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22 ABSTRACT

23 The human heart is primarily composed of cardiomyocytes, fibroblasts, endothelial and smooth 

24 muscle cells. Reliable identification of fetal cardiac cell types using protein markers is important for 

25 understanding cardiac development and delineating the cellular composition of the human heart 

26 during early development, which remains largely unknown. The aim of this study was to use 

27 immunohistochemistry (IHC), flow cytometry and RT-PCR analyses to investigate the expression and 

28 specificity of commonly used cardiac cell markers in the early human fetal heart (8-12 post-conception 

29 weeks). The expression of previously reported protein markers for the detection of cardiomyocytes 

30 (Myosin Heavy Chain (MHC) and Troponin I (cTnI)), fibroblasts (DDR2, Thy1, Vimentin), endothelial 

31 cells (CD31) and smooth muscle cells (α-SMA) were assessed. Flow cytometry revealed two distinct 

32 populations of cTnI expressing cells based on fluorescence intensity: cTnIHigh and cTnILow. MHC positive 

33 cardiomyocytes were cTnIHigh, whereas MHC negative non-myocyte cells were cTnILow. cTnI expression 

34 in non-myocytes was further confirmed by IHC and RT-PCR analyses, suggesting troponins are not 

35 cardiomyocyte-specific and may play distinct roles in non-muscle cells during early development. 

36 Vimentin was confirmed to be enriched in cultured fibroblast populations and flow cytometry revealed 

37 VimHigh and VimLow cell populations in the fetal heart. MHC positive cardiomyocytes were VimLow whilst 

38 CD31 positive endothelial cells were VimHigh. Based on the markers investigated, we estimate fetal 

39 human cardiomyocyte populations comprise 75-80% of total cardiac cells and exhibit the following 

40 marker profile: α-MHC+/cTnIHigh/VimLow. For the non-cardiomyocyte population, we estimate they 

41 comprise 20-25% of total cardiac cells and exhibit the following marker profile: α-MHC-

42 /cTnILow/VimHigh. Our study suggests the marker profiles and proportions of fetal cardiac populations 

43 are distinct from that of the adult heart. 

44

45

46
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47 Introduction

48 The human heart is primarily composed of cardiomyocytes, fibroblasts, endothelial and smooth 

49 muscle cells. Rodent studies have proposed that cardiomyocytes occupy ~75% of normal adult 

50 myocardial volume and account for 30-40% of cell number, with non-cardiomyocytes (endothelial, 

51 smooth muscle cells and fibroblasts), though smaller in size, being the predominant cell type1-5. 

52 Similarly, immunohistochemical and flow cytometry analysis by Pinto et al4 concluded that the adult 

53 human heart consists of approximately 30% cardiomyocytes and 50% endothelial cells. The relative 

54 cellular composition of the adult heart is likely to differ to that of the fetal heart during the dynamic 

55 stages of early development. The identification, characterisation and purification of cardiac cells relies 

56 upon their expression of cell-specific protein markers and is key to better understanding cardiac 

57 development and delineating the cellular composition of the human heart during early development, 

58 which remains largely unknown. Furthermore, given that pluripotent stem cell-derived 

59 cardiomyocytes (PSC-CMs) have been shown to be phenotypically similar to cardiomyocytes of the 

60 mid-gestation human fetal heart, an improved understanding of the protein marker profiles of these 

61 cells could aid the differentiation and purification of PSC-CMs in regenerative medicine6. 

62 One of the key challenges to the isolation and identification of cell populations in both adult and fetal 

63 hearts is the heterogeneity of fibroblast cells and the lack of a defined cardiac fibroblast-specific 

64 marker. Fibroblasts are cells of mesenchymal origin that produce extracellular matrix proteins 

65 including collagen and fibronectin 7. The cell surface collagen receptor DDR2 has previously been used 

66 as a marker of cardiac fibroblasts 8-11, however, its expression has also been reported in rat endothelial 

67 and smooth muscle cells, although absent from cardiomyocytes 2,10,12,13, raising the possibility of 

68 interspecies differences. The cytoskeletal intermediate filament vimentin is a commonly used 

69 fibroblast marker due to its high levels of expression in cells of mesenchymal origin. However, 

70 vimentin expression in endothelial and smooth muscle cells underscores this protein’s lack of 

71 specificity14,15 . Thy-1 (CD90), a cell-surface glycoprotein, has been shown to be expressed on cultured 
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72 cardiac fibroblasts and as a surface protein it has the advantage over vimentin and DDR2 in that it 

73 does not require cell permeabilisation and can therefore be used for fluorescent activated cell sorting 

74 (FACS) 16-18. Thy-1 has been detected in cultured rat cardiac fibroblasts, with increased expression 

75 detected in fibrotic areas within the rat heart, suggesting it may be a marker for proliferating 

76 fibroblasts 16. However, Thy-1 has also been detected in thymocytes, T-cells, neurons, hematopoietic 

77 stem cells and endothelial cells 19-21. Whilst Pinto et al., were able to use Thy-1 and Sca-1 to delineate 

78 cardiac fibroblasts in mice, neither of these markers were successful at isolating cardiac fibroblasts of 

79 the adult human heart4. Similarly, fibroblast-specific protein 1 (FSP1) has been shown to lack fibroblast 

80 specificity in cardiac tissue during remodelling, with expression identified in hematopoietic, 

81 endothelial and vascular smooth muscle cells 22. Together, these studies suggest that many commonly 

82 used markers of fibroblasts lack specificity. 

83 Endothelial and smooth muscle cells that line the cardiac vasculature can be detected by their 

84 expression of CD31 (PECAM-1) and α-smooth muscle actin (α-SMA), respectively. Commonly used 

85 markers of cardiomyocytes include the sarcomeric proteins cardiac troponin (subunits I, T and C), 

86 myosin and tropomyosin. α-myosin heavy chain (α-MHC) has high expression levels in cardiac muscle 

87 and significantly lower levels in skeletal muscle; subsequently the α-MHC promoter is often used in 

88 transgenic mouse models to track cardiomyocytes 18,23,24, 25
. Whilst these markers may identify mature, 

89 differentiated endothelial, smooth muscle and cardiomyocyte cell populations in adult tissue, their 

90 specificity during development may be distinct.

91 The aim of this study was to use immunohistochemistry (IHC) and flow cytometry, alongside RT-PCR 

92 analysis to evaluate the specificity of a range of markers that hold the potential to specifically define 

93 cell populations in the early human fetal heart and use the novel marker profiles to estimare the 

94 cellular composition of the heart during early development.

95

96
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97 Materials and Methods

98 Isolation of Cardiac Cells

99 Human fetal heart tissue (8 to 12 post conception weeks (pcw) was obtained from the Human 

100 Developmental Biology Resource (HDBR) Newcastle, UK. Tissue collection was in agreement with the 

101 Declaration of Helsinki (ethics approval reference: 08/HO906/21+5 NRES Committee North East- 

102 Newcastle & North Tyneside). Heart tissue was dissected to remove the aorta and pulmonary artery 

103 and the remaining ventricles and atria were divided into 1mm3 pieces using a tissue chopper 

104 (McIlwain) and mechanically dissociated together in 3ml of phosphate buffered saline (PBS) using the 

105 gentleMACS dissociator machine (Miltenyl Biotec) using the programme pre-set for heart tissue. The 

106 cell suspension was passed through a 70 μm nylon cell strainer (BD Biosciences). For analysis of cells 

107 from the aorta and pulmonary artery, the process was repeated with dissected aorta and pulmonary 

108 artery tissue. 

109 Fibroblast Isolation

110 Fibroblasts were isolated from human fetal heart and skin tissue by explant migration following 

111 previously reported methods by Ieda et al., (2010)18. Briefly, tissue was chopped into 1mm3 pieces 

112 using a tissue chopper (McIlwain) and cultured in 10% FBS DMEM on gelatin-coated plates for 1 to 2 

113 weeks to facilitate fibroblast migration. The fibroblasts cells were then isolated by addition of trypsin 

114 followed by filtering through a 70 μm filter to allow single fibroblast cells to pass through. The cellular 

115 filtrate was then pelleted by centrifugation at 1300 rpm for 3 minutes and re-plated.

116 Flow Cytometry

117 Dissociated and filtered cardiac cells were further filtered through a 35 µm cap into FACS tubes (BD 

118 Biosciences) to ensure a single cell suspension. Cells were treated with human FcR blocking serum (BD 
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119 Bisociences), fixed in 4% formaldehyde (Sigma) and permeabilized in 0.05% saponin (Sigma). Cells 

120 were incubated with primary and secondary antibodies and analysed using a BD FACSCanto I Flow 

121 cytometer (BD biosciences). Single, dual and triple stain flow cytometry analyses were carried out. 

122 Positive cells were gated based on their expression above isotype and no primary control samples.

123 Immunohistochemistry and Immunocytochemistry

124 Immunohistochemistry followed previously reported methods26. Briefly, human fetal heart tissue was 

125 fixed in 4% formaldehyde, embedded in paraffin and 5 μm microtome sections cut. Antigen retrieval 

126 was performed (15 minutes of boiling in 0.1mM sodium citrate) before primary and secondary 

127 antibody incubations and 4', 6-diamidino-2-pheylindole (DAPI) staining. For immunocytochemistry of 

128 cultured primary cardiac fibroblasts, cells were cultured on glass coverslips in 6-well plates and fixed 

129 in 4% formaldehyde. Cells were blocked with 3% BSA in PBS and treated with primary antibodies 

130 diluted in 0.1% triton overnight at 4 °C, followed by 1hr with secondary antibodies diluted in 0.1% 

131 triton. 

132

133 Antibodies for Flow Cytometry and Immunohistochemistry

134 Antibodies were selected to identify cardiomyocytes, fibroblasts, smooth muscle cells and endothelial 

135 cells, based on current literature 9,10,16,25,27. These included: Myosin Heavy chain (MHC) conjugated to 

136 efluor660 (50-6503-80 ebioscience), Troponin I (Ab47003, Abcam), DDR2 (Sc7555 Santa Cruz), Thy-1, 

137 (555595 BD Biosciences), Vimentin conjugated to Cy3 (C9080 Sigma), CD31 to APC (21270316 

138 Immunotools) and α-SMA conjugated to FITC (53-9760-80 ebioscience). Appropriate isotype control 

139 antibodies were used as negative controls for directly conjugated antibodies, and a no primary 

140 antibody control was used for non-conjugated antibodies.

141

142
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143 RT-PCR

144 Total RNA was isolated using TRIzol Reagent (Invitrogen) from whole heart tissue and cell pellets of 

145 cultured primary fibroblasts. 1 μg of RNA was used for cDNA synthesis using M-MLV reverse 

146 transcriptase (Promega). Primer sequences and amplicon sizes are listed in supplementary table 1. 

147 Polymerase Chain Reaction (PCR) consisted of initial denaturation of DNA at 95 °C, followed by 40 

148 cycles of 94 °C for 1 minute, annealing at 58 °C for 1 minute and extension at 72 °C for 1 minute, with 

149 a final extension of 72 °C for 10 minutes. 

150

151 Supplementary Table 1. Primer sequences and amplicon sizes 

152 Primer sequences used for the detection of mRNA transcripts of key cell markers using RT-PCR.

153

154 Results

155 Single marker immunohistochemistry and flow cytometry of the 

156 fetal human heart 

157 Fetal human heart tissue was stained for markers of cardiomyocytes (MHC, TnI, TnT), cardiac 

158 fibroblasts (vimentin, DDR2, Thy-1), endothelial cells (CD31) and smooth muscle cells (α-SMA) (Figure 

159 1). TnI and α-MHC showed distinct sarcomeric staining typical of cardiomyocytes (Fig 1A). The 

160 fibroblast markers showed extensive staining throughout the heart tissue, with vimentin and Thy-1 

161 staining localised predominantly to the cytoplasm (Fig 1B). CD31 and α-SMA showed positive staining 

162 of the endothelial and smooth muscle cells lining the vessels in the heart, respectively (Fig 1C).

163

164
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165 Figure 1. Immunohistochemistry of fetal human heart tissue stained for cardiac cell markers.

166 (A) Immunohistochemistry of cardiomyocyte markers TnI and α-MHC. (B) Immunohistochemistry of 

167 fibroblast markers vimentin, Thy-1 and DDR2. (C) Immunohistochemistry of endothelial and smooth 

168 muscle markers, CD31 and α-SMA, respectively. DAPI was used as a counter stair for cell nuclei. 

169

170 Expression of these markers in dissociated cardiac cells, detected by flow cytometry, was used to 

171 inform on the proportions of the major cells types of the fetal human heart (Fig 2). For cardiomyocyte 

172 marker expression, 75% of cells were MHC+ (n=21, SEM ±1.40) (Fig 2B) and 93% were TnI+ (n=14, SEM 

173 ±1.5) (Fig 2C). For cardiac fibroblast markers, 90% of cells were vimentin+ (n=18, SEM ±1.2) (Fig 2D), 

174 83% were DDR2+ (n=4, SEM ±0.6) (Fig 2E) and 81% were Thy-1+ (n=15 SEM ±1.40) (Fig 2F). For 

175 endothelial and smooth muscle cell markers, 9% of cells were CD31+ (n=12, SEM= ±0.54) (Fig 2G) and 

176 12% were α-SMA+ (n=7, SEM= ± 1.9) (Fig 2H), respectively. 

177

178 Figure 2. Representative flow cytometry histograms of fetal human heart cells stained for cardiac 

179 cell markers.

180  (A) unstained heart cells, (B) MHC, (C) TnI, (D) Vimentin, (E) DDR2, (F) Thy-1, (G) CD31, (H) α-SMA. 

181 Grey peaks in flow cytometry histograms represents isotype/negative controls. (I) Histogram showing 

182 the percentage of positive cardiac cells for each marker. Error bars represent standard deviation. 

183

184 Flow cytometry dot plots for TnI and vimentin both revealed two distinct populations of positive cells 

185 based on their relative fluorescence intensity (Fig 3). On average, 11% of cells were VimHigh (SEM ±1.01) 

186 and 78% were VimLow (SEM ±0.54) (n=7) (Fig 3A and B). On average, 79% of cells were (TnIHigh) (SEM 

187 ±2.41) and 19% were TnILow (SEM ±2.1) (n=14) (Fig 3C and D). High and low expressing populations 

188 were also detected for troponin subunit T (TnT) (Supplementary Fig 1). Flow cytometry analysis of cells 

189 of the fetal aorta/pulmonary artery, which are absent of cardiomyocytes, expressed TnI at the same 
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190 fluorescence intensity as the TnILow cardiac population, confirming this population contains non-

191 cardiomyocyte cells types (Fig 3E). 

192

193

194 Figure 3. Vimentin and TnI exhibit high and low expressing populations in the human fetal heart.

195 (A) Representative flow cytometry dot plot of vimentin expression in fetal cardiac cells. (B) 

196 Representative flow cytometry histogram of vimentin expression in fetal cardiac cells. (C) 

197 Representative flow cytometry dot plot of TnI expression in fetal cardiac cells. (B) Representative flow 

198 cytometry histogram of TnI expression in fetal cardiac cells. (E) Representative flow cytometry 

199 histogram of TnI expression in heart and aorta/pulmonary artery (AO/PA) tissue. Grey peaks in 

200 histograms represent isotype controls. 

201

202 Supplementary Figure 1. TnT expression in fetal human heart cells

203 Representative flow cytometry histogram of fetal human heart cells stained for TnT showing two 

204 distinct populations of high and low TnT expression. Isotype control shown in grey 

205

206 Dual marker flow cytometry and immunohistochemistry of fetal 

207 human heart

208 To interrogate the cellular composition of the two TnI+ populations, cardiac cells were co-stained with 

209 TnI and MHC and analysed by dual flow cytometry. TnIHigh cells were also MHC+ (80% of total cells, 

210 SEM ±2.6) whilst TnILow cells were MHC- (18% of total cells, SEM ±2.64) (n=5) (Fig 4A). To investigate 

211 the identity of Vimentin+ populations, cardiac cells were co-stained with vimentin and α-SMA, CD31 

212 or MHC. VimHigh and VimLow cells were then gated (Fig 4B) and plotted against these markers (Fig 4C-

213 F). The majority of VimLow cells (blue) expressed TnI at higher levels, whilst VimHigh cells (red) expressed 
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214 TnI at lower levels (Fig 4C). On average, 67% of cardiac cells were VimLow/TnIHigh  (SEM ±3.38) and 20% 

215 were VimHigh/TnILow (SEM ±2.53) (n=4). 18% of cells were α-SMA+/Vim+ (n=2, SEM ±6.37), with the 

216 majority of this population expressing vimentin at lower levels (Fig 4D). 9% of cells were CD31+/Vim+ 

217 (n=8, SEM ±0.84), with the majority of these cells expressing high levels of vimentin (Fig 4E). 79% of 

218 cells were MHC+/Vim+ (n=7, SEM ±1.88), with the majority of this population expressing low levels of 

219 vimentin (Fig 4F). Together, these data suggest that fetal cardiomyocytes and cardiac smooth muscle 

220 cells express vimentin at lower levels, whilst fetal cardiac endothelial cells express vimentin at higher 

221 levels. 

222

223 Figure 4. Dual marker flow cytometry of vimentin in human fetal cardiac cell populations

224 Dual flow cytometry dot plot of TnI and MHC. (B) Gating and colour coding of VimHigh (red) and VimLow 

225 (blue) positive cell populations. (C) TnI fluorescence intensity in VimHigh and VimLow cardiac populations. 

226 (D) Dual flow cytometry dot plots of vimentin with α-SMA. (E) Dual flow cytometry dot plots of 

227 vimentin with CD31. (F) Dual flow cytometry dot plots of vimentin with MHC, populations. Flow 

228 cytometry gating based on isotype controls. FSC= forward scatter.

229

230 To confirm the flow cytometry data, dual immunohistochemistry was carried out on fetal human heart 

231 tissue. Co-expression of TnI and vimentin was seen in the myocardium and the cells of large blood 

232 vessels. However, the fluorescence intensity of TnI in the cells lining the blood vessel was much weaker 

233 relative to the myocardium, supporting the flow cytometry data that showed high TnI expression in 

234 myocytes and low TnI expression in non-myocytes (Fig 5A). Colocalisation of α-SMA and vimentin was 

235 observed in coronary vessels (Fig 5B). Similarly, vimentin and CD31 co-stained the endothelial cells 

236 lining the cardiac blood vessels (Fig 5C). Co-localisation of vimentin with MHC in the myocardium 

237 supported the flow cytometry data that human fetal cardiomyocytes express vimentin (Fig 5D). 
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238 Expression of DDR2 co-localised with α-MHC+ cardiomyocytes and α-MHC- cells of the 

239 aorta/pulmonary artery vessels (Supplementary Fig 2A). CD31+ endothelial cells and α-SMA+ smooth 

240 muscle cells lining blood vessel also co-stained for DDR2 (Supplementary Fig 2B and C).

241

242 Figure 5. Dual marker immunohistochemistry of vimentin in human fetal cardiac cell populations 

243 Dual immunohistochemistry of vimentin with (A) TnI, (B) α-SMA, (C) CD31 and (D) MHC. Asterisks 

244 denote blood vessel wall. Arrows identify sarcomeric structures.

245

246 Supplementary Figure 2. Dual marker immunohistochemistry of DDR2 in human fetal cardiac cell 

247 populations 

248 Dual immunohistochemistry of DDR2 with (A) α-MHC, (B) α-SMA and (C) CD31. Myo= myocardium. 

249 AO/PA= aorta/pulmonary artery. 

250

251 RT-PCR analysis of cardiac cell marker gene expression

252 To investigate the expression of cardiac cell markers in myocyte and non-myocyte populations, RT-

253 PCR was performed to detect marker transcripts in fetal heart and primary fetal fibroblasts isolated 

254 from fetal human ventricular heart tissue, as previously described18. Fetal heart tissue expressed VIM 

255 (Vimentin), MYH6 (α-MHC), TNNI3 (cTnI), TNNT2 (cTnT), PECAM-1 (CD31) and α-SMA (Fig 6A). Cardiac 

256 fibroblasts were enriched for VIM and α-SMA (Fig 6B). TNNI3 and TNNT2 transcripts were also 

257 detected in cardiac fibroblasts, confirming the expression of these markers in non-myocyte 

258 populations. α-MHC mRNA expression was not detected in cardiac fibroblasts, confirming that 

259 expression of TNNI3 and TNNT2 was not due to cardiomyocyte contamination. The absence of CD31 

260 mRNA expression also confirmed that the isolated fibroblasts were absent of endothelial cells.  
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261 Figure 6. Gene expression analysis of cardiac markers in human fetal heart and ventricular 

262 fibroblasts. 

263 (A) RT-PCR gene expression analysis of previously described cell markers in fetal human heart. (B) RT-

264 PCR gene expression analysis of cell markers in isolated fetal human cardiac fibroblasts. Non-

265 contiguous gel lanes are demarcated by vertical white lines.

266

267 Marker protein expression in fetal ventricular fibroblasts

268 Cultured ventricular fibroblasts were stained for Vimentin, TnI and α-SMA and analysed by flow 

269 cytometry and immunocytochemistry. All three proteins were enriched in ventricular fibroblasts 

270 (>96% positive) (Fig 7).  This data further supports the expression of TnI in non-myocyte cells of the 

271 fetal heart. Interestingly, the staining pattern of TnI in these cells is distinct from that observed in 

272 mature cardiomyocytes, with a lack of sarcomeric organisation. 

273

274 Figure 7. Marker protein expression in fetal ventricular fibroblasts. 

275 Representative flow cytometry and immunocytochemistry analyses of (A) vimentin (B) Thy-1 (C), DDR2 

276 (D), TnI and (E) α-SMA Primary cultures fetal ventricular fibroblasts (n=3). Isotype controls in grey. 

277

278 Discussion

279 This study aimed to investigate the expression and specificity of commonly used cardiac cell markers 

280 in the early developing human heart. Immunohistochemical analyses of the cardiomyocyte markers 

281 α-MHC and cTnI showed defined sarcomeric staining in the myocardium of fetal heart tissue 

282 confirming their expression in cardiomyocytes. However, flow cytometry analyses showed a greater 
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283 percentage of cardiac cells expressing cTnI (93%) compared to α-MHC (79%), suggesting cells other 

284 than cardiomyocytes may be expressing cTnI. Flow cytometry, immunocytochemistry and RT-PCR 

285 analyses were able to confirm the expression of cTnI at lower levels in non-myocytes and higher levels 

286 in cardiomyocytes. This is supported by recent findings from Cui et al.,28 identifying positive 

287 immunostaining of troponin T in cardiac fibroblasts from 17 gestational week fetal cardiac tissue. 

288 Furthermore, previous studies have shown the expression of other contractile proteins, including 

289 actin, myosin and tropomyosin, in non-muscle cells, which suggests that cardiac troponin may also 

290 have non-muscle-specific isoforms 29-31. In this study, the non-striated pattern of cTnI expression in 

291 cardiac fibroblasts confirmed a lack of sarcomeric organisation, suggesting a role of troponins in non-

292 muscle cells distinct from that of cardiomyocytes and skeletal muscle cells. As such, this data suggests 

293 troponin proteins are not specific markers of cardiomyocytes in the developing human heart. 

294 The mesenchymal marker vimentin is a commonly used fibroblast marker; however, we showed 

295 approximately 90% of fetal cardiac cells are positive for vimentin. We confirmed that endothelial cells 

296 express high levels of vimentin, as previously described15. Whilst our data confirmed the enrichment 

297 of vimentin in cultured cardiac fibroblasts, flow cytometry analysis of fetal heart cells showed 

298 expression of vimentin at low levels in α-MHC+ cardiomyocytes, with 79% of cardiac cells having α-

299 MHC+/VimLow marker profile. This is consistent with a previous study that identified weak expression 

300 of vimentin in some cardiomyocytes of 9-14 pcw human hearts and demonstrated that with increasing 

301 fetal age vimentin expression in cardiomyocytes decreases and desmin expression increases 32. The 

302 lack of data identifying vimentin expression in adult cardiomyocytes further suggests that vimentin 

303 expression may be a property of cardioymyocytes of the developing heart only. The collagen receptor 

304 DDR2 has been identified as a more specific marker of cardiac fibroblasts33, however, our results 

305 confirmed its expression in cardiomyocytes, endothelial cells and smooth muscle cells of the 

306 developing heart. 
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307 Together, our results offer an estimate of the relative cellular composition of the human fetal heart. 

308 We consider the marker profile ‘α-MHC+/cTnIHigh/VimLow’ to represent the fetal human cardiomyocyte 

309 population, which we estimate to comprise 75-80% of total cardiac cells. The non-cardiomyocyte 

310 population (primarily composed of fibroblasts, smooth muscle cells and endothelial cells) comprises 

311 20-25% of total cardiac cells and exhibit an α-MHC-/cTnILow/VimHigh marker profile, of which 

312 approximately 10% are endothelial cells (CD31+/VimHigh). Due to the lack of a fibroblast-specific 

313 marker, it is difficult to accurately determine the percentage of fibroblasts and smooth muscle cells, 

314 although it is likely in the region of 5-15%. Of note, we found 11% of cells were Vim+/α-SMA+ which 

315 may represent the combined fibroblast and smooth muscle cell population or in fact a myofibroblast 

316 population. The common lineage of smooth muscle cells and fibroblasts predicts that during early fetal 

317 development, discrimination between these cell types may be difficult if the phenotypes have yet to 

318 become distinct 28,34. 

319 These results indicate a fetal cellular composition distinct from that of the adult heart, which has been 

320 estimated to be comprised of 30-40% cardiomyocytes, despite the cells occupying three quarters of 

321 normal myocardial volume. Our results suggest that in the early developing heart, cardiomyocytes are 

322 the predominant cell type, comprising around 75% of total cells. This figure is likely reflective of the 

323 proliferative nature of fetal cardiomyocytes relative to adult cardiomyocytes. Mitosis of differentiated 

324 cardiomyocytes in the developing heart is well documented and is responsible for cardiac 

325 morphogenesis and organogenesis in utero35, however, from two weeks after birth, cardiomyocyte 

326 proliferation is significantly reduced in the mammalian heart as these cells enter cell cycle arrest, with 

327 continued cardiac growth reliant of hypertrophy of pre-existing cardiomyocytes 36,37. 

328 The results from our study suggest the marker profiles of fetal cardiac cells are distinct from that of 

329 adult cells. The phenotypic similarities between the mid-gestation human fetal heart and pluripotent 

330 stem cell-derived cardiomyocytes suggests our data could be useful when purifying and characterising 

331 these cells. Furthermore, the marker profiles identified could potentially be used for further studies 
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332 to determine how the ratio of cardiomyocytes to non-crdiomyocytes changes throughout fetal 

333 development. 
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