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Abstract: Normal contractile function of the myocardium is essential for optimal cardiovascular
health. Evaluating drug effects on cardiomyocyte function at the cellular level is difficult for long-term
studies. Present culture systems rely on isolated, cardiomyocyte preparations or cardiomyocytes
derived from pluripotent stem cells (PSCs), all of which have limitations. Isolated, endogenous
cardiomyocytes do not remain contractile in culture long term. While PSC-derived cardiomyocytes
show contractile activity for longer periods of time, their phenotype is more embryonic than adult.
Here we report that dexamethasone (DEX) treatment of adult mouse atrial tissue can extend its
functionality in culture. Normally, cardiac explants cease their capacity as a contractile tissue within
the first month, as the tissue flattens and spreads out on the culture substrate, while the cells
dedifferentiate and lose their myocardial phenotype. However, with DEX treatment, cardiac explants
maintain their contractile function, 3D morphology, and myocyte phenotype for up to 6 months.
Moreover, DEX also preserved the contractile phenotype of isolated rat cardiomyocytes. These data
with DEX suggest that simple modifications in culture conditions can greatly improve the long-term
utility of in vitro model systems for screening drugs and agents that could be employed to alleviate
human cardiac disease.
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1. Introduction

Heart disease is a leading cause of death worldwide. As improvements in diet, lifestyle
and increased exercise have reduced the incidence and severity of heart disease among
patients, advancements in medical treatments have also allowed for some cardiovascular
pathologies to be abated, if not reversed. Yet the types of disorders that affect cardiovascular
function in the human population are numerous, and thus new drugs and therapies are
still needed to combat heart disease. To adequately test novel drugs on cardiomyocyte
function, both in vitro and in vivo model systems must be tested before clinical trials begin.
One of the handicaps in current cardiac culture models is that heart tissue and cells quickly
dedifferentiate in vitro and thus lose their cardiac properties. This limitation among in vitro
cardiac models has remained despite over a century of scientific investigations.

In vitro experimentation of cardiac tissue has been reported by scientists as far back
as 1912, with initial cardiac cultures consisting of hearts from the embryonic chick [1]. As
cell culture methods advanced, later studies focused on the use of mammalian cells, either
adult [2,3] or neonatal [4,5]. Numerous studies in toxicology, physiology, pathophysiology,
and cell signaling have used in vitro model systems for directly analyzing cardiomyocyte
biology and function in a controlled environment, thus removing the added influences
of other organ systems. A major drawback to studying cardiac tissue in vitro is that the
cellular adaptation to the culture environment promotes a reorganization of cytoskeletal
proteins, which results in the loss of cardiac contractility and phenotype over time. This
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“dedifferentiation” process is more apparent in cultures containing adult than embryonic
cardiomyocytes [6,7]. For example, Nag et al. (1983) [6] reported that dissociated adult
rat cardiomyocytes would lose their capability to contract by 45 days in culture, as the
cells adapted to the culture environment. Longer cell culture periods have been obtained
with embryonic cardiac cells, as their contractile function can be maintained for up to
8 weeks [8]. Recent studies using cardiomyocytes derived from human induced pluripotent
stem cells (hiPSCs) indicated that these cells retained a cardiac-like electrophysiology
for >3 months, with individual cells continuing to exhibit organized myofibrils for up to
6 months in culture [9]. These hiPSC-derived cardiomyocytes are very useful for various
studies, although they lack a mature adult cardiac myocyte phenotype.

Improvements to adult cardiomyocyte culture protocols that would reduce the dediffer-
entiation process and maintain cardiac cell contractility would be beneficial for cardiotoxicity
and drug development assays. With this goal, we established adult, murine heart cultures
consisting of atrial fragments. Here we report that addition of the synthetic corticosteroid
dexamethasone (DEX) maintained the contractile function of explanted adult cardiac tissue
fragments for up to six months, while limiting their dedifferentiation. Moreover, DEX also
extended the longevity of the contractile phenotype of cultured cardiomyocytes from newborn
rats. The response of these cultures to DEX suggests that simple modifications in culture con-
ditions can greatly improve the long-term utility of in vitro model systems for drug screening
and other treatments that could be employed for alleviating human cardiac disease.

2. Material and Methods
2.1. Animal and Tissue Harvesting

All studies using mice and rats were performed using protocols approved by the
New York Medical College Institutional Animal Care and Use Committee. Both male
and female C57BL6 mice, ages > 8–12 weeks of age, and one-day-old Wistar rats (Taconic
Biosciences; Rensselaer, NY, USA) were anesthetized with isoflurane prior to cervical
dislocation. Hearts were immediately removed under sterile conditions and bathed in
Dulbecco’s phosphate buffered saline while cardiac tissue was harvested from the organ.

2.2. Atrial Explant Culture

Atria isolated from adult mice were cut into 1 mm3 fragments before being placed in
gelatin-coated tissue culture dishes, as previously described [10,11]. Heart fragments were
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) plus penicillin/streptomycin
(Corning; Corning, NY, USA), containing 20% newborn calf serum (NCS, MilliporeSigma;
Burlington, MA, USA) or 20% fetal bovine serum (FBS, MilliporeSigma), and kept at 37 ◦C
in a humidified incubator supplied with 5% CO2. All tissue culture dishes (CELLTREAT
Scientific Products; Pepperell, MA, USA) were precoated with gelatin (MilliporeSigma).
Every three days, half the culture medium was replaced with fresh medium. To some of
the cultures, DEX (MilliporeSigma) was added when the cultures were replenished with
new media.

2.3. Isolation of and Culture of Rat Cardiomyocytes

Cardiomyocytes were isolated from one-day-old Wistar rats, using previously de-
scribed protocols [10]. Hearts were cut into 1–3 mm3 pieces and digested for 10 min at
37 ◦C with 1% type IV collagenase (Worthington Biochemical; Lakewood, NJ, USA), 2.5%
trypsin, 10 µg/mL DNAse I, and 0.1% serum in buffered Hank’s balanced salt solution
(MilliporeSigma). After transferring the cell preparation to a new tube containing 100%
horse serum, this procedure was repeated up to 8 times until there was complete diges-
tion of the tissue. Subsequently, the cell suspension was pelleted and then resuspended
in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) media and
incubated for one hour in tissue culture plates. The supernatant was then collected, and
centrifuged at 300× g for 10 min, with the pelleted cardiomyocytes plated onto 35 mm
dishes in 2% FBS/IMDM plus penicillin/streptomycin.
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2.4. Imaging of Live Cultures

Morphology and contractility of the explant and myocyte cultures were examined
daily by visual inspection using a Axiovert culture microscope (Carl Zeiss Microscopy;
White Plains, NY, USA). Still images of live cultures were acquired on a Axio Observer
inverted microscope (Carl Zeiss Microscopy). Videos of live cultures were obtained on
both the Axio Observer and BZ-X700 (Keyence Corporation of America, Itasca, IL, USA)
microscopes.

2.5. Immunofluorescence Analysis

Analysis of phenotypic changes occurring within explants was performed by im-
munofluorescent staining, as previously described [10,12–14]. All antibodies were used
at dilutions recommended by the manufacturer. For labeling cells with antibodies to sar-
comeric α-actinin (MilliporeSigma), sarcomeric myosin heavy chain (S-MyHC) and Titin
(MF20 and 9D10 monoclonal antibodies, respectively; Developmental Studies Hybridoma
Bank at the University of Iowa), cells were fixed with cold methanol for 15 min prior to
blocking. To detect Nkx2.5 (Thermo Fisher Scientific; Waltham, MA, USA), and Islet-1
(Developmental Studies Hybridoma Bank), explants were formalin fixed for 45 min prior
to a 15 min incubation with 1X PBS with 0.3% triton-X plus 10% BSA (bovine serum
albumin) in 1X PBS. Connexin43 (Cx43; Thermo Fisher Scientific), α-7 integrin (Bioss An-
tibodies; Woburn, MA, USA) and Notch1 (Abcam; Cambridge, UK) were analyzed on
formalin-fixed explants treated with 0.3% triton-X plus 10% BSA for 5 min. Filamentous
actin (F-actin) staining was performed using fluorescent-tagged phalloidin (Millipore-
Sigma) according to the manufacturer’s instructions. Cultures were counterstained with
4’,6-diamidino-2-phenyindole (DAPI; MilliporeSigma) to mark nuclei [10,11]. Molecular
labeling of tissue and cells by primary antibodies was visualized using Alexa Fluor 488-
coupled secondary antibodies (Jackson ImmunoResearch Laboratories; West Grove, PA,
USA). Fluorescent imaging was performed on a Zeiss LSM 710 laser scanning confocal
microscope, with optically sectioned digital image series processed using ImageJ software
1.54 (https://imagej.nih.gov/ij/index.html, (accessed on 1 August 2023)).

3. Results
3.1. DEX Supports the Functional Longevity of Cardiac Explant Cultures

To establish a simple, cost-effective in vitro system for maintaining cardiomyocyte cell
function long-term, we cultured adult heart explants using standard protocols [11,15,16].
For the current studies, atrial tissue was isolated from adult mice, cut into 1 mm3 fragments
and plated on gelatin-coated 35 mm tissue culture dishes that contained medium with
either 20% newborn calf serum (NCS) or fetal bovine serum (FBS). By two weeks in culture,
differences in the phenotypes of the explants elicited by the two types of serum became
readily apparent, as the FBS better maintained the explants’ attachment to the culture vessel
and three-dimensional (3D) morphology, with fewer phase-bright cells, as compared to
the NCS cultures. Moreover, only FBS was able to maintain cardiomyocyte beating for the
initial two weeks of culture, although beating tissue was no longer apparent by one month
of culture (Table 1). When reviewing the known molecular composition of various culture
serums [17], one component that stood out was the glucocorticoid cortisol, which is known
to promote cell attachment [18–20] and is exhibited at considerably higher concentrations in
FBS as compared to NCS [21–24]. From that information, we examined whether increasing
glucocorticoid concentrations would further support the long-term maintenance of cardiac
morphology, phenotype and function of the atrial explants in culture. For these experiments,
explants were treated immediately following their attachment to the culture dish with DEX,
which is a commonly used glucocorticoid for cell culture [25–27], over a concentration
range of 1000 nmol/L to 0.1 nmol/L in FBS media. Explants were continuously exposed
to DEX, with half the medium with fresh DEX being replaced every three days, as DEX
activity can persist for at least 72 h [28]. In parallel, control cultures also had half their
media replaced every third day, but without the DEX. From our initial DEX experiments, it
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became readily apparent that 10 nmol/L was the optimal concentration of this exogenous
glucocorticoid, as higher DEX concentrations (100–1000 nmol/L) were toxic to the cultures,
while lower concentrations (0–1.0 nmol/L) had little effect on maintaining the contractility
and 3D morphology of the FBS incubated explants (data not shown). However, the effect
of the 10 nmol/L DEX dosage was more profound, as the 10 nmol/L-treated atrial explants
displayed less cellular dedifferentiation and continued to maintain their 3D morphology
(Figure 1) and the ability to contract over several months of culture (Table 1). In contrast,
cultures lacking DEX no longer exhibited beating cells by 1 month of incubation (Table 1), but
instead the explanted tissue flattened out and spread out over the culture vessel (Figure 1). To
date, explants treated with 10 nmol/L DEX continued to beat for up to 6 months of culture
(Table 1), with more than 60% of the explants continuing to contract under long-term exposure
to DEX. The maintenance of a long-term contractile phenotype in response to DEX is exhibited
in Video S1, which shows a 3-month DEX-treated cardiac explant.
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months of incubation. (A,B,E,F) During the first three weeks of incubation, culture treatments did 
not influence the morphology of the heart tissue, which exhibited a three-dimensional morphology. 
By 2 months of culture, the morphological difference between the (C) nontreated and (G) DEX-
treated explants was pronounced, as the non-treated cultures contained only flattened remnants of 
the original cardiac aggregates. In contrast, (G) DEX-treated cardiac tissue maintained its three-di-
mensional morphology. By 3 months, (D) the nontreated explants had remodeled as a dispersed 
monolayer, while (H) the presence of DEX allowed the heart fragments to retain their aggregate 
morphology. Scale bars: 200 µm. 
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Figure 1. Effect of DEX on the morphology of cardiac tissue explants. Adult mouse atrial tissue
fragments were placed in culture in the (A–D) absence or (E–H) presence of 10 nmol/L DEX. Images of
the live cultures were obtained after (A,E) 1 day, (B,F) 20 days, (C,G) 2 months, and (D,H) 3 months of
incubation. (A,B,E,F) During the first three weeks of incubation, culture treatments did not influence
the morphology of the heart tissue, which exhibited a three-dimensional morphology. By 2 months of
culture, the morphological difference between the (C) nontreated and (G) DEX-treated explants was
pronounced, as the non-treated cultures contained only flattened remnants of the original cardiac
aggregates. In contrast, (G) DEX-treated cardiac tissue maintained its three-dimensional morphology.
By 3 months, (D) the nontreated explants had remodeled as a dispersed monolayer, while (H) the
presence of DEX allowed the heart fragments to retain their aggregate morphology. Scale bars:
200 µm.



Int. J. Transl. Med. 2023, 3 364

Table 1. Maintenance of Beating Cardiac Tissue in Continuous Explant Culture with FBS + DEX.

Months DEX (10 nmol/L) % Wells Containing Beating Tissue

1 – 0.0% (n = 27)

1 + 66.7% (n = 36)

2 + 62.9% (n = 35)

4 + 73.5% (n = 34)

6 + 71.4% (n = 7)

3.2. DEX Supports the Long-Term Retention of the Cardiac Phenotype of the Atrial Explants

To more fully characterize the differences in the cardiac explants that were incubated
in the absence or presence of DEX, we performed an immunofluorescent examination of
the cultures for multiple cardiac-associated proteins. Nkx2.5 is an essential transcription
factor for cardiac development and differentiation [29,30], and has an important role in
regulating the expression of multiple genes in the adult heart [31,32]. By 7 weeks of in-
cubation, Nkx2.5 was not detected in nontreated cultures (Figure 2A–C) but was readily
identified in cultures treated with 10 nmol/L DEX (Figure 2D–F). After 7 weeks of incu-
bation, nontreated explants also did not display positive staining for Islet-1 (Figure 2G–I),
which is a transcription factor associated with cardiac progenitors in the embryo and is
displayed among subset of cells within adult atria [33]. In contrast, parallel cultures treated
with DEX displayed patches of Islet-1 positive cells within aggregate tissue (Figure 2J–L).

At 2 months, nontreated atrial explants did not exhibit a filamentous pattern of F-actin
staining (Figure 3A), which was in contrast to the extensive filamentous actin network ex-
hibited by the beating cardiac aggregates of the DEX-treated cultures (Figure 3B). A similar
dichotomy was revealed in the staining for α7 integrin (Figure 3C,D), the transmembrane
protein Notch (Figure 3E,F), and the gap junction protein Cx43 (Figure 3G,H). Cultures
that were incubated for 2 months without DEX displayed very-low-to-minimal levels of
immunoreactivity for α7 integrin (Figure 3C), Notch (Figure 3E), and Cx43 (Figure 3G),
in the remnants of the original explanted tissue. This was a striking contrast with the 2-
month DEX-treated cultures, where the explants exhibited α7 integrin at the cell periphery
(Figure 3D), widespread Notch expression (Figure 3F), and Cx43 at the cell membrane
in a particulate pattern that is characteristic of mature gap junctions (Figure 3H)—all
of which are features of functional cardiac tissue [13,34–36]. DEX treatment also sus-
tained myofibrillar protein expression of the cardiac tissue. While nontreated explants
displayed a downregulation of sarcomeric proteins (Figure 4A), exposure to DEX allowed
the explants to continue to exhibit myofibrillar proteins, such as S-MyHC, Titin and α-
actinin (Figure 4B–F), throughout the aggregates. Optical slicing using confocal microscopy
demonstrated that the DEX-treated aggregates displayed sarcomeric organization of these
proteins, as shown for α-actinin at 1 month (Figure 4D) and 3 months (Figure 4F).
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Figure 2. Cardiac transcription factor expression is retained in response to DEX treatment. Atrial
explants incubated for 7 weeks were immunostained for the cardiac-associated transcription factors
Nkx2.5 or Islet-1 (green), and counterstained with DAPI (blue) to identify nuclei of individual cells.
The staining for individual fields of cells is shown for protein immunostaining (left panels), DAPI
(middle panels), or the merged protein-specific immunofluorescence-DAPI image (right panels).
(A–C) Nontreated and (D–F) DEX-treated cardiac cultures were immunostained for Nkx2.5. Note
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that nuclei of the nontreated cultures, which are identified by DAPI staining, do not express the
cardiac-transcription factor Nkx2.5. In contrast, the DEX-treated atrial cultures are Nkx2.5 posi-
tive. Correspondingly, (G–I) nontreated explants also did not exhibit cells with Islet-1 reactivity
after 7 weeks, unlike the (J–L) DEX-treated cultures that displayed patches of prominent Islet-1
immunoreactivity within the tissue aggregates. Scale bars: 50 µm.
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incubated for 2 months were immunostained and fluorescently stained (as shown in gray) for (A,B) Figure 3. Phenotype of DEX-treated cardiac explants at two months of culture. Atrial explants
incubated for 2 months were immunostained and fluorescently stained (as shown in gray) for
(A,B) actin filaments (F-actin), (C,D) α7 integrin, (E,F) Notch, and (E,F) the gap channel protein Cx43.
Additionally, panels C, G and H display DAPI nuclear counterstaining (blue). Explants cultured in
the absence of DEX did not exhibit (A) filamentous F-actin staining, and showed very-low-to-minimal
levels of antibody reactivity for (C) α7 integrin, (E) Notch, and (G) Cx43. In contrast, among parallel
cultures that were treated with DEX, the tissue still maintained (B) an extensive filamentous actin
network, (D) α7 integrin at the cell periphery, (F) widespread Notch expression, and (H) a particulate
pattern of Cx43 at the cell membrane (arrows) that is characteristic of mature gap junctions. Scale
bars: 50 µm.
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Figure 4. Sarcomeric protein expression of DEX-treated cardiac explant cultures. (A–D) One-month-
old cultures that were either (A) nontreated or (C,D) DEX-treated. Panel A shows a nontreated
culture stained for α-actinin with a remnant nonbeating cardiac aggregate displaying this sarcomeric
protein only within a few patches (arrows) at the periphery of the tissue cluster. In contrast, DEX-
treated cultures that are immunostained for either (B) S-MyHC or (C) Titin display sarcomeric
proteins throughout the tissue aggregate. (D) Immunostaining for α-actinin shows the myofibrillar
organization of the protein (arrows) within the DEX-treated tissue. (E,F) DEX-treated explants that
were cultured for 2 or 3 months, respectively, show the persistence of this sarcomeric protein pattern
(arrows). For each panel, immunofluorescent staining is shown in green, with DAPI counterstaining
indicated by blue fluorescence. Scale bars: 50 µm.

3.3. DEX Treatment Helps Maintain the Cardiac Phenotype of Dissociated Cardiomyocytes
In Vitro

As our data above indicates that culturing adult heart tissue with DEX helps maintain
their cardiac morphology, phenotype, and function long term, we next looked at whether
DEX treatment would be beneficial for the long-term culture of dissociated cardiomyocytes.
For these experiments, we isolated cardiomyocytes from neonatal rat hearts that were sub-
sequently dissociated with type IV collagenase. The rat cardiomyocytes were then cultured
in the absence or presence of 10 nmol/L DEX, with half the medium without DEX or with
fresh DEX being replenished every three days. For the first week, little difference was
observed between DEX-treated and nontreated cardiomyocyte cultures (Figure 5A), as both
sets of cultures began to cluster into piles of rapidly beating cardiomyocytes (Figure 5A).
By 1 month of incubation, the differently treated cultures showed striking dissimilarities.
In nontreated cardiomyocyte cultures, the cells had flattened out (Figure 5B) and were
no longer beating. In contrast, the DEX-treated cardiomyocytes had formed 3D aggre-
gates of cardiomyocytes (Figure 5C). By 2 months, the cells in the nontreated cultures
appeared to display a cuboidal appearance that greatly differed from their initial morphol-
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ogy (Figure 5D). Yet in parallel DEX-treated cultures, the cardiomyocyte aggregates were
maintained (Figure 5E) and continued to exhibit rapid beating after 2 months of incuba-
tion (Video S2). These contractile myocytes within the DEX-treated cultures continued
to exhibit sarcomeric organization of myofibrillar proteins (Figure 5F) in response to the
long-term treatment with DEX. In summary, both the adult atrial explant and neonatal
cardiomyocyte cultures demonstrate that continuous administration of DEX promotes the
long-term maintenance of cardiac morphology, phenotype, and function.
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Figure 5. Treatment with DEX maintains the cardiac phenotype of dissociated neonatal rat myocytes.
Newborn rat cardiomyocytes were cultured in the (A,B,D) absence or (C,E,F) presence of 10 nmol/L
DEX, with images of the live cultures obtained after (A) 7 days, (B,C) 1 month, or (D,E) 2 months
of incubation. Little noticeable difference was observed between DEX-treated and (A) nontreated
control cells after one week, as both culture conditions gave rise to cultures with multiple clusters
of beating myocytes (arrows). By 1 month, noticeable differences were observed, as (B) nontreated
cultures have flattened out and ceased beating. In contrast, after 1 month (C) DEX-treated myocyte
cultures have begun to exhibit large clusters of beating cells (arrows). By 2 months (D) nontreated
cells display a cuboidal appearance, while (E) DEX-treated myocyte cultures exhibit large numbers
of beating aggregates. (F) A 2.5-month DEX-treated myocyte culture that was immunostained for
α-actinin (green) that demonstrates that the cellular aggregates are sarcomeric protein positive. The
blue fluorescence is the DAPI counterstain, used to identify individual nuclei. Scale bars: 50 µm.

4. Discussion

The goal of our studies was to establish a simple, cost-effective in vitro model system
for studying factors affecting cardiomyocyte biology and function. The tissue culture
environment normally has limited utility for analyzing the physiology of the myocardium,
as cardiomyocytes dedifferentiate when adapting to the culture substrate [12,37,38]. The
process of cellular dedifferentiation is when a cell changes from a differentiated or mature



Int. J. Transl. Med. 2023, 3 369

state to a less-differentiated state [39,40]. This process is denoted by changes in gene
and protein expression, cellular morphology, and function. For cardiomyocytes, one of
the first changes seen during dedifferentiation is reduced contractile activity with the
disassembly of the sarcomeres [12,41]. In the human body, this process appears during
cardiovascular disease states [41–43]. There are several useful in vivo models for studying
this process, including newborn rat, zebrafish and chicken embryos [43]. With these in vivo
models, the process of dedifferentiation and cardiomyocyte remodeling is analyzed after
tissue injury. In vitro models using cardiomyocytes derived from adult ventricular or
newborn rodent cardiomyocytes have been used to study dedifferentiation at the cellular
level and relate observed changes to cardiac disease. Yet, the use of dissociated myocytes
minimizes the role of cell–cell signaling in cardiac function and does not replicate the
normal regulation of these cells within a larger multi-cell-type environment. An in vitro
atrial explant model allows for cell–cell associations and tissue structure to remain intact.
The natural physical property of the thin-walled atrium and the small 1 mm3 fragments
used in our study enables cells to receive nutrients within the medium. These cell culture
conditions reduced the level of cell death, even with the physical chopping of the tissue.
The contractile function of cardiomyocytes was supported even with the initial adaptation
of the fragments to the culture environment. Nonetheless, the functionality of these
explants as cardiac tissue is short-lived. By one month, the explants stopped contracting,
and muscle protein expression was downregulated, as the 3D aggregates began to flatten
and spread out as a monolayer on the culture substrate. However, when the explants
were incubated with DEX, their dedifferentiation slowed, as the tissue maintained its
3D morphology and contractility for up to 6 months in culture. Long-term DEX-treated
atrial explants maintained expression of cardiac-associated transcriptional factors, cell
membrane proteins associated with healthy adult heart tissue (e.g., α7 integrin, Notch1,
Cx43), a filamentous actin cytoskeleton, and an organized pattern of sarcomeric proteins.
Interestingly, DEX treatment also allowed dissociated newborn cardiomyocytes to extend
their cardiac phenotype and contractile function in culture, as the corticosteroid promoted
their formation into contractile aggregates.

Glucocorticoids have long been known to impact cardiac biology [44–46]. Cardiomy-
ocytes express high amounts of the glucocorticoid receptor and are responsive to cortisol
signals in the body. Glucocorticoids are necessary for both the proper development of the
heart and myocardial cell differentiation [47–49]. Cortisol, the principal glucocorticoid in
humans plays an important role in maintaining the body’s normal physiology, including
the physiology of the heart. Overproduction of cortisol, brought on by stress or other
factors, or treatment with high concentrations of synthetic glucocorticoids, can be dele-
terious to cardiac function—for example, it can provoke cardiac hypertrophy [46,50]. In
culture, DEX treatment of embryonic or neonatal cardiomyocytes can likewise provoke
a hypertrophic response [44,45], although those studies used a ten-fold higher concentra-
tion of this reagent than what we characterized as an optimal dose for supporting the
long-term maintenance of a cardiac phenotype in culture. Short-term exposure to high
doses of DEX also had a widespread effect on gene expression of neonatal myocytes [45].
While that study’s transcriptome analysis [45] may not be fully relevant to the effect of
the lower DEX concentration used in our long-term studies, their data may give clues as
to how DEX can influence the longevity of cardiac cultures. Specifically, DEX effects the
expression of genes involved with focal adhesions, extracellular matrix (ECM)-receptor
interactions, and the actin cytoskeleton. Each of these elements is essential for normal heart
tissue shape and function, and maintaining the structural architecture of the cardiac tissue
that allows it to function as a beating tissue [51]. Evidence in the literature suggest that
moderate doses of DEX stabilize the actin cytoskeleton and preserve the structural integrity
of various tissues [19,52,53]. In addition, the influence of glucocorticoids on metabolic and
mitochondrial activity [48,54,55] suggests that DEX treatment may help prevent changes
in mitochondrial bioenergetics that under nontreated conditions leads to a loss of the
metabolic requirements needed to maintain a contractile phenotype in vitro.
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Data from the present study indicate that cardiomyocyte function could be supported
in vitro for an extended time period in response to DEX treatment. This long-term ex-
hibition of cardiac contractility is associated with either the maintenance of a 3D tissue
architecture of explanted adult cardiac tissue, or with an enhancement of the clustering
of dissociated neonatal cardiomyocytes in culture. In both types of cultures, their dimin-
ished capacity as a contractile tissue in the absence of DEX was accompanied by both
the reduction in three-dimensional tissue morphology and their dedifferentiation from a
myocyte phenotype. In a previous study with embryonic cardiac tissue, we also noticed the
correlation between the preservation of a 3D morphology and the slowing down of cellular
dedifferentiation and conservation of its contractile function [12]. In this case, cardiac
longevity was supported by culturing cardiac explants on an adult bone marrow-derived,
non-cardiac monolayer. The fact that the effect we reported in the earlier study on main-
taining the cardiac phenotype for extended periods in vitro was partially replicated with
conditioned media from bone marrow cultures [12] suggests that other secreted factors,
in addition to glucocorticoids, may be useful for long-term maintenance of cardiac tissue
in vitro. Applying the lessons from this study, the extended viability of cardiac cultures
will likely require additional factors, serum-free, chemically defined media conditions,
alternative matrix substrates and a more complex, bioengineered culture environment that
would better allow for nutritional delivery to 3D structures.

Overall, by incorporating a glucocorticoid into an in vitro model system, we have been
able to maintain adult cardiomyocyte function for an extended period of time. We believe
that this in vitro model system can serve as a tool, to be utilized in multiple applications
including drug screens, functional assays, and molecular and gene mutation analysis,
and as a complement to data gathered using in vivo models. This simple and economic
system does not require specific tissue-engineered conditions and is thus very amenable to
the laboratory.
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