain high weeks after the initial insult. 

These results provide detailed information regarding fibroblast distribution and proliferation in 

experimental methods of heart injury.
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1. Introduction

Cardiac fibrosis is a hallmark of cardiovascular disease and is associated with fibroblast 

proliferation. After injury, the accepted role of the cardiac fibroblast is to replace dying 

cardiomyocytes with extracellular matrix (ECM) [1], and inhibition of fibroblast expansion 

results in heart rupture [2–4]. Although fibrosis is a key element of heart pathogenesis [5], 

our understanding of the biology of the cardiac fibroblast is rudimentary. One major 

limitation has been the inability to identify these cells in vivo. The study of cardiac 

fibroblasts has been, to some degree, restricted to in vitro analysis or to investigation of an 

activated fibroblast population known as the myofibroblast. The myofibroblast is a fibroblast 

sub-type that was traditionally identified by expression of α-smooth muscle actin (αSMA, 

ACTA2) [6] and is considered the prototype for understanding fibroblast function [7]. While 

these data have been extremely informative, recent observations suggest that myofibroblasts 

represent only a portion of the matrix-producing, proliferative fibroblasts [2, 4, 8]. It is 

possible that the majority of fibroblasts responsible for the fibrotic response have been 

largely ignored. Therefore, a reevaluation of fibroblast biology using more inclusive and 

definitive means of identification will help to clarify the influence of fibroblasts during 

cardiac fibrosis.

A lack of specific markers has also impeded a consensus regarding cardiac fibroblast 

numbers and function. We have recently demonstrated that during homeostasis resident 

cardiac fibroblasts constitute a smaller proportion of cardiac cells than previously believed 

[9]. Additionally, it was thought that activated fibroblasts were heterogeneous and derived 

from different sources after injury. However, recent evidence points to the resident fibroblast 

as the main source of ECM producing fibroblasts during ventricular remodeling [2, 8, 10]. 

Resident fibroblasts can be defined by expression of PDGFRα and type I collagen, as well 

as deriving from the Tcf21 lineage [8–11], while activated cardiac fibroblasts have been 

recently classified by periostin expression [2, 4].

Even though fibroblasts contribute to important aspects of heart development, physiology, 

and pathology, little is known about the in vivo proliferative behavior of the resident 

fibroblast. In the past, mapping of resident fibroblasts has been approximated using 

transmission electron microscopy [12] or markers that are enriched but not specific to 

fibroblasts [13]. To provide a comprehensive view of the distribution and proliferation of 

cardiac fibroblasts, we have employed four distinct fibroblast tracking mouse lines to define 

the proliferation rates at three stages: early postnatal, adult, and after cardiac injury.

Our findings demonstrate that during early postnatal growth fibroblasts and endothelial cells 

proliferate in a profile similar to that of cardiomyocytes [14–16]. In addition, using three 

distinct experimental injury techniques, we observed grossly different spatial patterns of 

fibroblast expansion. Furthermore, regardless of the injury type, fibroblast proliferation rates 

peaked rapidly within the first week and returned to basal levels, suggesting a limited time 

frame for the proliferative phase. These findings provide important insights regarding 

fibroblast proliferation in the heart and provide a foundation for future studies involving 

fibroblast activation and regulation after cardiac injury.
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2. Materials and Methods

2.1 Mice

Tcf21mCrem/+ [17], PDGFRαGFP/+ [18] (Jackson Labs, 007669), Collagen1a1-GFP [19], 

POSTNmCrem/+ [2] and R26RtdT [20] (Jackson Labs, 007914) have been previously 

described. All animal protocols and experiments were approved by the University of Hawaii 

at Manoa IACUC and conformed to National Institutes of Health guidelines for care and use 

of laboratory animals. Mice were backcrossed a minimum of four generations to C57BL/6J 

and contained the J mutation of the NNT gene. Both males and females were used for these 

studies.

2.2 Tamoxifen inductions

Tamoxifen (MP Biomedicals, 0215673891) was administered to mice by oral gavage (0.3 

mg/g body weight) two or three times on non-consecutive days or 250 mg/kg of sucrose 

tamoxifen chow (Harlan Laboratories) for 14 days in Tcf21mCrem/+ mice. For postnatal 

inductions of Tcf21mCrem/+ mice, tamoxifen (100–500 µg) was injected intragastrically 

between postnatal days 2–4. No reporter activity was detected at any time in the absence of 

tamoxifen. For induction of the POSTNmCrem/+ mice, a single oral gavage of tamoxifen (10 

mg) was administered 1 or 3 days after injury.

2.3 Immunostaining and microscopy

Hearts were isolated at the selected time points and fixed with freshly prepared 4% 

paraformaldehyde (PFA) in DPBS for 1 hour at room temperature or overnight at 4°C, 

cryoprotected in 30% sucrose/DPBS for two hours, and embedded in OCT. Immunostaining 

was performed on 10 µm tissue sections, treated with 0.1% Triton-X-100/DPBS, or 0.5% 

Triton-X-100/DPBS for αSMA staining, for 30 min and blocked with 1% BSA/DPBS. 

Tissue staining was performed overnight. For list of antibodies and reagents see 

Supplemental Table 1. When necessary, secondary antibodies from Thermofisher were used 

at a 1:500 concentration for 1 hour at room temperature. Nuclei were stained with DAPI 

(Roche, 10-236-276-001). A Zeiss Axiovert 200 microscope equipped with an Olympus 

DP71 camera was used for imaging. Images were edited and figures were created in 

Photoshop CS6.

2.4 Cardiac fibroblast quantification

Cardiac fibroblast cell number was quantified by counting the number of tdTomato+ or GFP
+ cells identified by DAPI+ nuclei using the ImageJ cell counter plugin and normalized to 

myocardial area, DAPI area, or DAPI+ nuclei as specified in figure legends. Percent of 

myocardial or DAPI area was calculated by converting the image to black and white using 

threshold color and analyzing particles using ImageJ. Specific methods of quantification for 

each experimental group are described in detail below.

2.5 Survival Surgeries

Adult mice older than 6 weeks and >22.0 g were subjected to either pressure overload by 

transverse aortic constriction (TAC), myocardial infarction (MI) by permanent ligation of the 
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left anterior descending artery (LAD), or subcutaneous isoproterenol injections following 

protocols approved by the University of Hawaii Animal Care and Use Committee. Surgeries 

were performed by the Cardiovascular Center Mouse Phenotyping Core.

2.5.1 TAC—Animals were anesthetized using isoflurane (2% in O2) followed by 

endotracheal intubation and ventilation with 1–2% isoflurane on an Inspira Advanced Safety 

Ventilator (Harvard Apparatus, Holliston, MA, USA). A partial thoracotomy was performed 

to expose the transverse aorta between the brachiocephalic and left common carotid artery 

by microsurgical techniques. A 6.0 silk suture was placed between the innominate and left 

carotid arteries and around the ascending aorta. A 26-gauge blunted needle was placed 

parallel to the aorta under the suture, two knots were tied and needle removed. Sham 

operations were performed in the same manner, but the suture was removed instead of tied.

One week after TAC or sham surgery, mice were anesthetized with 1–2% isoflurane and 

Doppler echocardiography was performed to confirm and measure the level of constriction. 

A Visualsonics Vevo 2100 system with MS550 transducer (32–56MHz) was used. The aortic 

arch view was obtained from a right parasternal view, and the pulsed wave Doppler sample 

volume was placed in the transverse aorta just proximal and distal to the site of banding. The 

waveforms of aortic flow across the constriction site were traced using Vevo 2100 software. 

Successful TACs were identified by increased flow velocity downstream of the constriction 

site (typically around 3 to 4 m/sec in TAC mice). Pressure gradient across the constriction 

was calculated based on peak flow velocity according to a modified Bernoulli's equation.

2.5.2 Isoproterenol treatment—Mice were subjected to cardiac damage by 

subcutaneous injection of isoproterenol (TCI, I0260) or saline for 2 to 14 consecutive days 

at a dose of 50 mg/kg of body weight.

2.5.3 MI—A thoracotomy was performed between the third and fourth rib to expose the 

LAD artery. The LAD proximal artery was permanently ligated using a 7.0 silk suture. 

Ligation was confirmed by visualization of left ventricle (LV) blanching and ST elevation on 

the electrocardiogram. Sham animals underwent the exact surgical procedure, except the 

suture was not tied and was removed prior to closing the thoracic cavity.

2.6 Echocardiography

Echocardiograms and tissue Doppler imaging (TDI) were performed to analyze baseline 

levels and effectiveness of TAC and MI surgeries. Briefly, hair removal cream was applied to 

the chest until all fur was removed from the area. A layer of ultrasound gel was applied to 

the animal’s chest, and the probe was lowered parasternally at 90° between the probe and the 

heart. B- and M-modes were performed to record 2-dimensional and 1-dimensional 

transverse cardiac measurements and used to analyze left ventricular function.

2.7 Proliferation assay

5-ethynyl-2'-deoxyuridine (EdU; Santa Cruz, sc-284628) was administered by IP injection 

(50 mg/kg body weight) 24 hours before isolation. Hearts were processed for histological 

analysis as described above and stained using Click-iT EdU Alexa Fluor Imaging Kits 
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(Molecular Probes, C10637 and C10337) according to the manufacturer’s protocol. Flow 

cytometry analysis is described below.

2.7.1 Postnatal proliferation—For postnatal analysis, the total percent of EdU+ cells was 

calculated by EdU+ cells divided by total number of DAPI+ cells in a 40× field of view 

(FOV). Fibroblast proliferation index was calculated by dividing the number of double 

positive tdTomato+ or GFP+ cells with EdU by the total number of tdTomato+ or GFP+ cells 

in a 20× FOV. Endothelial proliferation index was calculated by dividing the number of 

double positive IB4+ cells with EdU by the total number of IB4+ cells in a 20× FOV. 

Between 7–20 FOV were quantified per heart.

2.7.2 Transverse aortic constriction (TAC) proliferation—For TAC proliferation, 

lesions were defined by an accumulation of >50 tdTomato+ fibroblasts in a 40× FOV, and 

18–20 lesions were quantified per time point. Adventitial lesions were defined by tdTomato+ 

fibroblast accumulation around a blood vessel. Interstitial lesions were identified by 

tdTomato+ fibroblasts in the myocardium of the LV. Fibroblast proliferation index was 

calculated by dividing the number of EdU+ fibroblasts by the total number of fibroblasts in 

lesion and non-lesion areas.

2.7.3 Isoproterenol proliferation—For isoproterenol proliferation, 5–12 20× FOV from 

the LV and interventricular septum (IVS) endocardium were used to determine proliferation 

index. Fibroblast proliferation index was calculated by dividing the number of EdU+ 

fibroblasts by the total number of fibroblasts within the endocardium. The fraction of 

proliferating cells that are fibroblasts was calculated by dividing the number of EdU+ 

fibroblasts by the total number of EdU+ cells in the endocardium. The number of fibroblasts 

and the number of proliferating cells was calculated by normalizing to myocardial area and 

determining the average of each section and then each heart. Two or more non-sequential 

sections per heart, and two or more biological replicates were compared at each time point 

and region post-surgery.

2.7.4 Myocardial infarction (MI) proliferation—For MI proliferation, 2–6 20× FOV 

were used to determine proliferation index of each infarct. The number of FOV was 

dependent on infarct size. To determine border proliferation, 2–3 20× FOV were taken from 

the edges of the infarct, utilizing the difference in autofluorescence between the infarct and 

adjacent myocardium as a guide (SFigure 5I–K). Border was defined as ~50% of the 

myocardium in that FOV as having a decreased autofluorescence and loss of 

cardiomyocytes. Proliferation in the remote area was calculated from 2–4 20× FOV of 

uninjured right ventricle tissue in the same section as the infarct and border quantifications. 

For sham surgeries, >10 FOV were used per section. MI proliferation indexes were 

calculated as described for isoproterenol proliferation. Both the number of fibroblasts and 

the number of proliferating cells were calculated by normalizing to the DAPI area. DAPI 

area, rather than myocardial area, was used to avoid inclusion of acellular regions and dead 

cardiomyocytes in severe infarcts. Two or more non-sequential sections per heart and two or 

more biological replicates were compared at each time point and region post-surgery.
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2.8 Trichrome staining

Trichrome staining was performed on frozen sections using Gomori Trichrome Stain Kit 

(VWR, 84000-308) according to the manufacturer’s recommendations.

2.9 Flow cytometry

Adult murine hearts (>6 weeks of age) were perfused with DPBS containing 0.9mM Ca2+ 

and were dissected. Atria and valves were removed. For isoproterenol analyses, whole 

ventricles were used for baseline and injury samples. For MI analyses, infarct regions were 

identified by blanching and accumulation of Col1a1-GFP+ or PDGFRαGFP+ fibroblasts and 

excised. The remaining tissue was used for border/remote analyses. For MI baseline analysis 

left ventricle was substituted for infarct. Tissue weight was determined before digestion. 

Single cell suspensions were obtained as previously described [9]. Briefly, tissue was 

minced and incubated with collagenase type IV (600 U/ml, Worthington, LS004188) and 

dispase II (1.2 U/ml, Thermofisher, 17105041) in DPBS containing 0.9mM Ca2+ for 45 min 

at 37°C and filtered through both a 40µm and 30µm filter. Single cell suspensions were 

incubated with fixable yellow dead cell stain (1:1000, Molecular Probes, L34959) for 30 min 

at 4°C and washed in 2% FBS/DPBS. Cells were then incubated in primary antibodies 

(STable 1) in 2% FBS/DPBS for 30 min at room temperature, washed, and fixed for 15 min 

in freshly made 4% PFA/DPBS. EdU labeling was performed using a Click-iT Plus EdU 

Alexa Fluor Imaging Kit (Molecular Probes, C10636) according to the manufacturer’s 

protocol. Cells were washed with 1% BSA to stop the EdU reaction. For samples with 

αSMA staining, cells were incubated with an αSMA antibody (STable 1) or an isotype 

control (BD Pharmingen, 555574) in 1% BSA/DPBS for 30 minutes at room temperature, 

washed, and resuspended in 1% BSA/DPBS and Accucheck counting beads (Thermofisher, 

PCB100) according to the manufacturer’s protocol. Compensation beads (eBioscience, 

01-2222-42) were used for antibody compensation analysis and data were compensated and 

acquired on a LSRFortessa (BD Bioscience). Gating analyses were performed using FlowJo 

(TreeStar), and cell counts were calculated according to the Accucheck counting bead 

manufacturer’s recommendations.

2.10 Statistical analysis

All statistical analyses were conducted using Prism 5 (Graphpad Software, Inc., La Jolla, 

USA). Statistical analyses between two groups were analyzed using unpaired student’s t-

test. Comparisons between fibroblast proliferation groups were analyzed using one-way 

ANOVA with Tukey test (Supplemental Tables 2–4). Statistical variability is expressed as 

mean ± SD.

3. Results

3.1 Cardiac fibroblast distribution

Using four independent mouse lines, we have characterized fibroblast location and 

proliferation during heart growth and after injury. Each of these lines identifies fibroblasts 

using different cis-regulatory elements and temporal expression. The Col1a1-GFP transgenic 

line expresses a cytoplasmic GFP under the control of a Col1a1 enhancer/promoter and 
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identifies resting resident cardiac fibroblasts [8, 19, 21]. PDGFRαGFP, a targeted nuclear 

GFP insertion at the PDGFRα locus labels a majority of cardiac fibroblasts [9, 18, 21, 22]. 

Additionally, two tamoxifen inducible Cre lines were used to track relevant fibroblast 

populations and their progeny. Resting and activated fibroblasts can be indelibly labelled 

using Tcf21mCrem [9, 17] and POSTNmCrem [2], respectively. These Cre lines were crossed 

to a recombination sensitive reporter, R26RtdT [20], to lineage trace cardiac fibroblasts. 

Figure 1 demonstrates labeling of fibroblasts in the uninjured heart. The three lines that label 

resident cardiac fibroblasts identify strikingly similar populations of cells in the ventricles as 

previously reported [9]. To further delineate the fibroblast populations designated by the 

GFP lines, we crossed the mice expressing the two GFP-expressing alleles and examined 

overlap in heart sections. SFigure 1A demonstrates that a majority of the fibroblasts 

identified in Col1a1-GFP hearts also contained nuclear-localized GFP from the 

PDGFRαGFP allele. In addition, quantification of GFP+ cells by flow cyotometry also 

revealed a similar total content of GFP+ cells when comparing Col1a1-GFP and 

PDGFRαGFP hearts (SFigure 1B). We also examined the expression of other fibroblast 

markers within these two strains. In both mouse lines, GFP+ cells also co-expressed 

vimentin (SFigure 2A–B). We also noted that vimentin was expressed in mural cells 

surrounding coronary arteries. By contrast, DDR2 expression did not correspond well with 

GFP+ fibroblasts (SFigure 2C–D). Instead, DDR2 expression overlapped with a pericyte 

marker (NG2) and to a lesser extent with an endothelial cell marker (isolectin B4, IB4) 

(SFigure 2E–H). As previously reported [9], flow cytometry demonstrated that greater than 

95% of the GFP+ cells from either fibroblast line were MEFSK4+ whereas Sca1 and Thy1 

were expressed more heterogeneously (data not shown). GFP+ cells were also negative for 

smooth muscle cell marker (αSMA), pericyte marker (CD146), mesenchymal stem cell 

markers (CD44 and CD166) [23–25] at baseline by flow cytometry (Figure 3G–H and data 

not shown.)

While PDGFRαGFP and Col1a1-GFP are also expressed in adventitial fibroblasts of the 

aorta, a limited number of Tcf21 lineage labeled cells were found in the adventitia distal to 

the aortic valve (data not shown). In mice that were tamoxifen treated within the first week 

after birth, Tcf21 lineage labeled cells were less frequent in the IVS (Figure 1C and SFigure 

3E), where endothelial-derived fibroblasts reportedly predominate [8, 10]. Cells in the atria 

(Fig 1A–C and SFigure 3A), aortic, pulmonary, tricuspid, and mitral valves and epicardium 

(data not shown) were also marked. Before injury, Tcf21 lineage labeled cells are uniformly 

positive (>95%) for vimentin, MEFSK4, and GFP from Col1a1-GFP and PDGFRαGFP mice 

(manuscript in preparation). It is to be noted that the ability of Tcf21mCrem to recombine in 

fibroblasts is dependent on the efficiency of tamoxifen induction, and we find that we can 

routinely tag ~60–70% of the fibroblasts with adult tamoxifen inductions (manuscript in 

preparation). Given the ability to track fibroblasts with these lines, we further examined 

fibroblast localization and proliferation during postnatal development and after heart injury.

3.2 Postnatal fibroblast proliferation

Immediately after birth, the heart undergoes key developmental changes that are marked by 

exponential increases in volume and cell number. While recent papers have carefully 

examined the proliferation and hypertrophy of cardiomyocytes during perinatal heart growth 
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[15, 26, 27], data on the expansion of other cell populations is limited. As endothelial cells 

have been shown to outnumber all other non-myocytes in the heart [9], we tracked both 

perinatal fibroblast and endothelial cell proliferation. To investigate the proliferation rates of 

fibroblasts and endothelial cells, we used EdU to track cell proliferation in three mouse 

lines. The aforementioned fibroblast lines were used to track fibroblasts and IB4 binding 

was used to designate endothelial cells. Both the PDGFRαGFP and Col1a1-GFP mouse lines 

have reporter activity in postnatal fibroblasts (Figure 2A and data not shown). First, we 

determined the overall proliferation rate of cells in the LV of the heart and found that at 

postnatal day 2 (P2) over 10% of the cells have replicated DNA while this value increased to 

15–20% of the cells at P4 and P7. After P7, EdU incorporation dramatically decreased. 

These data are in agreement with previous observations [15, 27, 28] (Figure 2A–B). 

Fibroblasts and endothelial cells represent only a subset of the total proliferating cell 

population in the first week after birth (Figure 2A). The total number of EdU+ endothelial 

cells outnumbered fibroblasts at each time point examined. This result likely reflects the fact 

that overall there are more endothelial cells than fibroblasts as the proliferation index of both 

cell types was similar (Figure 2C–D). These data were consistent regardless of the mouse 

line used to identify fibroblasts. Tcf21 lineage traced cells exhibited slightly lower 

proliferation rates, which could be a technical issue as only a single dose of tamoxifen was 

administered. By 3 weeks after birth, fibroblast and endothelial cell proliferation rates were 

reduced (Figure 2C–D), and the fibroblast proliferation rate (0.36 ± 0.22%) was equivalent 

to that observed in adult hearts (described below). Taken together, these data suggest that 

non-myocyte proliferation rates peak in the first week of postnatal growth, which also 

follows the reported pattern of cardiomyocyte proliferation [14–16], and decreases to adult 

levels by 3 weeks of age.

3.3 Patterns of fibroblast expansion after injury

Often ECM production is used to follow cardiac fibroblasts after injury. It is assumed that 

the fibroblast population expands prior to the deposition of ECM, but little is known 

regarding the numbers and localization of the fibroblasts. While matrix accumulation can 

yield important information regarding fibroblast presence, it may be that not all fibroblasts 

are actively producing matrix or located in areas of dense collagen, and collagen deposition 

may over-represent the fibroblast population. To obtain a better perspective on fibroblast 

quantity and location after injury, we examined fibroblast lineage distribution using three 

different cardiac injury methods: pressure overload by TAC, β-adrenergic cardiac stress 

induced by isoproterenol treatment, and MI by permanent ligation of the LAD artery. The 

Col1a1-GFP and PDGFRαGFP lines have been used to track cardiac fibroblasts after TAC 

[8] and cardiotoxicity [29], respectively, and these populations also expand with the 

aforementioned injury techniques (Figure 3A–C). Using Tcf21 lineage marking to label 

resident fibroblasts prior to injury [11], we were able to focus on the expansion of resident 

cardiac fibroblasts. Resident cardiac fibroblasts expanded following each experimental heart 

injury (Figure 3D–F). Similar patterns of fibroblast expansion were seen after heart injury in 

PDGFRαGFP and Col1a1-GFP mice (Figure 6A, 7A–B and data not shown). Gomori 

trichrome stain revealed that areas of collagen deposition correlated with areas containing 

the highest concentration of lineage traced fibroblasts (Figure 4).
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αSMA is commonly used to identify fibroblasts that have become activated [30]. Using the 

three mouse lines, we examined marked cells for αSMA expression after injury by IHC and 

flow cytometry. Two cell populations expressed αSMA expression after injury, coronary 

vascular smooth muscle cells and fibroblasts. We found that all three fibroblast marking 

lines had overlap with αSMA expressing cells that were not in vascular smooth muscle cell 

compartments (Figure 3A–F). Consistent with reports from others [2, 8], not all fibroblasts 

in lesion areas exhibited detectable levels of αSMA by IHC, but by flow cytometry, a 

majority of the Col1a1-GFP+ and PDGFRαGFP+ cells were positive for αSMA expression in 

the infarct region after MI (Figure 3K–L). MI border/remote areas, isoproterenol treated 

hearts, and TAC had fewer αSMAhigh expressing fibroblasts (Figure 3M–N, I–J, and data 

not shown). Conversely, in the absence of injury 5.9% ± 4.6% of αSMA expressing cells 

were GFP+ (n=2 PDGFRαGFP and n= 2 Col1a1-GFP). Five days after LAD permanent 

ligation 89% ± 1.6% of αSMA expressing cells in the infarct were GFP+ (n=2 PDGFRαGFP 

and n=3 Col1a1-GFP). After 7 days isoproterenol treatment, 61% ± 21% of αSMA 

expressing cells were GFP+ (n=2 PDGFRαGFP and n=2 Col1a1-GFP). It should be noted 

that after isoproterenol treatment there were fewer αSMA+ cells than after MI, and some of 

the αSMA+ cells from this whole ventricle isolation were likely to be coronary vascular 

smooth muscle cells (data not shown). MEFSK4 continued to stain the fibroblasts marked by 

these three mouse lines after TAC, isoproterenol, and MI (data not shown), however, 

MEFSK4 flow cytometry must be performed in conjunction with CD45 and CD146 as it 

also identifies sub-populations of immune cells and pericytes [9]. Interestingly, Sca1 

expression appeared to be down-regulated after injury (data not shown). 3–10% of the 

Col1a1-GFP+ cells were CD146+ after MI and isoproterenol treatment, while very few of the 

PDGFRαGFP+ cells were CD146+ independent of the injury (data not shown).

Although the three mouse lines used to follow fibroblasts appeared interchangeable in 

regards to their ability to identify resident fibroblasts, each injury type resulted in a 

characteristic and distinct pattern of fibroblast accumulation. After pressure overload, 

fibroblast accumulation is most obvious in arterial adventitia (Figure 4A, G) but small focal 

concentrations of fibroblasts can be found in the interstitium as early as 5 days after TAC 

(Figure 5A). By comparison, chronic subcutaneous isoproterenol administration resulted in 

an expansion of fibroblasts in endocardial areas of the ventricles and IVS as previously 

described [31, 32] (Figure 4B, 4H, 6A, and SFigure 3G). Permanent ligation of the LAD 

artery predictably resulted in expansion of fibroblasts in the LV free wall distal to the 

ligation. Depending on proximity of the LAD ligation, fibroblast accumulation could be 

observed in the IVS and right ventricular free wall (Figure 4C, 4I, and SFigure 3H). 

Resident fibroblast numbers increased steadily in the infarct region after injury (Figure 7E–

H). After chronic pressure overload, we observed that rather than scattered intermittently 

between cardiomyocytes, fibroblasts adopted a denser, perivascular (SFigure 4A–B) and 

perimysial location (SFigure 4C–D). This pattern of fibroblasts was also observed with other 

modes of injury after 1–2 weeks (data not shown), but not in age-matched control hearts. 

Another common feature that correlated with decreased heart function in the TAC and 

isoproterenol models was an expansion of fibroblasts in the left atria (SFigure 3B–C and 

data not shown). Taken together, these data suggest fibroblast expansion correlates with 

matrix deposition in distinct patterns which are specific to each manner of injury.
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3.4 Fibroblast proliferation after TAC

Recent studies have indicated that resident cardiac fibroblasts are the predominant fibroblast 

population responding to pressure overload by TAC [8, 10]. Despite the fact that pressure 

overload leads to hypertrophy throughout the LV, fibroblast accumulation occurs in focal 

areas (Figure 5A). To determine if proliferation is the cause of focal fibroblast accumulation, 

we examined proliferation rates of Tcf21 lineage traced fibroblasts in lesion (>50 

fibroblasts/40× FOV) and non-lesion areas. First, we observed that fibroblast proliferation 

rates did not increase until 5 days post-surgery and declined by two weeks (Figure 5B). 

When comparing fibroblast proliferation in lesion and non-lesion areas, we observed a trend 

towards higher proliferation rates in lesions, although these differences were not statistically 

significant. We observed similar rates of proliferation regardless if lesions were adventitial 

or interstitial (Figure 5C). Comparison of time point differences are provided in STable 2. 

These data suggest that focal expansion of fibroblasts may be a stochastic event that depends 

predominantly on the initial abundance of fibroblasts in a location.

3.6 Proliferation after acute β-adrenergic receptor stimulation

After subcutaneous injection of isoproterenol, fibroblasts expand and deposit collagen in the 

subendocardial space (Figures 4B,E, 6A, and SFigure 3G). Using Tcf21 lineage tagging to 

identify resident cardiac fibroblasts, we followed fibroblast proliferation after isoproterenol 

administration. Focusing specifically on fibroblasts in the endocardium, we observed 

increases in fibroblast proliferation rates in the first week (Figure 6B–E). Despite continuous 

isoproterenol administration, the proliferation of resident fibroblasts dropped to basal levels 

by two weeks (Figure 6E), and fibroblast numbers remained steady (Figure 6F). Fibroblast 

proliferation follows the trend of overall proliferation within the endocardium (Figure 6G). 

Comparison of time point differences are provided in STable 3. Even at day 7, resident 

fibroblasts accounted for less than 50% of the proliferating cells and the overall number of 

fibroblasts were at steady state between day 4 and 14 (Figure 6H). At every time point 

examined, regions of the myocardium that were distal to these endocardial lesions exhibited 

a proliferation index similar to basal levels (data not shown).

3.7 Fibroblast proliferation after MI

Although recent data using Col1a1-GFP and Wt1 lineage tracing has suggested that resident 

fibroblasts constitute the majority of the fibroblast cells after TAC [8, 10], there has been 

some suggestion that extra-cardiac fibroblasts are recruited after other types of heart injury 

[33, 34]. We therefore examined PDGFRαGFP, Col1a1-GFP, Tcf21 lineage, and periostin 

lineage tagged fibroblasts after LAD ligation. Infarct regions are replete with cells identified 

by these four fibroblast tagging systems (Figure 7A–D). Patterns of PDGFRαGFP, Col1a1-

GFP, Tcf21, and periostin lineage cells were similar in the infarct areas, and as previously 

documented [2] the majority of cells labeled by POSTNmCrem recombination did not extend 

beyond the border zones. Therefore, analyses using this line were limited to the infarct 

region.

To identify the profile of proliferation within the infarct, EdU incorporation was quantified 

in resident and activated fibroblasts. When examining all cells within the infarct the peak 

proliferation rate occurs within the first 7 days after permanent ligation and steadily declined 
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to near basal levels by 21 days after LAD ligation, although fibroblast numbers remain 

steady (Figure 7E–H). The profile of fibroblast proliferation follows that of overall 

proliferation rates (Figure 7I–J). Comparison of time point differences are provided in 

STable 4. Fibroblasts constituted only 20–50% of the proliferating cells within the infarct 

(Figure 7K). Others have suggested that fibroblast proliferation occurs in regions remote to 

the ischemic tissue [35, 36]. Indeed, as early as 3 days after LAD ligation, fibroblasts in 

remote areas were also proliferating and continued to proliferate albeit at a reduced rate 

compared to infarct fibroblasts (SFigure 5A–D). As might be expected the proliferation rates 

of fibroblasts in the border region were slightly higher than remote rates and localized next 

to the infarct (SFigure 5E–H). IHC staining for CD45 expressing cells in MI demonstrates 

that immune cells constitute a portion of the proliferating cells after MI (SFigure 6). 

Similarly, CD45+/EdU+ cells were observed in TAC and isoproterenol treated hearts 

(SFigure 6).

3.8 Flow cytometry of proliferating cells after MI

While fibroblasts are one population of proliferating cells in the heart, the majority of the 

EdU+ cells were not labeled by fibroblast markers (Figure 7K). As flow cytometry permits 

examination of multiple cell populations simultaneously, we evaluated the number and 

proliferation of fibroblasts, endothelial cells, and immune cells from uninjured and ischemic 

hearts. Before injury, endothelial cells (CD31+) constituted the overall majority of cells and 

the majority of the EdU+ cells (44.9% ± 4.41%), and fibroblasts (Col1a1-GFP+) represented 

only a small proportion of EdU+ cells (2.27% ± 0.93%) (Figure 8A, E). The basal 

proliferation rate of fibroblasts in the uninjured heart (0.37% ± 0.17%, n=5) (Figure 8B) was 

similar to that observed at postnatal day 21 (0.36% ± 0.22% n=9) (Figure 2C) and in saline 

treated adult animals (0.40% ± 0.37%) (Figure 6E).

After LAD ligation, fibroblast numbers increased 3–4-fold, while immune cell numbers 

(CD45+) initially increased at 5 days but decreased by 9 days (Figure 8A). The proliferation 

of cells in regions outside of the infarct follows similar trends (SFigure 5P). Additionally, 

the number of fibroblasts corresponded to the amount of ischemic area, and the number of 

immune cells generally correlated with the number of fibroblasts (data not shown). Using all 

three fibroblast marking mouse lines, we observed no significant differences of cell numbers 

or proliferation rates. Endothelial cells by contrast were dramatically reduced in infarct areas 

but are similar to basal levels in non-infarct areas (Figure 8A and SFigure 5O). In agreement 

with the immunohistochemistry results shown in Figure 7E–G,I, EdU+ cells were most 

abundant around day 5 (Figure 8A). However, at 5 days post-MI, fibroblasts and immune 

cells represent the majority of the proliferating cells (37.37 ± 13.68% and 38.37 ± 3.88%, 

respectively) (Figure 8E). The overall number of proliferating cells decreased by 9 days 

post-MI, but immune and endothelial cells continued to constitute the majority of the 

proliferating cells (51.38 ± 15.28% and 20.68 ± 6.70%, respectively), whereas fibroblasts 

represent a smaller proportion (12.95 ± 6.11%) (Figure 8E). The proliferation indices of 

fibroblasts, immune cells, and endothelial cells within the infarct were similar at day 5. 

While immune cell proliferation remained relatively constant between days 5 and 9, 

fibroblast and endothelial cell proliferation decreased by day 9 (Figure 8B). Similar to 

results observed by immunohistochemistry quantification, the proliferation rate of 
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fibroblasts in the IVS and right ventricle were slightly increased over basal levels but were 

highly variable (SFigure 5O–P). Similar increases over basal levels were observed in 

immune and endothelial cells in non-infarct regions (SFigure 5O–P). In an attempt to 

identify the GFP−, CD45−, CD31− proliferating cell population, we co-stained for pericyte 

marker CD146. CD45−, CD31−, GFP−, CD146+ cells represented only 1–4% of the 

proliferating cells after MI (data not shown). We also did not observe an appreciable number 

of Sca+, CD44+, or CD166+ cells in the GFP−, CD31−, CD45−, EdU+ fraction (data not 

shown).

One additional question is whether activation status renders cells more proliferative. To 

address this topic, we compared the proliferation rate of activated fibroblasts (periostin 

lineage) [2] to resident fibroblast proliferation rates of cells identified by PDGFRαGFP+, 

Col1a1-GFP+, or Tcf21 lineage-tagging. Between 5 and 9 days after permanent LAD 

ligation, periostin lineage tagged cells had comparable proliferation rates (Figure 7J) and 

numbers (Figure 7H) to the other three fibroblast lines, suggesting that there is not a subset 

of more proliferative, activated fibroblasts in the infarct zone.

3.9 Flow cytometry of proliferating cells after 7 days of isoproterenol treatment

We next compared the proliferative responses of the different cell populations with 

isoproterenol treatment by flow cytometry using both PDGFRαGFP and Col1a1-GFP mouse 

lines with similar results for each. Proliferation and numbers of fibroblasts (GFP+), 

endothelial cells (CD31+), and pericytes (CD31−, CD45−, CD146+) was observed while 

CD45+ cell proliferation remained similar to basal levels (Figure 8C–D). It should be noted 

that fibroblast proliferation index by flow cytometry appears lower because all ventricular 

fibroblasts were examined by flow cytometry while only endocardial proliferation was 

quantified by histology. Similar to what we observed after MI, CD146+ cells only 

represented 3–4% of the CD31−, CD45−, GFP− population. Neither Sca1+, CD44+, nor 

CD166+ cells represent any significant portion of the unidentified EdU+ population (data not 

shown).

4. Discussion

Although recent studies have suggested that epicardial- and endocardial-derived fibroblasts 

constitute the majority of proliferating, fibrogenic cells after pressure overload [2, 8, 10], 

questions still remain regarding the responses of these resident fibroblasts during other 

disease processes. Here, we document the pattern and proliferation of resident fibroblast 

cells during perinatal heart growth, during homeostasis, and after injury. Taken together 

these data demonstrate that there are windows of opportunity for targeting the expansion of 

fibroblasts. Surprisingly, regardless of the injury type the peak of proliferation occurs around 

the first week after insult (Figure 9).

4.1 Patterns of expansion

Although increases in collagen deposition serve as a good approximation of fibroblast 

activation and accumulation, few reports illustrate fibroblast distribution throughout the 

heart. Use of fibroblast marking and lineage tracing affords a more discrete account of 
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fibroblast activity and permits fibroblast identification that precedes matrix deposition. At 

basal levels, adult cardiac fibroblasts were regularly dispersed between cardiomyocytes and 

concentrated in adventitial spaces. However, after injury collagen deposition represents more 

area than fibroblast area.

Within each mode of injury, a stereotypic pattern was observed, and collagen deposition 

overlapped extensively with fibroblast density. In hearts subjected to TAC, fibroblasts 

accumulated in both perivascular and random focal, interstitial areas. This pattern matches 

those described for collagen accumulation [37, 38]. It has been noted that as collagen 

density increases after pressure overload, collagen encircles cardiomyocytes and potentially 

disrupts force generation [39]. We observed that with chronic injury, fibroblasts also 

surrounded cardiomyocytes. With isoproterenol treatment, collagen accumulates 

predominantly in the endocardial regions [31, 32], and our results demonstrated that 

fibroblasts preferentially proliferated and amassed in this region. After permanent LAD 

ligation, the fibroblast pattern is consistent within the scar, however the size and area of each 

scar was variable, presumably due to the magnitude of ischemia and cardiomyocyte loss. 

Left atrial expansion of fibroblasts was variable with each injury. Others have observed that 

atrial remodeling is related to increased LV end diastolic pressure [40].

Previous studies have used αSMA as a label for activated fibroblasts, and after injury our 

fibroblast lines label a majority of the αSMA+ cells as determined by flow cytometry. 

However, there are remaining GFP+ fibroblasts that are not αSMA+, suggesting that αSMA 

only labels a subset of these cells. After myocardial infarction fibroblasts in the infarct 

represented the largest proportion of GFP+ fibroblasts that were αSMAhigh, while in areas of 

lower fibroblast expansion there was a continuum of αSMA expression. This continuum was 

recapitulated in injury models that also had lower fibroblast expansion. By IHC αSMA 

expression was not observed in every cell within the infarct zone, suggesting that flow 

cytometry may have a lower detection limit than IHC. These data indicate that our analyses 

were not limited to the fibroblasts that express αSMA and may provide a more 

comprehensive view of the resident cardiac fibroblast population.

It is also likely that after injury the Col1a1-GFP and PDGFRαGFP reporters have different 

promoter activities. We do see an increase in GFP intensity after MI in the Col1a1-GFP line 

likely reflecting increased promoter activity (unpublished observation, MI). Thus, there 

remains a possibility that subsets of fibroblast exist that are differentially detected by these 

different reporters. We have yet to determine whether Tcf21mCrem lineage tracing efficiently 

labels endocardial-derived fibroblasts.

4.2 Proliferation of cardiac fibroblasts

Because identification of fibroblasts has been problematic, fibroblast proliferation is often 

determined indirectly and can be miscalculated. Frequently, fibroblast proliferation has been 

generalized to proliferation rates of non-myocytes [28, 41], morphological identification [42, 

43], or primary fibroblast cultures [44–46].

4.2.1 Postnatal proliferation—A great deal of interest has been placed on perinatal 

cardiomyocyte proliferation, but few analyses have examined the proliferation of specific 
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populations of non-myocytes. Postnatal cardiomyocyte proliferation is limited to the first 

week after birth [15, 27, 47]. After this time heart size increases by cardiomyocyte 

hypertrophy [48]. One study of proliferation using rats observed a steady decrease in overall 

proliferation from postnatal day 3 to day 13 [28]. In contrast, we found that DNA synthesis 

increased between day 3 and day 7 and then dropped precipitously by 14 days after birth. 

Our data are in agreement with a rat study which observed decreased proliferation of 

fibroblasts and endothelial cells the first week after birth [49]. Interestingly, this pattern is 

similar to that observed in perinatal murine cardiomyocytes [15, 27, 47]. Both fibroblast and 

endothelial cell proliferation followed this overall trend suggesting a coordination of the 

signals that regulate proliferation. Decreases in proliferation were coincident with reported 

alterations in ECM [50] leaving a possibility that changes in the ECM may contribute to the 

regulation of proliferation. Approximately 0.4% of the fibroblasts were proliferating at any 

time in the adult mouse heart. This was considerably lower than the proliferation of immune 

and endothelial cells. These data are in agreement with the relative turnover rate of 

endothelial and mesenchymal cells in the human heart [51].

4.2.2 Proliferation after injury—One somewhat surprising result from our studies was 

that despite dramatically different profiles of fibroblast expansion, the peak of cell 

proliferation occurred within the very brief time window immediately following injury. 

Similar results have been observed in injury models of other species. While these studies 

often did not specify fibroblast proliferation, it was assumed that the majority of the cells 

proliferating were fibroblasts. For example, in canine hearts after ischemia reperfusion, peak 

proliferation rates of non-myocytes were observed within the first week of injury [52]; the 

majority of these cells were identified as myofibroblasts and endothelial cells [53]. 

Similarly, proliferation rates of non-myocytes in the mouse heart decreased to sham levels 

one month after pressure overload [54].

Our results from the Tcf21 lineage tagged fibroblasts are in agreement with other reports 

investigating fibroblast proliferation after TAC. Proliferation rates of connective tissue cells 

in the rat reportedly peaked at 7 days after constriction [42]. Similarly, non-myocyte 

proliferation in mice was shown to peak 7 days after TAC, which correlated with increased 

fibroblast numbers and collagen deposition. Non-myocyte proliferation decreased to sham 

levels 28 days later [54]. Using the Col1a1-GFP mouse line, fibroblast proliferation in lesion 

areas was 10–20% during the first 7 days after TAC, but by 4 weeks post-surgery the 

proliferation rate had dropped to below 5% [8]. Another study using flow cytometry 

reported that CD90+/Thy1+ fibroblasts had a basal proliferation index of 2.5% and 4 days 

after TAC the index reached ~10% and remained steady for up to 5 weeks [10]. One possible 

explanation for the discrepancy between our results and these results is that Thy1 may 

identify a subpopulation of fibroblasts that are more proliferative. Interestingly, when we 

compare adventitial to interstitial fibrosis we observe similar rates of proliferation. 

Moreover, when lesion proliferation is compared to non-lesion proliferation, we find that 

there is not a statistical difference. These data suggest that either the trophic factors leading 

to fibroblast proliferation are limiting or that signals inhibiting fibroblast proliferation arise 

after the first week of injury. Recruitment and activation of inflammatory cells are likely to 

be key in modulating fibroblast proliferation.
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It is well established that isoproterenol exposure leads to cardiomyocyte death and that 

fibroblasts respond to this loss by expanding and depositing matrix. Previous reports have 

suggested that fibroblasts are the predominant proliferating cell population in this model of 

fibrosis [32]. Our results suggest that they constitute only 20–40% of the proliferating cells 

and, similar to pressure overload, peak proliferation rates occur within the first week of 

exposure. The proliferative cells are localized to the endocardium, as previously described, 

and proliferation reverts to basal levels within two weeks despite continuous exposure to 

isoproterenol. Unlike pressure overload and MI, fibroblast numbers do not continuously rise, 

indicating some form of fibroblast loss, possibly by apoptosis.

As replacement fibrosis is an essential element of survival after myocardial infarction, one 

would presume that fibroblast proliferation is rapid and robust. Indeed, we observed 

increases in fibroblast proliferation as early as 2 days post-MI. The expansion of fibroblasts 

was dramatic leading to 2–3 times more fibroblasts in the infarct area with proliferation rates 

returning toward basal levels as early as one week after ligation. These results are in 

agreement with those reported for myofibroblasts detected by αSMA expression. At 5 days 

post-MI, approximately 15% of myofibroblasts were proliferating, while endothelial cell 

proliferation at the same time was much lower [55]. By 7 days post-MI, myofibroblast 

proliferation was significantly decreased. Of interest is the observation that activated 

(periostin-expressing) fibroblasts have similar proliferation rates to the general fibroblast 

population. These data suggest that within the infarct there is not a specialized subset of 

proliferating fibroblasts and that these four mouse lines can be used to trace cardiac 

fibroblasts after injury. The results also demonstrate that after injury Tcf21 lineage and 

periostin lineage tagging can be useful in identifying fibroblasts in combination with other 

biologic readouts. Although it has been suggested that some fibroblasts undergo apoptosis 

after MI [56, 57], our data suggest that appreciable numbers of fibroblasts remain at least 

three weeks post-MI.

Although immune cells have been recognized as key elements in cardiac remodeling after 

MI [58–60], the relative ratios and cellular cross-talk of the non-myocyte populations after 

MI have not been described. Our data demonstrate that a greater than two-fold fibroblast 

(Col1a1-GFP+) and four-fold immune cell (CD45+) expansion occurs within five days post-

MI and that fibroblasts and immune cells proliferate at similar rates. Together these two cell 

types constitute the majority of the proliferating cells during the proliferative phase 

described by Frangogiannis [61]. Others have observed that fibroblast and immune cell 

localization appear to be coordinated [62], but further analyses are required to understand 

how these cell populations influence each other. Together, these results suggest that a clear 

distinction between the inflammatory and fibroblast proliferative phase may not be as 

evident after MI.

5. Conclusions

Here, we present data delineating the location and expansion of the resident cardiac 

fibroblast population in the mouse. It is of note that all three fibroblast-specific mouse lines 

identify a uniform population which is also marked by the POSTNmCrem lineage tag after 

fibroblast activation. These data inform experiments investigating both perinatal heart 
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regeneration and cardiac injury models. Regardless of the injury mechanism, general rates of 

proliferation and specifically, fibroblast proliferation, largely occur within the first week 

after experimental cardiac stress, suggesting that interventions targeted at fibroblast 

expansion would be most beneficial immediately after the insult.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GFP green fluorescent protein

mCrem mutated estrogen receptor P1 bacteriophage Cre recombinase

IB4 isolectin GS -IB4

EdU 5-ethynyl-2-deoxyuridine

αSMA alpha smooth muscle actin

ECM extracellular matrix

MI myocardial infarction

LAD left anterior descending

TAC transverse aortic constriction

IVS interventricular septum

Col1a1 collagen type 1a1
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Highlights

• Perinatal cardiac fibroblast proliferation parallels cardiomyocyte proliferation

• Resident cardiac fibroblasts expand in distinct patterns after cardiac injury

• Fibroblast proliferation peaks in the first week after injury, then returns to 

basal levels

• The fibroblast proliferative phase is similar to the reported inflammatory 

phase
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Figure 1. Fibroblast specific mouse lines
(A–C) 4 chamber view of (A) PDGFRαGFP/+ (9 weeks), (B) Col1a1-GFP (25 weeks), and 

(C) Tcf21mCrem/+; R26RtdT (18 weeks) hearts. (D–F) Higher magnification of left 

ventricular free wall from different hearts. (D) PDGFRαGFP/+ (5 weeks), (E) Col1a1-GFP 
(25 weeks) (F) Tcf21mCrem/+; R26RtdT (8 weeks). Tcf21mCrem/+ mice were induced (C) for 

two weeks by tamoxifen chow (F) for two days by tamoxifen gavage. Ao: aorta; LA: left 

atria; RA: right atria; LV: left ventricle; RV: right ventricle; IVS: interventricular septum; E: 

epicardium. Scale bars: 100µm.
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Figure 2. Fibroblast and endothelial cell proliferation in perinatal hearts
(A) Representative images at indicated postnatal time points. Fibroblasts: PDGFRαGFP 

(green); endothelial cells: isolectin B4 (blue); and proliferating cells: EdU+ (red). Arrows 

indicate proliferating endothelial cells. Arrowheads indicate proliferating fibroblasts. (B) 

Overall proliferation rate of cells in PDGFRαGFP/+ hearts. (C) Quantification of 

proliferation index in PDGFRαGFP, Col1a1-GFP, and Tcf21mCrem/+;R26RtdT labeled 

fibroblasts. (D) Postnatal endothelial cell proliferation index. ND: not determined. Numbers 

within bar graphs represent biological replicate n values. Results are mean ± SD. Scale bars: 

50µm.
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Figure 3. αSMA expression in fibroblast-tagged hearts after injury
(A–B) Representative images of αSMA staining in Col1a1-GFP hearts. (C) Representative 

images of αSMA staining in PDGFRαGFP/+ hearts. (D–F) Representative images of αSMA 

staining in Tcf21mCrem/+; R26RtdT hearts. Arrows indicate examples of αSMA staining in 

fibroblasts identified by the indicated fluorescent tag. Arrowheads indicate a blood vessels 

with αSMA+ coronary vascular smooth muscle cells. Scale bars: 100µm. (G–N) 

Representative flow cytometry histograms of αSMA expression in GFP+ fibroblasts isolated 

from (G, I, K, M) Col1a1-GFP and (H, J, L, N) PDGFRαGFP/+ hearts at (G–H) baseline, 
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(I–J) after 7 days of isoproterenol injections, and 5 days after MI (K–L) in the infarct and 

(M–N) border/remote area.
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Figure 4. Tcf21 lineage tagged cells and collagen deposition after injury
(A–C) 4 chamber view of Tcf21 lineage tagged cells (red) at the indicated time points of 

injury. (D–F) 4 chamber view of Gomori’s trichrome staining of hearts in A–C. (blue: 

collagen deposition) Arrow indicates the suture site. (G–I) Higher magnification of Tcf21 

lineage tagged cells and (J–L) Gomori’s trichrome staining of adjacent sections of (G–I) 

(blue: collagen deposition). Ao: aorta; LA: left atria; RA: right atria; LV: left ventricle; RV: 

right ventricle; IVS: interventricular septum. Scale bars: 200µm.
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Figure 5. Fibroblast proliferation after pressure overload
(A) Representative images of an adventitial, interstitial lesion, and a non-lesion area in a 

Tcf21mCrem/+; R26RtdT heart 5 days after transverse aortic constriction (TAC). Fibroblasts: 

tdTomato (red); nuclei: DAPI (blue), and proliferating cell: EdU+ (green). Arrowheads 

indicate proliferating fibroblasts. Asterisk indicates a blood vessel. (B) Quantification of 

percent fibroblast proliferation in lesion and non-lesion areas. (C) Quantification of percent 

fibroblast proliferation in adventitial and interstitial lesions. n=3–5 mice per group. ND: not 

determined. ns: not significant; unpaired student’s t-test. Results are mean ± SD. Scale bars: 

50µm.
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Figure 6. Fibroblast proliferation after isoproterenol injection
(A) Four chamber view of endocardial fibroblast expansion 7 days of isoproterenol treatment 

in a Col1a1-GFP heart. Fibroblasts: GFP (green). (B–D) Tcf21 lineage tagged fibroblasts 

and EdU labeled proliferating cells after (B) 2, (C) 7 and (D) 14 days of isoproterenol 

injections. Fibroblasts: tdTomato (red); proliferating cell: EdU (green). Arrowheads indicate 

proliferating fibroblasts. (E) Percent of proliferating fibroblasts, (F) number of fibroblasts, 

(G) number of proliferating cells, (H) percent of proliferating cells that are fibroblasts. All 

quantifications were a minimum of five fields of view from two non-sequential sections in at 

least two biologic replicates and were normalized to myocardial area where applicable. Each 

point represents the average of one biological replicate. Scale bars: 100µm.
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Figure 7. Fibroblast proliferation after myocardial infarction
Resident fibroblast expansion in left ventricular free wall 7 days after LAD ligation using 

fibroblast lines (A) PDGFRαGFP, (B) Collagen1a1-GFP, (C) Tcf21mCrem/+; R26RtdT or (D) 

POSTNmCrem/+; R26RtdT. (E–G) Proliferation of Tcf21 lineage-tagged fibroblasts (E) 3 

days post-MI, (F) 5 days post-MI and (G) 21 days post-MI. Fibroblasts: tdTomato (red); 

proliferating cell: EdU (green). Arrowheads indicate proliferating fibroblasts. (H) Number 

of fibroblasts (I) number of proliferating cells (J) percent of fibroblasts that are proliferating 

and (K) percent of proliferating cells that are fibroblasts. Resident fibroblasts: PDGFRαGFP, 

Collagen1a1-GFP or Tcf21 lineage (black circles); activated fibroblasts: periostin lineage 
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(red squares); proliferating cell: EdU+ (black diamonds). Results are mean ± SD. Each point 

represents the average of one biological replicate normalized to nuclear area where 

applicable. Scale bars: (A–D) 100µm and (E–G) 200µm.
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Figure 8. Flow cytometry of cell populations after injury
(A, C) Cell numbers determined by flow cytometry after (A) myocardial infarction (infarct) 

or (C) isoproterenol treatment (day 7; both ventricles). (B, D) Proliferation by cell type after 

(B) myocardial infarction (infarct) or (D) isoproterenol treatment (day 7; both ventricles). 

For no injury, left ventricle was isolated in the MI controls, and both ventricles were isolated 

for isoproterenol controls. (E) Distribution of each cell type within the proliferating cell 

population after the indicated treatments. Proliferating cell: EdU+; immune cell: CD45+; 

endothelial cell: CD31+; pericyte: CD146+/CD31−/CD45−/GFP−; other: CD31−/CD45−/GFP
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−; fibroblast: Col1a1-GFP+ (MI) and Col1a1-GFP+ or PDGFRαGFP+ cells (isoproterenol). 

n=4–6 mice per group. Results are mean ± SD.
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Figure 9. Fibroblast proliferation profiles after injury
Schematic of fibroblast proliferation suggesting general patterns of proliferation after injury. 

Within these experimental parameters peak fibroblast proliferation is around the first week 

after injury and rapidly returns to basal levels.

Ivey et al. Page 32

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Mice
	2.2 Tamoxifen inductions
	2.3 Immunostaining and microscopy
	2.4 Cardiac fibroblast quantification
	2.5 Survival Surgeries
	2.5.1 TAC
	2.5.2 Isoproterenol treatment
	2.5.3 MI

	2.6 Echocardiography
	2.7 Proliferation assay
	2.7.1 Postnatal proliferation
	2.7.2 Transverse aortic constriction (TAC) proliferation
	2.7.3 Isoproterenol proliferation
	2.7.4 Myocardial infarction (MI) proliferation

	2.8 Trichrome staining
	2.9 Flow cytometry
	2.10 Statistical analysis

	3. Results
	3.1 Cardiac fibroblast distribution
	3.2 Postnatal fibroblast proliferation
	3.3 Patterns of fibroblast expansion after injury
	3.4 Fibroblast proliferation after TAC
	3.6 Proliferation after acute β-adrenergic receptor stimulation
	3.7 Fibroblast proliferation after MI
	3.8 Flow cytometry of proliferating cells after MI
	3.9 Flow cytometry of proliferating cells after 7 days of isoproterenol treatment

	4. Discussion
	4.1 Patterns of expansion
	4.2 Proliferation of cardiac fibroblasts
	4.2.1 Postnatal proliferation
	4.2.2 Proliferation after injury


	5. Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

