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Abstract 
Rationale: Primary cardiomyocytes are invaluable for understanding postnatal heart development and 

elucidating disease mechanisms in genetic and pharmacological models, however, a method to obtain 

freshly purified cardiomyocytes at any postnatal age, without using different age-dependent isolation 

procedures and cell culture, is lacking.  

Objective: To develop a standardized method that allows rapid isolation and purification of 

cardiomyocytes in high yield and viability from individual neonatal, infant, and adult mice. 

Methods and Results: Hearts of C57BL/6J mice were cannulated using a novel in situ aortic cannulation 

procedure optimized to allow cannulation of even the very small vessel of neonates (postnatal day 0-2, 

P0-2). Hearts were then subjected to Langendorff retrograde perfusion and enzymatic digestion. 

Cardiomyocytes were isolated after subsequent tissue disaggregation and filtration, in high yield (1.56-

2.2x106 cardiomyocytes/heart) and viability (~70-100%). The larger size of infant (P10 and P13) and adult 

(P70), but not neonatal, cardiomyocytes relative to non-myocytes, allowed enrichment by differential 

centrifugation. Cardiomyocytes from all ages were further purified by immunomagnetic bead-based 

depletion of non-myocytes. Together, these procedures resulted in the isolation of highly purified 

cardiomyocytes (~94%) within 1 hour, enabling experiments using individual replicates. For example, RNA-

sequencing of cardiomyocytes purified from one P2 male and female heart per litter (n=4 litters) showed 

distinct clustering by litters and sex differences for nine differentially expressed genes (FDR<0.005).  In 

situ fixation via coronary perfusion, performed immediately after tissue digestion, preserved the 

cytoarchitecture of isolated cardiomyocytes (yielding ~94% rod-shaped cardiomyocytes at all ages), 

allowing capture of spindle-shaped neonatal cells undergoing mitosis, as well as enabling accurate 

quantitation of cardiomyocyte area and nucleation state.  

Conclusion: The procedures developed here provide a universal protocol for the rapid isolation and 

purification of high-quality cardiomyocytes from hearts of any postnatal age, even those of neonates, 

thereby enabling direct comparisons between individual hearts.  
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Introduction  
In mammals, postnatal heart development is characterized by a remarkable increase in mass that is 

required for normal cardiovascular responses in the adult animal. Cardiac growth is influenced by a variety 

of factors, including nutrition, hypoxia, prematurity, endocrine stress, and congenital and acquired heart 

diseases1–3. The molecular events involved in cardiomyocyte maturation and the early origins of 

cardiovascular disease are not well understood. 

 

Investigation of cardiomyocyte ontogeny and disease-related alterations therein, is best achieved if the 

same method can be used to rapidly isolate and then purify cardiomyocytes in high yield and viability from 

animals of any developmental age. Methods used to generate isolated neonatal or adult rodent 

cardiomyocytes from the cardiac milieu are not trivial and have been continually modified and improved 

since the 1960’s4,5. Langendorff retrograde perfusion is the gold standard for isolating high quality adult 

cardiomyocytes6, but has also been applied to isolating cardiomyocytes from 21 day-old mouse hearts7. 

To generate isolated neonatal cardiomyocytes, more rudimentary “batch chopping” procedures are used 

that involve crude mincing of hearts followed by sequential enzymatic digestion steps or an overnight 

digestion6,8. This protocol generally requires pooling of 5-15 P0-P3 hearts for a single replicate6,8, thereby 

precluding evaluation of individual hearts from wild-type or genetically-modified mouse models, mice 

after surgical or pharmacological treatments, or mice of different sexes. To date, there is no universal 

method that can be used to isolate and purify cardiomyocytes from neonatal as well as adult hearts. 

 

Langendorff perfusion and tissue disaggregation of adult hearts yields cardiac cell populations that 

include, for example, endothelial cells and fibroblasts. Cardiomyocytes are generally enriched by 

differential centrifugation9 or settling with gravity10 to remove a proportion of non-myocytes and may be 

further purified by cell culture (<24 hr or up to 72 hr) or Percoll gradients6,9,10. Neonatal murine 

cardiomyocytes are generally purified, without enrichment, by differential cell culture, whereby cardiac 

cells are pre-plated onto an uncoated culture dish for several hours to allow non-myocytes to attach. 

Cardiomyocytes in the supernatant are then transferred to a collagen-coated culture dish for 12 hours to 

3 days8,11. Given the time-consuming incubations and nature of cell culture purification, they lead to 

morphological and functional changes as cells adapt to cell culture conditions, such as altered molecular 

composition (RNA, protein, metabolites), abnormal cytoarchitecture, cardiomyocyte dedifferentiation 

and cell death over time6,8. This is particularly problematic when these purified cardiomyocyte fractions 

are used for molecular, cellular, and functional studies. 
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Here, we developed a standardized procedure using Langendorff perfusion and immunomagnetic cell 

separation to rapidly isolate and purify cardiomyocytes in high yield and purity to allow molecular studies 

from individual neonatal, infant, and adult murine hearts. A further advance was the application of in situ 

fixation to preserve cardiomyocyte cytoarchitecture that closely emulates the in vivo environment and, 

consistent with their contractile and replicative competence, enabled capture of isolated spindle-shaped 

neonatal cells undergoing mitosis. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2021. ; https://doi.org/10.1101/2021.09.30.462562doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.30.462562
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

Methods 
An expanded description of the procedure and a complete material list is available in the Online Data 

Supplement. 

 

Animals 

C57BL/6J mice were used at various ages, including neonates (postnatal day 0-2, P0-2), infants (P10 and 

P13) and P70 adults (9–11-week-old). Animals were housed in individually ventilated cages, given food 

and water ad libitum, and exposed to a 12-hr light-dark cycle. All studies were approved by the Garvan 

Institute /St Vincent’s Hospital Animal Ethics Committee and performed in accordance with The Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (2004). 

 

In situ aortic cannulation 

Animals were sacrificed by decapitation (≤P10) or cervical dislocation (>P10) 20-30 min after an 

intraperitoneal injection of heparin (10, 20 and 100 IU for neonate, infant, and adult mice, respectively). 

After sterilizing the chest with 70% ethanol, the thoracic cavity was then opened. Surgical instruments 

used for dissection and cannulation are shown in Figure 1A and detailed in Online Table I. Tissues 

surrounding the heart, including lungs and esophagus, were removed (Figure 2); the thymus, heart and 

aorta were kept intact and separated from surrounding connective tissue by dissection. Under a dissecting 

microscope, the aorta was mobilized from the underlying spinal column, then transected at the level of 

the diaphragm and drawn onto a cannula (attached to a 10 mL syringe primed with perfusion buffer) until 

the tip was just above the aortic valve (Figure 2). The aorta was secured onto the cannula with 6-0 silk 

using a double knot, and the thymus removed prior to mounting the heart onto the Langendorff apparatus 

for perfusion (see Figure 1 and 2, Table 1 and Online Data Supplement). Note: using separate Langendorff 

rigs, one person can sequentially cannulate, mount and perfuse two hearts, enabling the purification of 

cardiomyocytes from an entire litter of 6-8 mice in a single day. 

 

Langendorff perfusion, cardiomyocyte isolation and enrichment 

Langendorff perfusion parameters were optimized for efficient digestion of neonatal and infant hearts 

(Table 1). Isolated cardiomyocyte preparations were generated as detailed in the Online Data Supplement. 

Differential centrifugation was used to enrich for infant and adult cardiomyocytes (Online Data 

Supplement).  
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Cardiomyocyte purification 

Infant and adult cardiomyocytes were purified by immunomagnetic bead-based depletion of endothelial 

cells, which was the main contaminating non-myocyte population. After incubation of rat anti-mouse 

CD31 antibody with sheep anti-rat IgG Dynabeads by overnight rotation at 4°C, the resulting Ab-

conjugated beads (Ab-beads) were stored at 4°C (details in Online Table IV). Immediately prior to use, the 

Ab-beads (25 or 50 µl per infant and adult sample, respectively) were resuspended and washed three 

times (1 mL transfer buffer; buffer composition in Online Table II) using a MagnaRack to remove excess 

unbound antibody. Enriched cardiomyocyte fractions were resuspended in transfer buffer (2 mL), added 

to the washed Ab-beads and incubated on a roller (15 min, RT). Samples were then placed onto the 

MagnaRack (2 min) to separate bead-bound endothelial cells from unbound cardiomyocytes. To ensure 

complete removal of beads, the supernatant fraction was transferred consecutively into two fresh 2 mL 

tubes on the MagnaRack and the supernatants collected into a 15 mL Falcon tube using uncut transfer 

pipettes (see Table 1). Two additional gentle bead washes of the original tube (2 mL transfer buffer per 

wash) were similarly processed to increase cardiomyocyte yield and supernatants were pooled (total 6 

mL). After gentle resuspension in transfer buffer (6 or 8 mL for infant or adult cardiomyocyte preparations, 

respectively), cardiomyocytes were counted using a hemocytometer and the proportion of viable, rod-

shaped cells determined.  

 

Neonatal cardiomyocytes were purified by immunomagnetic separation using the Neonatal 

Cardiomyocyte Isolation Kit (Miltenyi Biotec), according to manufacturer's instructions. Briefly, cardiac 

cell suspensions were incubated (15 min, 4°C) with magnetic MicroBeads bound to multiple antibodies 

(manufacturer’s proprietary information) directed at non-myocyte cell surface antigens, passed through 

a magnetically-charged iron matrix column and the eluate containing cardiomyocytes collected. The 

column was washed twice with transfer buffer (1.5 mL) and eluates collected and pooled. After 

centrifugation (300 g, 5 min), cardiomyocytes were gently resuspended in transfer buffer (3 mL) using a 

transfer pipette (5.8 mL) and counted on a hemocytometer. Cell viability was almost 100% with round 

neonatal cardiomyocytes excluding Trypan blue.  

 

Purified cardiomyocyte pellets were stored at -80°C or fixed (2% paraformaldehyde, PFA, 5 min, RT), 

washed (2 x 10 mL PBS, 100 g – 600 g, 3 min, RT), and stored in PBS at 4°C for subsequent experiments. 

Overall, the time taken from aortic cannulation to complete purification of cardiomyocytes was 

approximately one hour for all postnatal ages. 
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In situ fixation of cardiac cells 

Cardiac cells were fixed in situ immediately after Langendorff perfusion by flushing the digested heart 

with 2% PFA (2-5 mL) using a 5 mL syringe. Atria were removed and the heart was submerged in 2% PFA 

(5 min). Tissue was disaggregated and passed through an appropriately-sized filter (details in Table 1 and 

Online Data Supplement). Cell suspensions were fixed further (2% PFA, 5 min, RT), washed (2x 10 mL PBS, 

100-600 g, 3 min), and stored in PBS at 4°C. Total time taken was 25 min per heart. 
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Results  
Adaption of Langendorff perfusion for neonatal and infant cardiomyocyte isolation 

An overview of the procedure for cardiomyocyte isolation and purification is shown in Figure 3. A critical 

first step is cannulation of the aorta for Langendorff perfusion and enzymatic digestion of the extracellular 

matrix prior to tissue disaggregation and cell dissociation. Usually, adult hearts are placed into a petri dish 

of ice-cold buffer and cannulated ex vivo using a short section of the aorta (transected before or at the 

aortic arch)9,10, however this can be technically challenging and time-consuming, particularly for infant 

and neonatal hearts. To obviate this, we performed all cannulations in situ with the heart still in the 

thoracic cavity. Using forceps, the heart was lifted up via the attached thymus and, then, using curved 

scissors, the entire thoracic aorta was released from its attachment to the spine by careful dissection, 

pressing the scissors flat along the spine from the aortic arch to the diaphragm, where the aorta was 

transected. This provided a long length of aorta (~0.5-1 cm) that was easier to identify and guide onto the 

cannula. Given the marked differences in aortic diameter and heart size at various postnatal ages (Figure 

1C), needles of appropriate sizes were used to cannulate the aortae (Figure 1D and Table 1). With these 

adaptations, even the small diameter and more fragile infant and neonatal aortae could be cannulated 

rapidly and with ease (~3 min) under a dissection microscope by drawing the aorta onto a blunted needle. 

Cannulation of adult hearts took under a minute and a microscope was only required to secure and 

confirm the correct positioning of the cannula.  

 

Enzymatic digestion was optimized by adjusting the concentration and types of proteolytic enzymes, 

volume of buffers and perfusate flow rate (Table 1) to obtain high cardiomyocyte yields and viability from 

hearts of all postnatal ages. Thus, on average, ~1.56 x 106 cardiomyocytes were isolated per P2 heart, 

~1.62 x 106 cardiomyocytes per P10 or P13 heart, and ~2.21 x 106 cardiomyocytes per P70 heart (Table 2). 

The number of rod-shaped infant and adult cardiomyocytes was ~72% (range: 60-90%, Table 2), indicating 

good cell viability; dead cardiomyocytes, in contrast, were round. Surprisingly, the proportion of rod-

shaped neonatal cardiomyocytes was also high at ~53% (range: 30-90%, Table 2), which has not been 

observed previously using the “batch chopping” method that typically yields round cardiomyocytes8. 

Moreover, in contrast to rounded dead infant and adult cardiomyocytes, which do not exclude Trypan 

blue, almost 100% of neonatal cardiomyocytes were viable and excluded Trypan blue irrespective of cell 

shape. We also observed cardiomyocytes isolated from animals at all ages contracting spontaneously. 

Cardiac cell populations present at the end of the isolation step (immediately after tissue disaggregation 

and cell filtration) were evaluated by immunocytochemistry using the cardiomyocyte-specific marker, 
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cardiac troponin T (cTnT), endothelial cell marker, isolectin B4 (IB4) and the DNA intercalating dye, TO-

PRO-3 (Figure 4A and Online Figures II-V). Quantification of immunofluorescent staining of cardiac cells 

fixed in situ showed that cardiomyocytes (TO-PRO-3+cTnT+) comprised 58%, 36%, 37%, and 51% of 

nucleated cells in P2, P10, P13, and P70 preparations, respectively, whereas 34%, 61%, 50%, and 39%, 

respectively, were endothelial (IB4+) cells (Figure 4B). The “other” TO-PRO-3+ cells expressed neither cTnT 

nor IB4.  

 

Infant and adult cardiomyocyte enrichment by differential centrifugation 

For rapid enrichment of infant and adult cardiomyocytes from non-myocytes, such as fibroblasts and 

endothelial cells, a differential low-speed centrifugation step (3 min) was performed three times to 

remove the smaller non-myocytes, which remained in the supernatant fraction, from the larger 

cardiomyocytes, which pelleted. This step was adapted by increasing the centrifugal force to minimize 

cardiomyocyte losses of for smaller infant cardiomyocytes. This resulted in the enrichment of P10 

cardiomyocytes from 36 to 56%, P13 cardiomyocytes from 37% to 52%, and P70 cardiomyocytes from 

51% to 86% (Figure 4B). After the enrichment step, total cardiomyocyte yield decreased by ~30% for P10 

and P13 and by ~20% for P70 preparations, but cell viability remained unchanged. Differential 

centrifugation was not used to enrich neonatal cardiomyocytes as their small size precluded efficient 

separation from non-myocytes. 

  

Cardiomyocyte purification by immunomagnetic bead-based negative selection 

Following the enrichment step, brightfield and immunofluorescence microscopy revealed endothelial 

cells were still present as undigested clusters or as strings attached to infant and adult cardiomyocytes 

(Online Figure I). Endothelial cells were depleted in a purification step using anti-CD31 antibody bound to 

Dynabeads (Ab-beads). Neonatal cardiomyocytes were purified immediately after the isolation step also 

by immunomagnetic bead-based negative selection (using the Neonatal Cardiomyocyte Isolation Kit, 

Miltenyi Biotec). Immunocytochemistry analyses revealed that 96%, 96%, 93% and 92% of nucleated cells 

in P2, P10, P13 and P70 preparations, respectively, were cardiomyocytes (TO-PRO-3+cTnT+) (Figure 4B). 

By contrast, in the Ab-bead bound fraction 69%, 90%, 85% and 85% of nucleated cells in P2, P10, P13 and 

P70 preparations, respectively, were endothelial cells (IB4+) (Figure 4B). The remaining “other” cells were 

present in relatively low abundance throughout the procedure and decreased after the enrichment and 

purification steps. Cardiomyocyte purity assessed by flow cytometry (Figure 4C) demonstrated that after 

purification the cardiomyocyte population comprised 99%, 96% and 94% of cells in P2, P10 and P70 
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preparations. Cardiomyocyte purity was further validated by qRT-PCR for the expression of cell-type-

specific markers that confirmed depletion of endothelial cell (Pecam1 and Vwf) and fibroblast markers 

(Ddr2 and Col1a1)12 after the purification step for all mouse ages (Figure 5A and Online Table VI). 

 

Despite some cell losses during enrichment and purification, the final yield of cardiomyocytes (9 x 105 per 

P2, P10 and P13 heart, and 1.5 x 106 cardiomyocytes per P70 heart; Table 2) remained high, providing 

sufficient input material for molecular studies (DNA, RNA, protein) from individual hearts (Table 3). The 

average RIN score was ~8.75 across all ages, indicating high quality RNA. Importantly, the proportion of 

spindle-shaped and viable neonatal cardiomyocytes was unaltered after purification, and cell viability 

(rod-shaped) was either unaltered or only slightly reduced after purification of infant and adult 

cardiomyocytes. Thus, the yield, purity and quality of cardiomyocytes after the final purification step was 

high (Figure 5B).  

 

In situ fixation of cardiomyocytes prior to tissue disaggregation 

To evaluate intrinsic cardiomyocyte morphology, cardiomyocytes were fixed in situ. This revealed that 

almost all cells were rod-shaped (~94%), including neonatal cardiomyocytes that were more spindle-

shaped. Thus, in situ fixation resulted in an increase in the proportion of rod-shaped cells by ~43%, ~16% 

and ~30% compared to cardiomyocytes fixed post-isolation at neonatal, infant and adult ages, 

respectively (Figure 6A). Perfusion fixation even allowed spindle-shaped neonatal cardiomyocytes to be 

captured undergoing cytokinesis, as evidenced by Aurora B kinase staining of the midbody (Figure 6D).  

 

Morphological characterization of postnatal CM maturation 

Characterization of in situ fixed cardiomyocytes revealed that cardiomyocyte cytoarchitecture changes 

considerably from small spindle-shaped cells at P2 to highly irregular large rod-shaped adult cells with 

jagged edges at the intercalated discs (Figure 6C). The average cell area of in situ-fixed cardiomyocytes 

increased by 2.3-, 2.8- and 9.6-fold from P2 to P10, P13 and P70, respectively (Table 3 & Figure 6B). 

Cardiomyocyte area correlated closely with heart weight at each age, indicating close tracking of 

cardiomyocyte enlargement with overall cardiac growth (Figure 6E). Changes in nucleation state were also 

readily apparent: 93% of P2 cardiomyocytes being mononucleated, whereas the majority (73-84%) were 

binucleated by P10-13 and thereafter (Figure 6B). 

 

RNA-sequencing of neonatal cardiomyocytes from individual hearts 
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Cardiomyocytes were purified from one P2 male and female heart per litter of 6-8 C57BL/6J mouse pups 

(n= 4 litters) and RNA-sequencing was performed using poly(A)-enriched RNA extracted from each 

individual heart (Figure 7A). As well as RNA, DNA was simultaneously extracted from the same 

cardiomyocyte preparation to verify the sex of mouse pup by PCR amplification of the sex-determining 

region (SRY on Chr Y, Online Figure VI). Body weights were similar between litters and sexes (Figure 7B). 

Transcriptome analysis revealed a total of 12,854 genes (> 1cpm in 4 samples) and that unsupervised 

clustering of gene expression profiles grouped neonatal cardiomyocytes by litter rather than by sex (Figure 

7C). Differential expression analysis revealed only nine differentially expressed genes between sexes 

(DEGs, FDR<0.005; Figure 7D & E), all located on the sex chromosomes (Chr Y: Gm29650, Eif2s3y, Ddx3y, 

Uty, Kdm5d; Chr X: Kdm5c, Kdm6a, Xist, Eif2s3x). 
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Discussion 
 

Current methods used to isolate cardiomyocytes are age-dependent and involve either crude “batch 

chopping” of pooled neonatal hearts or Langendorff retrograde perfusion of an individual adult heart. 

These methods differ considerably with respect to processing times, tissue digestion conditions and 

number of hearts used per isolation. Moreover, incorporation of cell culture methods for cardiomyocyte 

purification requires long incubations, which inevitably leads to cellular and molecular changes. To this 

end, we have developed a standardized method for the isolation of cardiomyocytes from individual hearts 

of any age. This involves in situ cannulation of neonatal and infant aortae followed by optimized tissue 

digestion using Langendorff retrograde perfusion. Importantly, we then added a short and simple 

immunomagnetic cell separation step to effectively remove non-myocytes allowing us to obtain highly 

purified viable cardiomyocytes (~94%) in high yield that can be used to conduct molecular studies. We 

also present an in situ fixation method to preserve cardiomyocyte cytoarchitecture for accurate 

assessment of cell morphology and for immunocytochemistry experiments.  

 

Our in situ cannulation method is a significant advance that enables individual neonatal and infant hearts 

to be Langendorff-perfused for cardiomyocyte isolation and builds upon our previous work13. To the best 

of our knowledge, only one other group has isolated neonatal cardiomyocytes by Langendorff retrograde 

perfusion14, and this involved complex ex vivo microscopic manipulations to fix a glass cannula to the 

ascending aorta with an epoxy. More recently, these investigators applied antegrade perfusion via a 

needle inserted into the apex of the left ventricle and clamped the aorta15 to overcome the technical 

difficulties associated with cannulating the aorta of younger mice. This method of antegrade perfusion 

was originally developed to isolate left ventricular adult cardiomyocytes16. For Langendorff perfusion, 

typically the adult heart is excised and placed into a petri dish of ice-cold buffer before aortic cannulation 

ex vivo9,10,17. This is technically challenging for adult hearts, but particularly so for those of neonates, as it 

involves identification of the small opening of the relatively short aortic stump resulting from transection 

at the aortic arch that is often hidden by connective tissues, which makes cannulation difficult and time 

consuming. To obviate this problem, we transected the aorta in situ at the level of the diaphragm, which 

provides a longer length of vessel that can be readily cannulated and then mounted onto the perfusion 

rig. This easier technique of cannulation improves accessibility for those wanting to use a Langendorff 

apparatus, especially for younger hearts, and is useful not only for cardiomyocyte isolations but also for 

working heart models, as recently described for P10 hearts18. 
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A key advance in the Langendorff perfusion method described here was the optimization of tissue 

digestion conditions, including flow rate, concentrations of proteolytic enzymes, and volumes of perfusion 

and digestion buffers, to isolate cardiomyocytes from hearts of all ages in a comparable time (~13 min). 

An important measure of successful cardiomyocyte isolation is yield, and yet, it is not widely reported. 

One commercial neonatal cardiomyocyte isolation kit (Thermo Scientific Pierce Primary Cardiomyocyte 

Isolation Kit) recommends the use of ~10-15 murine hearts to yield ~2 million cardiomyocytes per 100 mg 

of tissue. Yields from our protocol are ~11-fold higher, i.e., ~1.56 million ventricular cardiomyocytes per 

neonatal heart (average weight: ~7 mg), which equates to ~22 million cardiomyocytes per 100 mg of 

tissue. Others using the traditional “batch chopping” method have reported an extrapolated yield of 

0.59x106 per heart, which is ~2.6-fold lower than the yield we achieved. Although an improved version of 

the “batch chopping” method provides yields similar to ours (~1.3x106), it still requires multiple neonatal 

hearts and takes >12-16 h per isolation19. Importantly, the structural integrity of neonatal cardiomyocytes 

(~53% rod-shaped) and viability of infant cardiomyocytes (~70% rod-shaped) that our method provides 

are higher than those reported previously. Our yield of 2.2 million ventricular cardiomyocytes with a 

viability of ~72% from adult hearts is comparable to others using Langendorff perfusion methods15,20,21. 

Thus, the combination of in situ cannulation and Langendorff digestion can be used to isolate 

cardiomyocytes in high quality and yield, not only from adult hearts, but also from individual neonatal and 

infant hearts, i.e., without using age-dependent procedures or pooling of hearts; the latter having the 

advantage of reducing animal usage.  

 

Although our study was not designed to specifically evaluate cell type populations in the heart, it is of 

interest that in agreement with the recent study of Pinto et al.22, but in contrast to previous reports23,24, 

we found that endothelial cells are the predominant non-myocyte population in adult hearts; a finding 

we also observed in neonatal and infant hearts (Fig 4B). Non-myocyte populations were partially removed 

by differential centrifugation to enrich the adult cardiomyocyte population10 and this step was adapted 

to enrich infant cardiomyocytes. Nevertheless, significant endothelial cell contamination remained - the 

extent of which varied with different batches of digestion enzymes. For this reason, we employed 

immunomagnetic cell separation to negatively select contaminating endothelial cells and, thus, to 

additionally purify cardiomyocytes. This resulted in a consistently pure population (~94%), as confirmed 

by immunocytochemistry and further validated by flow cytometry and qRT-PCR. Negative selection, by 

use of a kit targeting multiple non-myocytes, was also effective in purifying neonatal cardiomyocytes. This 
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final crucial step of cardiomyocyte purification can be performed rapidly (22 min) at the lab bench for 

hearts of all ages. Immunomagnetic cell isolation is clearly an improvement on traditional cell culture 

methods when used to purify cardiomyocytes, which involve longer incubation times that can lead to 

cellular and molecular phenotypic changes6. In contrast to cardiomyocytes, cardiac endothelial cells have 

been isolated by incubation of chopped myocardium with collagenase A25 or collagenase IV (similar to 

collagenase D) and dispase II22 for 45-60 min to digest the extracellular matrix. However, this compromises 

the quality and viability of cardiomyocytes. Since enzymatic tissue digestion using Langendorff retrograde 

perfusion is a gentler process compared to chopping tissues, it may be possible in future studies to further 

develop the protocol used here to enable the isolation not only of cardiomyocytes, but also all cardiac cell 

types by incorporating other extracellular matrix-targeting enzymes into the digestion buffer.  

 

As shown here, cardiomyocytes fixed in situ retained cell integrity- their cytoarchitecture closely 

resembling that seen in vivo, with most (~94%) being either rod- or spindle-shaped. The spindle shape of 

neonatal cardiomyocytes is consistent with them already being contractile in utero26,27; the heart 

beginning to beat very early in fetal development. Moreover, the finding of intact spindle- or rod-shaped 

cells suggests that the process of Langendorff tissue digestion itself is gentle and not responsible for loss 

of cell structure or viability, which, rather, occurs as a result of subsequent cell dissociation steps. The use 

of isolated cardiomyocytes for morphological characterization obviates inaccuracies inherent in 

evaluation of cardiomyocyte size, nucleation state and cell population types from tissue sections (even 

using thick sections) 22,28–30. Such inaccuracies are due to cardiomyocyte overlap, their large size, 

particularly adult cells, and their irregular shape, which we found can vary by up to a third in size in cells 

from hearts of all ages, all of which contribute to difficulties in the discrimination of cardiomyocyte 

boundaries in tissue sections. Hence, we used in situ fixed cardiomyocytes that are mostly intact, unlike 

those fixed only after isolation, for robust evaluations of cell area and binucleation. Cardiomyocyte cell 

size, determined by planimetry of cell area, which we have used previously for accurate quantitation31,32, 

demonstrated that throughout postnatal development cell size increases commensurately with cardiac 

growth (heart weight). Our estimate of binucleation index in infant cardiomyocytes was close to that in 

adult cells (85%) by P13 (81%), albeit lower than previous assessments of 98% and 95% for P833 and P1023 

cells, respectively. This may reflect differences in mouse strain or litter size, which, in turn, influence the 

rate of cardiac growth. Importantly, in situ fixation captured spindle-shaped neonatal cells undergoing 

cytokinesis; a cytoarchitecture that has only been observed previously in tissue sections34 and cell culture. 

Thus, in situ fixation is a valuable method for studying cardiomyocyte morphology as well as for the 
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detection and spatial localization of proteins of interest, such as Aurora B kinase, to better appreciate cell 

function.  

 

An understanding of the complex process of cardiac development requires sufficient material (DNA, RNA, 

and protein) from freshly purified cardiomyocytes for omics-based experiments (genomic, epigenomic, 

transcriptomic, and proteomic studies) and for biochemical assays, such as PCR, qRT-PCR, 

immunocytochemistry and Western blot analyses. As we show here, our cardiomyocyte purification 

procedure allowed, for the first time, RNA-seq studies to be undertaken with individual neonatal hearts. 

These analyses showed that gene expression clustered predominantly on the basis of biological 

differences between litters, albeit that this finding needs to be validated in future studies using a larger 

number of replicates. There was also evidence of sexual dimorphism, with nine DEGs (located on sex 

chromosomes). Xist, a long non-coding RNA, required for X inactivation, showed the highest expression 

and fold-change (>1000) in females and can, thus, be used for sex identification. Some of the DEGs we 

observed have also been reported in single nuclei studies of adult human cardiomyocyte nuclei35, and in 

single cell studies of other cardiac cell types from the adult mouse36 or human35 heart. Single cell studies 

provide information on the cellular heterogeneity of gene expression, such studies of cardiomyocytes are 

generally limited to the evaluation of nuclear transcripts because their larger cell size is incompatible with 

high-throughput droplet sequencing technologies, although lower throughput sequencing platforms37 

have allowed capture of both nuclear and cytoplasmic transcripts. Moreover, in contrast to single cell 

transcriptomic studies, cardiomyocytes purified using the method we developed here can be used in a 

range of assays for cell-type specific investigations, as well as for the evaluation of younger hearts for 

individual genetic, therapeutic, surgical, age, sex, and biological differences. 

 

In summary, we have established a rapid procedure to isolate and purify cardiomyocytes in high yield, 

viability and purity from murine hearts at any postnatal age. This method enables study of age-related 

changes in cardiomyocytes and analysis of individual biological replicates, even in neonatal mice. 

Moreover, Langendorff perfusion combined with in situ fixation allows preservation of the native 

cytoarchitecture for accurate assessment of cell morphology and proliferative status. 
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Figures 

 
Figure 1: Apparatus used for cannulation of aortae and Langendorff perfusion of murine hearts 

A, microsurgical tools used to cannulate murine hearts, from left to right: tough cut straight sharp scissors, 

fine sharp scissors, mini forceps x2, blunted 30 G and 25 G needles, and 24 G gavage needle, curved 

forceps x2, and curved and straight serrated forceps. B, Langendorff apparatus consisting of a heating 

immersion circulator to control water bath temperature, which is adjusted to maintain the perfusate at 

37°C. The heated water is circulated through the insulating jacket of the heat exchanger. Immediately 

before mounting the heart, a pressure gradient is created to allow perfusate to flow by closing valve 1 (in 

the horizontal position), opening valve 2 (in the vertical position), and turning on the peristaltic pump 

(John Morris Group). The pump sends buffers through the tubing and coil inside of the heat exchanger, 

allowing tissue perfusion at a regulated flow rate and temperature. The water-jacketed insulating organ 

bath is moved upwards to surround the heart and maintain a warm environment. C, H & E stained (DNA, 

blue; and cell cytoplasm, red) transverse sections of aortae at the level of the diaphragm (scale bar is 200 

µm), and sagittal sections of hearts (scale bar is 1 mm) from neonatal (P1), infant (P10) and adult (P64) 
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mice. D, Cannulated P1, P10 and P70 (left to right) murine hearts (sizes indicated by the scales in the 

background) mounted onto the Langendorff apparatus.  
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Figure 2: In situ cannulation of the neonatal murine heart 

Step 1: The ribcage of a neonatal mouse (P2) is dissected open, the five lung lobes removed and the 

inferior vena cava and oesophagus transected. Step 2: The operating board was rotated 90° (right-handed 

operator; liver [Li] to the left) and fine forceps used to grip and elevate the thymus (Thy) attached to the 

heart, and then fine curved scissors used to dissect under the aorta (Ao) to release it from the spine. The 

aorta is then transected at the level of the diaphragm. Step 3 and 4: The operating board was rotated 

another 180° and the aorta (now drained of blood) is cannulated in situ by gripping the edges of the 

transected vessel with fine forceps and pulling it onto a cannula (blunted 30 G needle) attached to a 

syringe. Step 5: A silk suture that had been loosely tied around the base of the cannula prior to 

cannulation, is re-positioned so that it sits around the cannulated aorta at a level between the thymus 

and atria, and then tightened into a double knot. The thymus is then removed. The set-up of the cannula 

attached to the syringe (10 mL) is shown relative to the size of a P2 mouse pup. Step 6: the heart is 

immediately mounted onto the Langendorff rig, or, step 7: when practising cannulations, instead of 

mounting the heart on the rig, the heart is flushed with perfusion buffer using the syringe. Correct 
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placement of the cannula is evident by blanching and expansion of the heart as it is perfused with buffer 

from the syringe. Note: neonates and infants have a smaller, shorter, and more delicate aorta that is 

susceptible to breakage.  
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Figure 3: Overview of the cardiomyocyte isolation and purification procedure 

Flow diagram outlining the isolation and purification procedure (<1 hr). For in situ fixation of cardiac cells, 

the heart is perfused with paraformaldehyde immediately after step 2. The cardiomyocyte enrichment 

(step 4) is omitted for neonatal cardiac cells. See Methods for further details.   
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Figure 4: Cardiomyocyte purity assessed by immunocytochemistry and flow cytometry  

A, Representative immunofluorescence images of C57BL/6J P10 murine cardiac cells stained to identify 

nucleated (DNA, TO-PRO-3, blue) cardiomyocytes (cardiac troponin T, cTnT, green) and endothelial cells 

(isolectin B4, IB4, red) following cardiomyocyte isolation, enrichment and purification steps, including the 

CD31 Ab-bead bound fraction. Scale bar is 100μm. B, Quantification from immunocytochemistry of cardiac 

cell types after each step of isolation and purification from C57BL/6J P2 (n= 3, ~2000 cells/n), P10 (n=3-4, 

~1500 cells/n), P13 (n=3, ~1500 cells/n), or adult (n=3, ~1500 cells/n) hearts (see representative images 
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in Online Figures II-V). Cardiomyocytes, CMs (TO-PRO-3+, cTnT+); endothelial cells, ECs, (TO-PRO-3+, 

IB4+); other cells (TO-PRO-3+, cTnT-, IB4-). C, Representative flow cytometric data evaluating the 

percentage of cells (propidium iodide, PI+) that were cardiomyocytes (cTnT+) compared to non-myocytes 

(cTnT-) from P2, P10 and P70 PFA-fixed cardiac cell populations after the isolation and purification steps. 

Approximately 100,000-500,000 cells were analysed per sample and percentages were calculated as a 

total of the nucleated cell population (PI+). The gating strategy was determined per sample based on their 

corresponding unstained and single stained fractions (PI+ only, cTnT+ only).   
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Figure 5: Cardiomyocyte purity assessed by qRT-PCR and cell morphology post-purification  

A, qRT-PCR gene expression of cardiac cell markers after cardiomyocyte isolation, enrichment and 

purification steps, collected from: neonatal P2 (n=3); infant P10 (n=3); and adult P70 hearts (n=2-5). Genes 

were normalized to Gapdh and fold-change calculated relative to the isolation fraction (2–∆∆Ct method), 

shown as % (mean ± SEM). Cardiomyocyte markers (orange): Myh6, α-myosin heavy chain and Tnnt2, 

cardiac Troponin T; Endothelial cell markers (purple): Pecam1, Platelet And Endothelial Cell Adhesion 

Molecule 1, and Vwf, von Willebrand Factor; Fibroblast markers (blue): Ddr2, Discoidin Domain Receptor 

2 and Col1a1, Collagen Type I Alpha 1 Chain. B, Representative brightfield images of freshly-purified high-

quality cardiomyocytes (~80-85% rod-shaped CMs) from C57BL/6J neonatal (P2), infant (P10), and adult 

(8-10-week-old) mouse hearts. Cells were dispersed onto slides and images were taken at 5X, 20X, 40X 

objectives on a Leica microscope and 4X on a Nikon Eclipse TS100 microscope.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2021. ; https://doi.org/10.1101/2021.09.30.462562doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.30.462562
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 30, 2021. ; https://doi.org/10.1101/2021.09.30.462562doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.30.462562
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 
 

Figure 6: Gross morphology of postnatal murine cardiomyocytes 

A, The percentage of rod-shaped vs round-shaped C57BL/6J murine ventricular cardiomyocytes fixed in 

situ or post-isolation were counted from neonatal (P2), infant (P10 and P13), and adult (P70) preparations 

(n=2-4, 120-420 cardiomyocytes) presented as mean ± SEM. B, Cardiomyocyte area and number of nuclei 

per cell (see Table 3) were evaluated from confocal immunofluorescence images of in situ fixed cardiac 

cells at postnatal ages: P2, P10, P13 and P70 (n= 2-3, ~110-300 cardiomyocytes per age). ImageJ was used 

to calculate cardiomyocyte area (μm2) by planimetry. C, Representative images of in situ fixed 

cardiomyocytes are at postnatal ages P2, P10, P13, and P70. Cells were immunostained with the 

cardiomyocyte-specific marker, cTnT (green), and nuclei with DNA dye, TO-PRO-3 (blue). Scale bar is 100 

μm. D, Neonatal (P2) cardiomyocytes fixed in situ were captured undergoing cytokinesis as shown by 

positive immunostaining of the midbody with Aurora B Kinase antibody (red). Scale bar is 20 μm. C and D, 

Representative cells were selected and grouped in a horizontal position. E, Heart weight (HW, n=6-8, mean 

± SD, closed circles) and cardiomyocyte area (n=2-3, open circles) were compared along the trajectory of 

postnatal cardiac growth: P2, P10, P13 and P70 (adult male) ages.  
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Figure 7: RNA-sequencing analysis of neonatal cardiomyocytes reveals hierarchical clustering of litters 

and sex differences 

A, Schematic of the experimental design. Cardiomyocytes were purified from one postnatal day 2 male 

and female heart per litter of 6-8 C57BL/6J mouse pups (x4 litters, L1-L4). Poly(A) RNA was extracted from 

cardiomyocytes and sequenced using the NovaSeq 6000 Sequencing platform generating ~22 M reads per 

heart. Created with BioRender.com. B, Body weights (BW) were similar between male () and female () 

littermates (n=4 litters). C, Hierarchical clustering dendrogram (Ward method) based on the expression of 

12,854 genes (>1 count per million, cpm, in four samples) shows clustering by litters but not sex. D, 

Heatmap shows nine differentially expressed genes (DEGs, FDR<0.005) between male and female 

cardiomyocytes, five genes were on chromosome Y (ChrY) and four on chromosome X (ChrX). E, 

Abundance (cpm) of the nine DEGs shown as dot plot and mean, ordered from highest (left) to lowest 

(right) counts in male () and female () cardiomyocytes.  
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Tables 

Table 1: Cardiomyocyte (CM) isolation and purifcation details 

 Neonate (P0-P3) Infant (P10-13) Adult (P70) 
Pre-cannulation 

   

Heparin (1000IU/mL) 10 µl 20 µl 100 µl 
Incubation time post-heparin 
(min) 

20-30 20-30 20-30 

Cannulation step 
   

Euthanasia Decapitation Cervical dislocation 2-4% Isoflurane and 
cervical dislocation 

Cannula 30 G blunt needle 25 G blunt needle 24 G gavage needle 
Heart and aorta dissection and 
cannulation time (min) 

5 5 5 

Perfusion step 
   

Flow rate (mL/min) 1.5 2 3 
Perfusion buffer volume (mL) 4 6 9 
Perfusion time with perfusion 
buffer (min:sec) 

2:40 3 3 

Body weight used to determine 
enzyme conc. (g) 

5 8 Actual body weight 

Digestion buffer volume (mL) 16 16-20 25-30 
Perfusion time with digestion 
buffer (min:sec) 

10:40 8-10 8:20-10 

CM isolation step 
   

Buffer Transfer buffer Transfer buffer Transfer buffer 
Pipette P1000 tip 5.8 mL transfer pipette 7.7 mL transfer pipette 
Filter (µm) 70 200 200 
Cell isolation time (min) 10 10 10 
CM enrichment step 

   

Centrifugation NA 55 g for 3 min (x3) 20 g for 3 min (x3) 
Buffer volume (mL) NA 8 10 
CM purification step 

   

Method Miltenyi Neonatal 
CM Isolation kit 

CD31 Ab conjugated to 
Dynabeads 

CD31 Ab conjugated to 
Dynabeads 

Ab-bead volume (μl) 10 12.5 25 
Ab-bead incubation time (min) 15 15 15 
Total time (min) 50 60 60 

P, postnatal day; Ab, antibody.  
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Table 2: Cardiomyocyte (CM) yield after the isolation and purification steps 

Age CM number after 
isolation 

Viability 
(%) 

Rod-shaped 
(%) 

n CM number after 
purification 

n 

Neonate (P2) 1.56 ± 0.48 x106 100 53 (~30-85) 72 1.03 ± 0.33 x106 56 
Infant (P10) 1.62 ± 0.39 x106 70 (~60-90) 70 (~60-90) 69 0.96 ± 0.29 x106 44 
Infant (P13) 1.65 ± 0.44 x106 70 (~60-90) 70 (~60-90) 25 0.8 ± 0.21 x106 25 
Adult (P70) 2.21 ± 0.36 x106 72 (~60-90) 72 (~60-90) 27 1.6 ± 0.29 x106 19 

 

Table 3: Estimates of cardiomyocyte DNA, RNA and protein yield post-purification 
 

Neonatal (P2) Infant (P10) Infant (P13) Adult 
Binucleated (%) 7 73 81 85 
Cell area (µm2) 446 ± 148 1041 ± 316 1226 ± 333 4298 ± 1278 
DNA yield (pg/cell) 7.6 13.8 (2) NA 12.1 (2) 
RNA yield (pg/cell) 7.3 (20) 18.1 (12) 23.5 (25) 31.1 (12) 
RIN score 8.9 (20) 9 (12) 8.6 (25) 8.5 (12) 
Protein yield (pg/cell) 105 (3) 312 (3) NA 4026 (3) 
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