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ABSTRACT OF THE THESIS 

 

Optimization of Cardiomyocyte-Macrophage Co-culture and Effects of Ischemia on 

Cardiomyocytes Morphology and Viability 

 

By 

 

Jing Zhao 

 

Master of Science in Biomedical Engineering 

 

 University of California, Irvine, 2019 

 

Associate Professor Anna Grosberg, Chair 

 

 

 

    The reduction of blood flow, or ischemia, compromises the contractile function of the 

heart by damaging cardiomyocytes. Macrophages from the immune system play a key role 

during cardiac repair to preserve the heart physical integrity (i.e preventing leaks) as well as 

potentially acting to preserve some of the function. Therefore, studying the interaction between 

cardiomyocytes and macrophages would help to better understand the underlying mechanisms of 

cardiac repair. However, co-culture of cardiomyocytes and macrophages has not been 

extensively studied due to technical challenges. The first part of this thesis work aimed to 

explore whether macrophage culture media components affect cardiomyocyte health during in 

vitro culture. As part of this, the effects of media components on cellular health were 

investigated by observing cell size and morphology changes. It was observed that different media 

compositions altered cell size and morphology, suggesting that macrophages and/or macrophage-

induced factors had a negative impact on healthy cardiomyocytes. An ischemia model was tested 

in the second part of this study. The effectiveness of an inexpensive and easy-to-implement 

model was tested to introduce hypoxia on cardiac fibroblasts and cardiomyocytes. The results 

showed that there was no significant reduction in both primary cardiac fibroblasts and neonatal 



vii 
 

cardiomyocytes population, suggesting that the model failed to establish hypoxia during the time 

period studied. Although the model was unsuccessful, this research provided preliminary data for 

creating simple ischemic devices. 
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Chapter 1  

Introduction 

The heart is an essential organ in the human body, and it is a complex system containing 

cardiomyocytes (cardiac muscle cells), fibroblasts, macrophages, and other cell types to maintain 

the normal heart function. As the heart contracts, blood carrying oxygen and nutrients is pumped 

to all parts of the body. When the heart is not getting enough blood and oxygen through the 

coronary artery, the heart muscle becomes ischemic which leads to tissue injury. The main cause 

of ischemia is the blockage in the coronary artery, which is formed by a gradual build-up of fatty 

deposits on the inner wall of the vessel narrowing the artery due to high cholesterol level in the 

blood (Hansson 2005). Because the adult human heart muscle has limited ability to regenerate 

itself (Laflamme and Murry 2011), the contractile function of the injured heart cannot be fully 

restored since the scar formed to repair the injury does not have comparable contractility to the 

healthy heart muscle (Voorhees and Han 2014). However, the mechanism occurring after 

ischemia is still poorly understood, and the aim of the study is to provide more details of the 

mechanism.  

One approach to better understand the healing process of the ischemic heart is to study the 

detailed mechanisms of how cells react to ischemia in vitro. Currently, in vitro models used for 

ischemia studies require additional equipment such as a hypoxia chamber or a hypoxia incubator, 

or chemicals (e.g. CoCl2, rotenone) added into culture media to create a low oxygen environment 

or inhibit cellular metabolism (Russ, Haberstroh et al. 2007). Those approaches are expensive or 

difficult to implement in the models. Therefore, there is a need for a low-cost model that can be 

easily applied to study ischemia. In this study, a simple and cheap in-vitro model using a 

common material was created to develop ischemia on cardiomyocyte monolayers. 
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Once the heart has been damaged, the immune system plays an important role in heart repair.  

As a significant part of the immune system, the macrophage which is a type of white blood cell 

that ingests invaders and debris and helps with tissue remodeling and the wound healing process 

contributes to repair the injured heart (Arango Duque and Descoteaux 2014). Ischemia triggers a 

series of immune responses involving macrophages that release several kinds of cytokines or 

growth factors, such as fibroblast growth factor (FGF) and tumor necrosis factor (TNF), to 

promote cell viability or activate fibroblasts to remodel and form a scar (Trial, Rossen et al. 

2004). The repair process occurs through several steps: first, the production of monocytes and 

macrophages are activated after MI. Second, monocytes and macrophages are recruited to the 

wound edges and rapidly respond to environmental cues and are then polarized to different 

phenotypes. Last, macrophages respond to different stages of repair to promote wound healing 

(Sager, Kessler et al. 2017). Although several studies have shown both in vivo (Lorchner, Poling 

et al. 2015) and in vitro models (Zhang, Yeap et al. 2015) to elucidate the role of macrophages in 

cardiac repair, this study was aiming to show more detailed mechanism through cardiomyocyte-

macrophage direct co-culture in vitro. Since each cell type has its own specialized media 

formulation, finding a culture medium that will keep both cell types alive and functioning is 

desired. Therefore, several culture conditions were tested to optimize the culture environment. 

Also, cell morphology was studied to show the effect of macrophages on cardiomyocytes during 

co-culture.  
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Chapter 2 Optimization of Cardiomyocyte-Macrophage Co-culture 

2.1 Introduction  

Ischemia triggers immune responses to help remodel damaged area, and macrophages play a 

crucial role in this process. Macrophages are capable of cleaning debris at the wound site, and 

they produce cytokines and growth factors to promote cell survival and fibroblasts activation. 

For instance, macrophages produce mediators including transforming growth factor-beta1(TGF-

β1) and platelet-derived growth factor that directly activate fibroblasts, and they also secrete 

chemokines that recruit fibroblasts and other inflammatory cells (Wynn and Barron 2010). 

Therefore, putting cardiomyocytes and macrophages into the same culture would be beneficial in 

order to have a better understanding of macrophages’ role in heart repair. 

In order to observe macrophages’ influence on cardiomyocytes after ischemic culture, it is 

important to make an adequate culture environment for both cells. To evaluate the culture 

environment, cell size and cell morphology are useful since they provide important information 

about cellular health. Cell size is critical for cell growth and maturation, and some basic 

processes of cell physiology depend on its size. Changes in cell volume and surface area will 

influence the metabolic status and nutrient exchange across the cell membrane, and cell division 

also depends on cell size since very small cells cannot form a proper spindle. Cell shape or 

morphology also matters. Regulatory mechanisms exist to sense cell size and to adjust 

morphology accordingly to maintain certain tissue structure (Marshall, Young et al. 2012). 

Therefore, cell size and morphology were used in this study as easy metrics for assessing culture 

environment. To find the best media composition, this chapter focuses on experimenting with 

existing cardiomyocytes and macrophages culture media components and observing their 

influence on cardiomyocytes size and morphology.  
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2.2 Methods and Materials 

Substrate Preparation 

Using 95% ethanol, clear glass coverslips were cleaned in ultrasound for 30 minutes. A 

plastic cup was used to hold PDMS and curing agents which were added at a ratio of 10:1, and 

the cup was put into a Thinky Mixer to thoroughly mix and degas the mixture. Clean coverslips 

were coated with PDMS mixture using a spin coater and cured in a 60°C oven overnight. 

Extracellular Matrix Preparation 

Anisotropic patterns were prepared by photolithography techniques on a silicon wafer. 

PDMS mixture was poured onto a petri dish with patterned silicon wafer at the bottom and cured 

overnight in a 60°C oven. Then patterns were imprinted on PDMS and cut out into square stamps, 

and sonication with 95% ethanol was performed before use. Fibronectin was prepared by diluting 

to a concentration of 100μg/ml with deionized water. PDMS stamps were covered by fibronectin 

for at least one hour. UVO-treated PDMS-coated glass coverslips were stamped and then 

submerged in 1% Pluronic acid solution for 10 minutes to block cell adhesion between 

fibronectin patterns. Stamped coverslips then were washed and stored in PBS until seeding.  

NRVM Harvest and Culture 

As described by Grosberg et al. (Grosberg, Alford et al. 2011), neonatal rat ventricular 

myocytes (NRVM) were harvested from left ventricles of 2 days old Neonatal Sprague-Dawley 

rats. The hearts were cut into small pieces, and flushed with Hank’s Balanced Salt Solution 

(HBSS) and treated with 1mg/mL Trypsin while rotating at 75 rpm for 12 hours at 4°C. Trypsin 

solution was removed and M199 culture medium supplemented with 10% fetal bovine serum 

(FBS), 10mM HEPES, 0.1mM MEM non-essential amino acids, 3.5g/L glucose, 2mM L-

glutamine, 2mg/L vitamin B-12, and 50U/mL penicillin was added to neutralize the tissues. 
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Tissues were digested with 1mg/mL collagenase solution at 37°C, and cardiomyocytes were 

released into the solution. Cardiomyocytes were isolated by two rounds of centrifugation at 1200 

rpm for 10 minutes with resuspension of cell pellet with cold HBSS in between. The final cell 

pellet was suspended in M199 media with 10% FBS. To increase the purity of the culture, two 

45-minute pre-plating and one 40-minute pre-plating steps were performed before seeding. 

Seeding density was 75,000 cells/well in a 6-well tissue culture plate for a sparse monolayer of 

cardiomyocytes. After seeding, cells were incubated in 10% FBS M199 media at 37°C with 5% 

CO2 for 24 hours, and each well was then washed to remove dead cells and were replaced with 

fresh 10% FBS M199 media. 48 hours after seeding, media in the control group was changed to 

2% FBS M199 media to limit fibroblast proliferation, and other media conditions were applied to 

corresponding groups.  

BMDM harvest and culture 

As described by Luu et al. (Luu, Gott et al. 2015), bone marrow-derived macrophages 

(BMDM) were harvested from femurs and tibia of 6-12-week-old C57BL/6 mice. The bone 

marrow was flushed with high glucose DMEM media (Life Technologies Cat # 11995065) into a 

conical tube, and the cell suspension was centrifuged at room temperature to form a pellet. The 

supernatant was removed, and the remaining cell pellet was treated with ACK lysis buffer (Life 

Tech Cat # A10492-01) for 2-3 minutes incubation. After incubation, cells were resuspended in 

D-10 media (high glucose DMEM, 10% heat-inactivated FBS (Life Tech Cat # 10082147), 

100U/ml penicillin, 100 ug/ml streptomycin (Life Tech Cat # 15070063), 2mM L-glutamine 

(Life Tech Cat # 25030149), and 10% MCSF).  

Fixing and Immunostaining 
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To fix cells, media was aspirated after incubation, and warm PBS was used to wash 

coverslips three times. Fixation solution contains 4% Paraformaldehyde (PFA) and 0.05% Triton 

X-100, and coverslips were treated with warmed fixation solution for 10 minutes. After 

aspirating fixation solution, coverslips were washed with warm PBS again three times with a 5-

minute interval between each wash and were stored in PBS for immunostaining.  

For immunostaining, primary antibodies including sarcomeric α-actin, 4’,6’-diamidino-2-

phenylindole (DAPI), and Alexa Fluro 488 Phalloidin were diluted 1:200 in PBS and used to 

stain sarcomeres, nuclei, and actins, respectively. Secondary staining included 

tetramethylrhodamine-conjugated goat anti-mouse IgG antibody. Samples were incubated in 

primary and secondary stain solution for 1 hour separately with PBS washing three times in 

between and after secondary staining to remove excess stains. All coverslips were then mounted 

onto glass microscope slides with Prolong Gold Antifade Reagent as a mounting media and were 

sealed with nail polish. The sealant was cured overnight in the dark at room temperature.  

Imaging and Image Analysis 

IX-83 inverted motorized microscope mounted with a digital CCD camera ORCAR2 

C10600-10B and a UPLFN 20x objective was used to image stained samples. Image analysis 

was done using customized MATLAB software (Core, Mehrabi et al. 2017).  

 

2.3 Results 

Media Composition affects Cardiomyocytes’ Cell Area and Eccentricity 

In the current neonatal rat cardiomyocytes culture procedure, M199 media was used 

throughout the entire culture, but D-10 media was used for bone marrow-derived macrophages 

(BMDM). Based on a previous study from the Grosberg lab, macrophage culture media D-10 
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was detrimental to cardiomyocytes (Kawk, 2017). Comparing current media components for 

NRVM and BMDM, streptomycin is not used for NRVM culture. Streptomycin is a common 

antibiotic that has been widely used in cell culture to prevent bacterial infection and usually in 

combination with penicillin. Therefore, in the first experiment, streptomycin was excluded from 

D-10 media in cardiomyocytes’ culture and was added into M199 media in macrophages’ culture. 

After seeding, NRVM were settled for 48 hours in 10% FBS M199 media to recover from 

harvest, and media were aspirated and replaced with different fresh media: (1) M199 (2% FBS); 

(2) M199 + MCSF (2% FBS, 10% MCSF); (3) D-10: (High-glucose DMEM, 10% FBS, 

100U/ml Pen-Strep and L-Glutamine, and 10% MCSF); (4) D-10 no MCSF; (5) D-10 no Strep 

(no streptomycin); (6) D-10 no antibiotics (no streptomycin and penicillin). As a result, 

cardiomyocytes survived in new media after 24 hours, and then fixation and immunostaining 

were performed following the procedure described in the method section. Cardiomyocytes area 

and eccentricity were analyzed by using custom MATLAB code. Since cells were obtained from 

Figure 1-Cardiomyocyte Area (A) and Eccentricity (B). In all culture media conditions, observed 

cell areas and eccentricities were normalized to average cell areas and eccentricities in M199 media from 

corresponding harvest. All values of cells in M199 media were normalized to 1. Statistical tests performed to all 

groups, and * indicated there was statistical significance between groups (p<0.05). A complete list of analyzed 

single cardiomyocytes and coverslips number is shown in Table 1.  
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multiple harvests, cell areas and eccentricities from all groups were normalized to the average 

cell area and eccentricity value in M199 media from the same harvest. The results showed that 

cell sizes altered after 24-hour culture in different media conditions (Figure 1 A). D-10, D-10 no 

MCSF, D-10 no Strep, and D-10 no antibiotics media significantly increased cardiomyocyte cell 

areas compared to those in M199 culture. Addition of MCSF in M199 media further decreased 

areas of cardiomyocytes compared to cells in M199 media. It is also interesting to note, that even 

though normal D-10 media (‘D-10’ bar, Fig 1 A) contained MCSF, there was still a significant 

increase in cell size compared to M199+MCSF media. Despite the change in cell size, the 

eccentricity of cardiomyocytes in all conditions (Figure 1 B) did not change significantly. 

Effect of Media on Cardiomyocyte Area and Eccentricity 

Non-activated BMDMs and NRVM were tested in media conditions of M199, M199+MCSF, 

and D-10, and they were fixed and stained after 24 hours of co-culture. Unlike primary neonatal 

cardiomyocytes-only culture described in the previous section, the addition of non-activated 

macrophages resulted in a different pattern. When cultured in M199 and M199+MCSF media, 

cardiomyocyte areas were significantly larger in co-culture (‘M199_CC’ and ‘M199+MCSF_CC’ 

bars, Fig 2 A) compared to those from cardiomyocyte-only culture (‘M199’ and ‘M199+MCSF’ 

bars, Figure 2 A).  
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However, cardiomyocytes in D-10 media did not have a significant change in cell sizes when co-

cultured with macrophages (‘D-10’ bar vs. ‘D-10_CC’ bar, Fig 2A). Also, eccentricity decreased 

in D-10 media during co-culture compared to cardiomyocytes in other media conditions (Figure 

2 B), but statistical significance cannot be interpreted since the sample size was too small (Table 

1).  

 

Table 1 Media Conditions, and sample size for each. 

Conditions Coverslip 

Number 

Number of single cells used for 

statistics 

Cardiomyocyte-only Culture   

M199 13 1983 

M199+MCSF 13 2178 

D-10 2 155 

D-10 no MCSF 2 112 

D-10 no strep 12 1679 

D-10 no antibiotics 2 140 

Cardiomyocyte-Macrophage Co-culture   

M199_CC 2 80 

M199+MCSF_CC  2 64 

D-10_CC 2 25 

 

Figure 2-Cardiomyocyte Area and Eccentricity in Co-culture. Cardiomyocyte area (A) and 

eccentricity (B) under different media conditions from cardiomyocyte-only culture (D-10, M199, 

M199+MCSF) and co-culture (D-10_CC, M199_CC, M199+MCSF_CC).  
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2.4 Discussion   

 This chapter was aimed to determine the optimal combination of cardiomyocyte-

macrophage co-culture media, and the results have shown how components of culture media 

changed primary cardiomyocytes shape and morphology. For the first part of the chapter, the 

combination of MCSF and M199 media decreased neonatal rat cardiomyocyte sizes significantly 

compared to cells in other media conditions (Fig 1 A). Then, after 24 hours of co-culture with 

macrophages, cardiomyocyte sizes were significantly increased (Fig 2 A), suggesting that 

healthy cardiomyocytes became hypertensive with macrophages. One possible explanation for 

the negative effects is that the presence of MCSF or cytokines secreted by macrophages damages 

healthy cardiomyocytes. Also, cells used in the study were from different species (NRVM from 

rats vs. BMDM from mice), and this difference could be the cause of the altered performance in 

cardiomyocytes, so using cells from the same animal species are worth to investigate in the 

future. As reported in other studies, particular immune cells release cytokines which induce cell 

death in healthy cardiomyocytes when they were recruited by the damaged cardiomyocytes 

(Cheng, Chen et al. 2017). For future studies, tests with injured cardiomyocytes and polarized 

macrophages need to be performed to confirm the effect of macrophages on injured cardiac cells.  
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Chapter 3 Influence of Hypoxia on Cardiomyocytes Viability and Morphology 

3.1 Introduction 

Oxygen is critical for cell function, such as cell respiration for energy supply and cell 

communication. For example, heart contraction is powered by mitochondria in cells, which 

produces ATP, a high-energy molecule, through aerobic respiration that combines oxygen to 

ADP. Also, molecular oxygen reduction during respiration produces hydrogen peroxide and 

other reactive oxygen species (ROS) that are key signaling molecules in biological 

systems(Hancock, Desikan et al. 2001) (Thannickal and Fanburg 2000). If oxygen is not present 

in these processes, energy supply and cell signaling pathways will be impaired, which can lead to 

cell death and/or organ dysfunction. The major source of oxygen utilized by tissues is blood, and 

the condition where the body cannot receive adequate blood supply is called ischemia, which 

leads to hypoxia (reduced oxygen level). With the importance of oxygen, there has been a 

growing interest in controlling its level in cell culture and observing its effect on cells.  

To introduce hypoxic condition in cell culture, current approaches mainly use chemicals or a 

hypoxia chamber/incubator. It was found that chemical approaches, which interfere with cellular 

respiration pathways to prevent cells from receiving enough oxygen instead of creating a low 

oxygen environment, are usually toxic or has side effects (Russ, Haberstroh et al. 2007), and 

hypoxia chambers or incubators can be quite expensive. The objective of this chapter is to use a 

simple model to induce hypoxia in cell culture and to examine the effectiveness of the model by 

quantifying live cells and fibroblasts content.  
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3.2 Materials and Methods 

Cardiomyocytes harvest and Hypoxia 

NRVM were harvested using the same protocol as described in Chapter 2. The only 

difference was the seeding density of NRVM was either 75,000 cells/well or 1,000,000 cells/well, 

as indicated. PlateSeal (PlateSeal, Cat # 1150Q02) was packaged in a sterile seal bag. Extra 

Heavy-Duty Foil (Thomas, #1181K87) was cut into large pieces and autoclaved before use. 

After at least 24 hours culture of NRVM to recover from harvest, media was changed to 2% FBS 

M199 media, and hypoxia started by wrapping foil or sticking PlateSeal to the top rim of every 

well in the tissue culture plate. After 12, 18, 24, and 40 hours of incubation in a 37°C and 5% 

CO2 incubator.  

 Cardiac fibroblasts from harvest were collected and cultured for three days before use.  

Fixing and Immunostaining 

All samples were fixed and stained by sarcomeres, α-actins, nuclei, and fibronectin using the 

same procedure described in Chapter 2.  

Imaging and Analysis 

Images were obtained using the same fluorescence microscope as mentioned in Chapter 2, 

but 20x UPLFN objective was used instead of 40x UPLFN objective. Cells were analyzed by 

customized MATLAB code to quantify cardiomyocytes and fibroblasts.  
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3.3 Results 

Effect of Hypoxia on Cell Population 

To mimic the low oxygen environment, the hypoxic condition was introduced to 

cardiomyocytes culture by applying gas impermeable attachment, extra heavy-duty aluminum 

foil or PlateSeal chemical resistant foil. Aluminum foil has very low gas permeability when the 

thickness is larger than 0.001 inches, and it can provide a good barrier against gas. However, thin 

aluminum foil is considered to have imperfections and pinholes which allows gas transmission, 

so extra heavy-duty aluminum foil with a thickness of 2 mils (1 mil = 0.001 inches) was used for 

this experiment. Minimal gas exchange through tissue culture plates was achieved by wrapping 

plates using extra heavy-duty aluminum foil or sticking the PlateSeal to the top rim of each well.  

At first, primary cardiac fibroblasts from NRVM harvest pre-plates were used to test PlateSeal 

chemical resistant foil and extra heavy-duty aluminum foil, and they were seeded and incubated 

in an incubator at 37°C with 5% CO2 for 68 hours. There was no feeding during 68 hours of 

incubation because opening the wrap would break hypoxia, and cells were fixed immediately 

after being taken out from the incubator. Plates with seeded coverslips were prepared in the 

following conditions: (1) normoxia (no PlateSeal, no aluminum foil); (2) with only PlateSeal; (3) 

with only foil; (4) with both PlateSeal and foil. Coverslips with the same seeding density of 

primary cardiac fibroblasts without any attachment under the same period of culture were used 

for the control group. After 68 hours of incubation, cells were fixed and stained. Cell numbers 

were counted in every field of view after imaging, and all fields were taken randomly on the 

coverslips (10 locations per coverslip). ONE-WAY ANOVA was used to analyze significance 

among groups. As shown in the figure, there was no obvious difference between all groups 

(Figure 3 A) which suggested that cells were not experiencing successful hypoxia in all 
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conditions in 68 hours. Other than cell population, irregular nuclei shapes were observed in 

hypoxia groups. Comparing images of fibroblasts nuclei from normoxia (Figure 3 B), foil 

(Figure 3 C), and PlateSeal and Foil group (Figure 3 D), some nuclei from hypoxia groups did 

not have smooth outlines as they were in the normoxia group.  

Cardiomyocytes population and morphology change under hypoxia 

 Neonatal cardiomyocytes under hypoxia were studied with time intervals of 12, 18, 24, 

and 40 hours started 24 hours after seeding. Seeding densities of NRVM were 75,000 cells/well 

and 1,000,000 cells/well for a 6-well plate, and a decreasing curve representing cell numbers was 

Figure 3-Quantification of fibroblasts under hypoxia. A: Fibroblasts nuclei number per coverslips 

under (1) normoxia (n=1); (2) Aluminum Foil (n=1); (3) PlateSeal (n=2); (4) Both PlateSeal and Foil (n=2). B-D: 

stained nuclei images from normoxia, Foil, and both PlateSeal and Foil group, respectively. 
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expected with increasing hypoxia intervals. However, the result suggested that the population of 

cardiomyocytes in both initial seeding densities increased in the first few hours of hypoxia, and 

then decreased (Figure 4 A). Also, the reduction of cell population was not obvious for both 

sparsely seeded cells within 40 hours and confluent cell layers within 24 hours (Figure 4 B). For 

cell morphology, cardiomyocytes in the hypoxic groups (Figure 4 D) had less spreading in 

shapes than cells at the beginning of hypoxia (Figure 4 C).  
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Figure 4-Cardiomyocytes Population and Morphology change under the hypoxia model. A: 

cardiomyocytes population change over 40 hours with seeding density of 75,000 cells/well and 1,000,000 

cells/well, as described. B: cell number per coverslip counted from random fields of images. Seeding density was 

1,000,000 cells/3ml. C, D, E, F: cell morphology images before hypoxia (0 hour) and after 12, 18, 24 hours of 

hypoxia, respectively. (red: sarcomeres, blue: nuclei) 
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Primary Cardiac Fibroblasts Proliferation 

From a previous publication, fibroblasts can proliferate and migrate to the injured site during 

cardiac ischemia (Mosadegh, Dabiri et al. 2014). Therefore, the number of primary cardiac 

fibroblasts was quantified to see if there was fibroblast proliferation during hypoxia. From the 

confluent cardiomyocyte culture after 0-, 12-, 18-, and 24-hour of hypoxia, a slight increase in 

fibroblasts ratio was observed after 24 hours of hypoxia (Figure 5). 

 

  

Figure 5-Cardiac fibroblasts content under hypoxia. Cardiac fibroblasts ratio (number of 

fibroblasts/total cell number) in the hypoxia culture over time.  
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3.4 Discussion 

This study serves as preliminary data for studying cardiac ischemia. A simple hypoxia 

model was developed in this chapter, and the effectiveness of the model was tested on both 

fibroblasts and cardiomyocytes. Because of the fact that cardiomyocytes are very active cells in 

order to provide the energy required to maintain cardiac contraction, cardiomyocytes were 

expected to experience hypoxia more significantly than the same number of fibroblasts. However, 

the results suggested that both fibroblasts and cardiomyocytes were not affected in the model 

based on observations of cell viability and fibroblasts ratio (Figure 4 B, Figure 5). As reported in 

other studies, cardiomyocytes used in this chapter were from 2-day old rats, which have not fully 

adapted to aerobic respiration, are less likely to be influenced by hypoxia than more mature 

cardiomyocytes (Mosadegh, Dabiri et al. 2014). Another possible reason could be the time of 

hypoxia studied in this chapter was not long enough for cardiomyocytes to deplete oxygen, so 

longer periods of hypoxia need to be studied in the future.  
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Chapter 4 Conclusion 

The main goal of this work was to determine if the components of culture media would 

impact cardiomyocyte-macrophage direct co-culture and investigate a new model to introduce 

hypoxia in cell culture. In the first part of the study, several media conditions were tested with 

cardiomyocytes and macrophages. It was shown that macrophage colony stimulating factors 

(MCSF) had changed the cardiomyocyte size significantly. This suggested that there were 

negative effects of macrophages or induced factors on healthy cardiomyocytes. Further tests with 

macrophages and injured cardiomyocytes are needed to have a better insight into myocardial 

ischemic injury.  

The second part of the study investigated the effectiveness of the new approach to introduce 

hypoxia by using gas impermeable aluminum foil. Unfortunately, this model did not significantly 

induce hypoxia on both cardiac fibroblasts and neonatal cardiomyocytes with quantification of 

live cells and fibroblasts content during the short hypoxia interval studied. For future work, 

longer periods of hypoxia can be tested using the same approach to observe more significant cell 

population or tissue morphology changes, which may be helpful to study long-term ischemia.  
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Appendix: Supplementary Images 
 

Figure A1-Cardiomyocytes Morphologies in various Media Conditions. Each image showing 

sarcomeric α-actin stained cardiomyocytes corresponds to each media condition in Fig 1. A: M199, B: 

M199+MCSF, C: D-10, D: D-10 no MCSF, E: D10 no strep, F: D-10 no antibiotics.  
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Figure A2-Cardiomyocytes Morphology from Cardiomyocyte-Only Culture and 

Cardiomyocyte-Macrophage Co-culture. Images in the left column were from cardiomyocyte-only 

culture, and images in the right column were from cardiomyocyte-macrophages co-culture. The number indicates 

corresponding media conditions in Fig.2. 1: D-10, 2: M199, 3: M199+MCSF.  
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